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Introduction


We have been investigating a general method for preparing
nanomaterials called template synthesis.[1±3] This method
entails synthesis or deposition of the desired material within
the cylindrical and monodisperse pores of a nanopore
membrane or other solid. We have used polycarbonate filters,


prepared by the track-etch method,[4] and nanopore aluminas,
prepared electrochemically from Al foil,[5] as our template
materials. Cylindrical nanostructures with monodisperse di-
ameters and lengths are obtained, and depending on the
membrane and synthetic method used, these may be solid
nanowires or hollow nanotubes.We, and others, have used this
method to prepare nanowires and tubes composed of
metals,[5±15] polymers,[16±19] semiconductors,[20, 21] carbons,[22±24]


and Li� intercalation materials.[25±27] It is also possible to
prepare composite nanostructures, both concentric tubular
composites, where an outer tube of one material surrounds an
inner tube of another,[28, 29] and segmented composite nano-
wires.[30]


One of our earliest applications of the template method was
to prepare ensembles of microscopic and nanoscopic electro-
des.[31±34] Such electrodes are prepared by depositing noble
metals within the pores of the polycarbonate filtration
membranes. Initially, we deposited the metal in the pores
using electrochemical-plating methods,[31] but we ultimately
discovered that electroless plating allowed for more uniform
metal deposition.[33] In the electroless method, metal deposi-
tion begins at the pore walls creating, at short deposition time,
hollow metal nanotubes within the pores.[8±12, 35, 36] That is, the
electroless plating method yields metal (typically gold) nano-
tube membranes, the subject of this review.


Membrane Preparation and Analysis


Template membranes, electroless plating and estimation of
the nanotube inside diameter : Commercially available poly-
carbonate filters prepared using the track-etch method are
used as the templates for the Au nanotube membranes. Filters
with cylindrical 30 nm diameter pores, 6� 108 pores per cm2 of
membrane surface area, are typically used.[8, 9, 37, 38] An elec-
troless plating method is used to deposit the Au nanotubes
within the pores (Figure 1A).[33] Briefly, a catalyst is first
applied to all surfaces (membrane faces plus pore walls) of the
membrane. The membrane is then immersed into the electro-
less plating bath which contains a AuI species and a chemical
reducing agent. Because the reduction of AuI to metallic Au
only occurs in the presence of the catalyst, Au nanotubes that
line the pore walls (Figure 1B) (as well as Au surface films on
both faces of the membrane) are obtained.[8±10, 37, 38]
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Figure 1. A) Schematic of the electroless plating process used to prepare
that Au nanotube membranes. B) Scanning electron micrograph (SEM) of
the surface of a polycarbonate template membrane showing three Au
nanotubes deposited within the pores. To visualize the tubes by SEM, the
membrane had larger pores than those used to prepare the nanotube
membranes discussed here.


The thicknesses of both the Au surface films and nanotube
walls increase with electroless plating time. As a result of the
thickening of the nanotube walls, the inside diameter (id) of
the tubes decreases with plating time. The id is measured
using a gas transport method described previously.[8±11, 37±39] At
long plating times, membranes containing nanotubes with ids
of molecular dimensions are obtained (Figure 2). Finally,
depending on the application, the Au surface films can be
either left on the faces of the membrane or removed.


Figure 2. Variation of the nanotube effective inside diameter with plating
time.


Transport Properties of the Au Nanotube
Membranes


Molecular-sieving in single-molecule permeation experi-
ments : These experiments were done in a simple U-tube
permeation cell in which the nanotube membrane separates a
feed half-cell from a permeate half-cell. The feed half-cell is
charged with a solution of the molecule whose transport
properties through the membrane are to be evaluated (often
called the permeate molecule). The permeate half-cell is
initially water or a salt solution. Passive diffusion transports
the permeate molecule from the feed half-cell, through the
nanotube membrane, and into the permeate half-cell. The
permeate half-cell is periodically assayed to determine the
time-dependence of transport of the permeate molecule
through the membrane.


The transport data are processed as plots of moles of
permeate transported versus time. Straight-line plots are
obtained and the flux of the permeate molecule through the
membrane is calculated from the slope. The experiment is
then repeated using a solution of a second permeate molecule
in the feed half-cell. A membrane-transport selectivity
coefficient (�) can then be obtained by using the ratios of
the fluxes for the two permeate molecules. Since molecular-
sized based selectivity is of interest here, one of the permeate
molecules was large–the tris-bipyridal complex of RuII,
[Ru(bpy)3]2�–and the other was smaller–methyl viologen,
MV2� (Figure 3).


The ratio of the diffusion coefficients for MV2� and
[Ru(bpy)3]2� in free aqueous solution is 1.5.[40, 41] For this
reason, if a simple solution-like diffusion process were
operative in the nanotubes, a selectivity coefficient of ��
1.5 would be anticipated. In contrast, even for the largest id
nanotubes investigated (5.5 nm), the selectivity coefficient
was substantially greater, �� 50 (Figure 4A). These data
suggest that size-based molecular sieving occurs in these
large-id (� molecular dimensions) nanotubes.[9, 42, 43] This is
reflected in the transport data (Figure 4A) where the flux of
the larger [Ru(bpy)3]2� is decreased more than the flux for the
smaller MV2�. As a result �� 50 is obtained. As the nanotube
id is made smaller, the � value should become even larger,
which is also reflected in the experimental transport data.
Values for the 5.5 nm, 3.2 nm and 2.0 nm id nanotube
membranes are �� 50, 88, and 172, respectively.


Molecular filtration in two-component permeation experi-
ments : The smallest id nanotube membrane investigated (id
�0.6 nm) provides a measurable flux for MV2�, but the larger
[Ru(bpy)3]2� could not be detected in the permeate solution,
even after a two week permeation experiment (Figure 4B).
These data suggest that clean separation (molecular filtration)
of these two species should be possible with this nanotube
membrane. This was proven by doing two-molecule perme-
ation experiments, where both the larger and smaller mole-
cules (Figure 3) were present in the feed half-cell together
(see Table 1 for the large-molecule/small-molecule pairs
investigated). For all three of the large-molecule/small-
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Figure 4. Single-molecule permeation experiments showing moles of
MV2� and [Ru(bpy)3]2� transported versus time. Membranes contained
nanotubes with ids of A) 5.5 nm, B) � 0.6 nm. Only MV2� was transported
through this membrane.


molecule pairs shown in Fig-
ure 3, the small molecule
could be easily detected in
the permeate solution but the
large molecule was undetect-
able.[9]


These data show that within
the limits of the measurement,
the Au nanotube membrane
can cleanly separate large
molecules from small mole-
cules. However, one could
argue that the large molecule
is, indeed, present in the per-
meate solution but at a con-
centration just below the de-
tection limit of the analytical
method employed. This argu-
ment allows us to define a
minimal transport selectivity
coefficient (�min) for each
small-molecule/large-mole-
cule pair investigated, where
�min is defined as the measured
concentration of the small
molecule in the permeate solu-
tion divided by the detection
limit for the large molecule.
The �min values obtained are
extraordinary (Table 1). It is


important to stress again that, in all three cases, the larger
molecule was undetectable in the permeate solution.


Chemical Sensing with the Au Nanotube
Membranes


In addition to the above possible applications in size-based
separations, these Au nanotube membranes have been used as
sensors for the determination of ultratrace concentrations of
ions and molecules.[37, 38, 45] In this case, the nanotube mem-
brane was allowed to separate two salt solutions, a constant
transmembrane potential was applied, and the resulting
transmembrane current was measured. When an analyte of
comparable dimensions to the inside diameter of the nano-
tubes was added to one of the salt solutions, a decrease in
transmembrane current is observed. The magnitude of this
drop in transmembrane current (�i) is proportional to the
analyte concentration.


Calibration curves and detection limits : As in the transport
experiments, a U-tube cell was assembled with the nanotube
membrane separating the two halves of the cell. The
experimental protocol used with these cells was to immerse
the electrodes into the appropriate electrolyte and apply a
constant potential between the electrodes. Three different
sets of electrodes and electrolytes were used. The first set
consisted of two Pt plate electrodes, and the electrolyte used
in both half-cells was 0.1� KF. The second set consisted of two


Figure 3. Chemical structures and approximate relative sizes of the three ™big molecule/small molecule∫ pairs
used in the molecular filtration experiments. Quinine, MV2�, and [Ru(bpy)3]2� were also used as analytes in the
sensor work.


Table 1. Minimal membrane-transport selectivity coefficients.


Permeate pair �min


pyridine/quinine 15000
anilinium/rhodamine 130000
MV2�/[Ru(bpy)3]2� 1500
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Ag/AgCl wires, and the electrolyte used in both half-cells was
0.1� KCl. The third set consisted of two Ag/AgI wires
immersed in 0.1� KI. The resulting transmembrane current
was measured and recorded on an X-t recorder. After
obtaining this baseline current, the anode half-cell was spiked
with a known quantity of the desired analyte (Figure 3). This
resulted in a change in the transmembrane current, �i
(Figure 5). A potentiostat was used to apply the potential
between the electrodes and measure the transmembrane
current. The transmembrane potential used was on the order
of 0.5 V.[38]


Figure 5. Nanotube membrane sensor current-time transients associated
with spiking the anode half cell with the indicated concentrations of
[Ru(bpy)3]2�. Tube id� 2.8 nm; Ag/AgCl/KCl cell �i determined as shown
in C.


Plots of log�i versus log[analyte] for the analytes
[Ru(bpy)3]2�, MV2� and quinine (Figure 3) were obtained
using Ag/AgCl electrodes and 0.1� KCl as the electrolyte in
both half-cells (Figure 6). A membrane with 2.8 nm id Au
nanotubes was used. A log/log format is used for these


Figure 6. Calibrations curves for the indicated analytes. Membrane and
cell as per Figure 5.


™calibration curves∫ because of the large dynamic range
(spanning as much as five orders of magnitude in analyte
concentration) obtained with this cell. Analogous calibration
curves were obtained for the other electrode/electrolyte
systems investigated. The detection limits obtained are shown
in Table 2.[38] For the divalent cationic electrolytes, the


detection limits were lowest (best) in the Ag/AgI/KI cell
and worst in the Pt/KF cell. The detection limit for quinine
was the same in both the Ag/AgI/KI and Ag/AgCl/KCl cells.
In general, the detection limit decreases as the size of the
analyte molecule increases (see Figure 6). Finally, the detec-
tion limits obtained (down to 10�11�) are extraordinary and
compete with even the most sensitive of modern analytical
methods.


The majority of the quinine in both the KCl and KI
solutions is present as the monoprotonated (monocationic)
form. Perhaps the reason the detection limits for [Ru(bpy)3]2�


and MV2� are lower in the Ag/AgI/KI cell while the detection
limit for quinine is the same in both this cell and the Ag/AgCl/
KCl cell has to do with the difference in charge of these
analytes (predominately monocationic versus dicationic). To
explore this point, the detection limits for a neutral analyte,
2-naphthol, were obtained in both the Ag/AgI/KI and Ag/
AgCl/KCl cells. Like quinine, the detection limit for this
neutral analyte was the same in both cells (10�6�, Table 2).


In the membrane transport studies it was shown that
[Ru(bpy)3]2� and MV2� come across such membranes as the
ion multiples [Ru(bpy)3]2�(X�)2 and MV2�(X�)2 (X�� an-
ion).[9] In the KI cell, the ion multiple contains two larger
(relative to chloride) iodide anions. Perhaps the larger size of
the iodide ion multiple accounts for the lower detection limit
in the KI-containing cell. If this is true then the difference
between the quinine cation paired with one I� versus this
cation paired with one Cl� is not great enough to cause the
detection limit for this predominately monovalent analyte to
be significantly different in the Ag/AgI/KI versus the Ag/
AgCl/KCl cells (Table 2).


The final variable to be investigated is the effect of
nanotube inside diameter on detection limit. To explore this
parameter, membranes with nanotube ids of approximately of
3.8, 2.8, 2.2, 1.8, and 1.4 nm were prepared and used in the Ag/
AgI/KI cell.[38] Calibration curves for the analytes
[Ru(bpy)3]2�, MV2� and quinine were generated as before,
and detection limits were obtained from these calibration
curves. Figure 7 shows plots of detection limit for these three
different analytes versus the nanotube id in the membrane
used. A minimum in this plot is observed for each of the three
analytes.


The nanotube membrane that produces this minimum
(best) detection limit depends on the size of the analyte. These
molecules decrease in size in the order [Ru(bpy)3]2��


Table 2. Detection limits obtained for the three different electrode/
electrolyte systems studied.[a]


Electrode Electrolyte Concentration [�]


Pt/KF [Ru(bpy)3]2� 10�9


Ag/AgCl/KCl [Ru(bpy)3]2� 10�10


quinine 10�8


MV2� 10�6


2-naphthol 10�6


Ag/AgI/KI [Ru(bpy)3]2� 10�11


quinine 10�8


MV2� 10�7


2-naphthol 10�6


[a] Nanotube id� 2.8 nm.
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Figure 7. Detection limits for MV2�, quinine, and [Ru(bpy)3]2� versus id of
the nanotubes used in the sensor.


quinine�MV2� (Figure 7). The nanotube membrane that
yields the lowest detection limit follows this size order, that is,
the nanotube diameters that produce the lowest detection
limit for [Ru(bpy)3]2�, quinine, and MV2� are 2.8 nm, 2.2 nm,
and 1.8 nm, respectively. For the roughly spherical analytes,
the optimal tube diameter is a little over twice the diameter of
the molecule.


Molecular-size-based selectivity : The data presented so far
show a strong correlation between detection limit and the
relative sizes of the nanotube and the analyte molecule
(Figure 3). This indicates that this device should show
molecular-size-based selectivity. This is not surprising given
the transport studies discussed above. To explore size-based
selectivity, a series of solutions was prepared containing
decreasing concentrations of the analyte species, but contain-
ing a constant (higher) concentration of an interfering species.
The interfering species was smaller than the analyte species.
The response of a 2.8 nm nanotube membrane to these
solutions was then measured starting from lowest to highest
concentration of the analyte species in the Ag/AgI/KI cell.


The small pyridine molecule was used as an interfering
species. When present at a concentration of 10�4�, pyridine
offered very little interference for any of the analytes
[Ru(bpy)3]2�, MV2� or quinine. The detection limits in the
presence of 10�4� pyridine were 10�10� for [Ru(bpy)3]2�,
10�6� for MV2� and 10�7� for quinine, within an order of
magnitude of the detection limit with no added interfering
species (Table 2). Put another way, this nanotube-membrane
sensor can detect 10�10� [Ru(bpy)3]2� in the presence of six
orders of magnitude higher pyridine concentration. These
experiments show that, in agreement with the transport
studies, the nanotube membrane-based sensor can show
excellent size-based selectivity.


Conclusion


In this review, we have focused on using the Au nanotube
membranes to separate small molecules on the basis of size.
We have shown here that these membranes can act as
extraordinary molecular sieves. In addition, we have de-
scribed a new and highly sensitive approach to electroanalysis
based on the Au nanotube membranes. This method involves
applying a constant potential across the membrane and


measuring the drop in the trans-membrane current upon the
addition of the analyte. Detection limits as low as 10�11� were
obtained. Previous studies have demonstrated that these Au
nanotube membranes can show ionic charge-based transport
selectivity and that the membranes can be electrochemically
switched between anion transporting and cation transporting
states.[8] Hence, these membranes can be viewed as universal
ion exchangers. Furthermore, chemical transport selectivity
can be introduced into these membranes by chemisorbing
thiols to the inside tube walls.[10, 11] Hence, these nanotube
membranes can utilize all of the selectivity paradigms (sterics,
electrostatics, and chemical interactions) that Mother Nature
uses in the design of Her exquisitely selective molecular-
recognition schemes. Such research at the bio/nano interface
is of great current interest in our group.
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Introduction


Sustainable development has become the key ideal of the new
century.[1a] Conservation and management of the resources for
development is the most important aspect.[1b] ™To achieve
sustainable development and a higher quality of life for all
people, States should reduce and eliminate unsustainable
patterns of production.∫ (Principle 8 of the Rio Declaration)
™The sciences should continue to play an increasing role in
providing for an improvement in the efficiency of resource


utilization and in finding new development practices, resour-
ces, and alternatives. There is a need for the sciences
constantly to reassess and promote less intensive trends in
resource utilization, including less intensive utilization of
energy in industry, agriculture, and transportation. Thus, the
sciences are increasingly being understood as an essential
component in the search for feasible pathways towards
sustainable development.∫ (Agenda 21, Chapter 35.2) Lub-
chenco proposed a new social contract for science represent-
ing a commitment on the part of all scientists to devote their
energies and talents to the most pressing problems of the day,
in proportion to their importance, in exchange for public
funding,[2] and a new field of sustainability science is emerg-
ing.[3]


Chemistry has an important role to play in achieving a
sustainable development,[4±6] and chemists must take a lead in
developing the technological dimension of a sustainable
civilization[7] and are becoming increasingly aware of the
need to meet this challenge. ™Green chemistry∫, ™sustainable
chemistry∫, ™clean chemistry∫, ™environmentally benign
chemistry∫, and other synonyms for the same approach find
increasing attention all over the world, as researchers realize
their investigations can potentially contribute to the develop-
ment of a more benign synthetic chemistry.[8] However, what
is a ™green∫ etc. chemical reaction? Anastas proposed a set of
qualitative principles that are often used more or less
selectively to postulate a reaction to be environmentally
benign.[9] For example, Yamamoto et al. described the ester-
ification of carboxylic acids with equimolar amounts of
alcohols catalyzed by hafnium(��) salts and azeotropic re-
moval of the equivalent of water formed with toluene during
the reaction as a more environmentally benign alternative to
well-known processes,[10] and Xiang et al. reported the fluo-
roalkyldistannoxane-catalyzed biphasic transesterification in
a stainless-steel pressure bottle at 150 �C for 16 h as a ™green
chemical process∫.[11] However, why should these syntheses be
environmentally more benign and ™greener∫ than, for exam-
ple, the respective textbook reactions that make use of simple
sulfuric acid and sodium hydroxide, respectively, as a catalyst?
Evidently, though qualitative criteria may be important, they
are not sufficient. Therefore, referring to the principles of
Anastas,[9] Winterton proposed ™twelve more green chemistry
principles∫, which include the necessity of quantification.[12] A
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simple quantitative approach to enable chemists to compare
alternative chemical processes on the lab bench with respect
to their resource usage and their potential environmental
impact would be of great importance for the systematic design
of more sustainable processes.[13] The idea of atom economical
reactions[14] may be a useful concept in helping promote thinking
in the direction of sustainable chemistry; however, there is no
correlation between atom economy, which is solely based on
the stoichiometric equation of the reaction, and the critical
mass intensity metric, which is based on the actual process
considering yield and all materials used in reaction including
solvents, auxiliaries for reaction, and workup etc. (vide infra).[15]


Environmental performance metrics in chemical manufac-
turing and for chemical products within the chemical industry
is increasing. Resource-related metrics, such as material
intensity, energy intensity, and packaging, as well as environ-
mental-burden metrics, such as environmental incidents and
toxic dispersions, are being used.[16] The Environmental
Proctection Agency (EPA) has developed a ™Green Chem-
istry Expert System∫ containing the ™Synthetic Methodology
Assessment for Reduction Techniques∫ module that allows
the analysis of the amount of chemical waste produced by a
manufacturing process.[17] Sheldon proposed the use of the
environmental quotient EQ�E ¥Q when evaluating alterna-
tive reaction routes to a product.[18] The environmental factor
E characterizes the amount of waste produced per unit
amount of product, and Q characterizes the ™environmental
unfriendliness∫ or the specific environmental burden of the
produced waste. Thus, both the amount and the nature of the
waste should be considered. There have been a few papers
dealing with the application of the Sheldon approach.[19±23]


Hungerb¸hler developed a methodology to derive equiva-
lents for E and Q for the assessment of fine chemical process
alternatives early during their development.[20]


The above-mentioned methods suffer from not having a
simple calculation basis and, therefore, are not applicable to
chemical syntheses and reactions on a laboratory scale.


Results and Discussion


We have been developing a simple, easy to use environmental
performance metric to evaluate chemical syntheses and


reactions on a laboratory scale in a very practical approach
by using EATOS–environmental assessment tool for organic
syntheses[24]–to answer the question: ™So you think your
process is green, how do you know?∫.[15] This method enables
an easy comparison of different chemical reactions giving the
same product with respect to the resources used and their
potential environmental impact and to identify critical steps
of a chemical synthesis.


We consider as metrics the mass index S�1 [Eq. (1)], that is,
the mass of all raw materials used for the synthesis including
solvents, catalysts, auxiliaries for reaction, and workup per
mass unit of the purified product, and the environmental
factor E [Eq. (2)], waste per mass unit of the product (waste
being all materials used in reaction and workup except the
desired product), to characterize quantitatively the reaction
input and output, respectively. Evidently, it would be impor-
tant to also consider energy use and investment, which may
differ considering different processes. However, the necessary
data are usually not available for lab bench reactions.


Mass index S�1��Raw materials [kg]/Product [kg] (1)


Environmental factor E��Waste [kg]/Product [kg] (2)


To illustrate the approach we compare three different
textbook syntheses and one new literature synthesis of
4-methoxyacetophenone, an example of the very important
Friedel ±Crafts acylation (Scheme 1).


Scheme 1. Different syntheses of 4-methoxyacetophenone, on the basis of
the same substrate using different acylation agents, solvents and catalysts.
a) Ref. [29], b) Ref. [30], c) Ref. [31], d) Ref. [32].


Waste treatment–recovery, recycling, deposition etc.–will
not be considered in these examples; however, this may be
considered as well using EATOS. Clearly, focusing on
chemical yields, as most chemists are used to do, reaction
d), the classical Friedel-Crafts protocol, would be the best
method yielding 93% of the product compared to only 50 ±
60% yields of reactions a) ± c). However, very simple
calculation of the mass intensities (S�1) and environmental
factors (E) of these four reactions by using EATOS reveals
clearly the critical areas of the different reaction protocols
(Figure 1). At first sight remarkable differences can be
observed: mass intensities and environmental factors differ
by more than one order of magnitude, with reaction a) having
the highest values of about S�1� 39 and E� 38. That means
that 39 kg of materials have to be used and about 38 kg of
waste are produced to obtain 1 kg of product. In contrast,


Abstract in German: Ein einfaches, quantitatives Verfahren
wird vorgeschlagen, das dem Chemiker ermˆglicht, alternative
chemische Synthesen im Hinblick auf ihren Ressourcenbedarf
und ihre potentielle Umweltbelastung zu vergleichen. Dieses
Verfahren sollte n¸tzlich sein f¸r die systematische Entwick-
lung nachhaltigerer Prozesse. Wir betrachten als Ma˚zahl den
Massenindex S�1 zur Quantifizierung der Ressourceninan-
spruchnahme und den Umweltfaktor E zur Quantifizierung
des Abfalls. Die potentielle Umweltbelastung wird quantifiziert
unter Benutzung leicht verf¸gbarer Daten jeder Verbindung,
die bei der Reaktion verwendet wird, und jeder Verbindung, die
als Abfall anf‰llt. Die Rechnungen kˆnnen leicht durchgef¸hrt
werden mit Hilfe des Programms EATOS–Environmental
Assessment Tool for Organic Syntheses.
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reaction c) shows the lowest mass intensity of S�1� 3, that is
2 kg of waste per 1 kg of product. Reactions b) and d) are in
between. Evidently, reaction c) yielding only 60% of the
product seems to be, with respect to the usage of resources
and the waste produced, more advantageous than the other
reactions.


Most chemists tend to focus on the chemical reaction to
improve the chemical yield. However, to analyze a process
with respect to the possibility to reduce the amount of
materials used and to minimize the waste it is necessary to
study the different elements of the complete process and the
technology around the reaction, especially the workup
procedure. We consider the quantity of all raw materials used
in reaction and workup procedure: substrates, catalysts,
reaction auxiliaries, coupled and side products, products
possibly formed from the catalyst used, solvents, workup
auxiliaries, and sewage. Applying EATOS–based solely on
the mass of all chemicals used, the respective stoichiometric
equations, and chemical yields–to reactions a) ± d) the
quantitative differences of mass intensities S�1 and environ-
mental factors E of the different processes and the respective
contributions of the various categories are visualized (Fig-
ure 1,[25]).


The high mass intensity and the high environmental factor
of reaction a) is brought about almost exclusively by the
workup procedure, which is rather complex, whereas the
chemical reaction with iodine as catalyst and no solvent is
comparable to reaction c) and less material consuming than
reactions b) and d). Thus, the sum of the amount of substrates,
catalyst, and solvent used to perform the reaction per kg of
product of processes b) and d) are 9.5 kg and 7.2 kg,
respectively, in comparison to only 2.8 kg and 2.5 kg of
reactions a) and c), respectively. The important advantage of
reaction c), which makes use of the same substrates, that is,
anisole and acetic anhydride, as reactions a) and d) is the
heterogeneous catalyst that can easily be removed by filtra-
tion. No material-consuming workup procedure is necessary
in contrast to reaction a) that functions by means of a
homogeneous catalyst. Furthermore, no solvents and no
reagents in stoichiometric amounts are applied; this makes
this process advantageous relative to b) and d), which both


make use of solvents and alu-
minum chloride as a reagent in
stoichiometric amounts.


To compare alternative syn-
thetic routes solely on the basis
of the amount of reactants and
waste, although a leading indi-
cator,[15] may be grossly over-
simplified. Evidently, the envi-
ronmental quality of the feed
and of the waste is important.
For example, it makes a differ-
ence if acetic anhydride as in
reaction a) or acetyl chloride
and aluminum chloride as in
reaction b) are used as reac-
tants with anisole, and if the
waste consists of relatively in-


nocuous salts such as sodium acetate, chloride, and sulfate in
aqueous solution saturated with diethyl ether or of aluminum
chloride as an aqueous solution saturated with dichloroethane
as in reactions a) and b), respectively.


We have been developing a simple method based on easily
available data to estimate such a specific potential environ-
mental impact [PEIkg�1]Qmin and Qnout of each compound of
the feed and of each compound of the waste, respectively,
using EATOS. Compounds having no environmental impact
are given a value of Qmin�Qnout� 1PEIkg�1, increasing with
increasing environmental impact up to maxium
10PEIkg�1.[25, 26] Interestingly, compounds are assessed differ-
ently occurring in the feed and in the waste. The impact Qmin


takes into account the risk measured by the R-phrases of used
chemicals[27] and the environmental impact of their produc-
tion measured by their prices assuming that prices take best
into account all the materials and energy being necessary for
all steps to synthesize the used chemicals. It is an important
aspect of a sustainable development that prices should reflect
all environmental and social costs (Agenda 21, Chapter 4).
The impact Qnout of the waste compounds takes into account
potential ecotoxicological and human toxicological effects.


With Equations (3) and (4), the environmental indices EIin
and EIout , the latter corresponding to Sheldons× EQ, of the
respective processes can be determined and compared using
EATOS (Figure 2).


EIin � Qinput � S�1 �


�


m


Qm in�PEI�kg� �Raw materialm�kg�


Product �kg� (3)


EIout � Qoutput � E �


�


n


Qnout�PEI�kg� �Wasten�kg�


Product �kg� (4)


This simple procedure gives an indicator that allows a
deepened insight to contrast the different processes with
respect to resource usage and potential environmental impact.
Dichloroethane that is used as solvent is due to more than
50% of the environmental impact of reaction b). The same
applies for reaction a) which makes use of diethyl ether in the
workup procedure and reaction d) which makes use of carbon
disulfide as reaction solvent and additionally diethyl ether for
workup. Evidently, the largest contribution to the environ-


Figure 1. Assessment of the syntheses of 4-methoxyacetophenone (Scheme 1) by means of the software EATOS:
mass index S�1 and environmental factor E. The detailed data making the differences of the four processes
transparent are given in[25] (Tables 1 and 2 in the Supporting Information).
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mental indices of organic reactions is due to organic solvents
in reaction and workup. Thus, it is evident that the reduction
of organic solvent use is of great importance for the develop-
ment of environmentally more benign processes.[28] An
example may be reaction c) with environmental indices less
than one order of magnitude in comparison to the other
reactions mainly because no organic solvents are used in
reaction and workup. In principle, these tendencies could
already be derived from the discussion of mass intensity and
the environmental factor. However, the enormous impact due
to the organic solvents becomes most evident considering the
environmental indices.


The given examples are very simple one-step reactions.
Most often chemists have to consider multistep syntheses and
most important is the proper selection of the best way to the
desired product. Using EATOS our method can easily be
applied also to reaction sequences and allows us to analyze
them as discussed for one-step reactions.


Conclusions


We believe we have developed for the first time a reliable
methodology for assessing and comparing synthetic organic
reactions on a laboratory scale with regard to their resource
usage and potential environmental impact. This method can
easily be used by all chemists who work in the field of
synthesis, both in academia and industry, to analyze their
reactions and compare different possible ways to the same
target substance to achieve the aim to reduce and eliminate
unsustainable patterns. Of course, there exist some important
tools in industry to obtain/predict a mass balance and to assess
technological consequences in much more detail than EATOS
is able to do. However, each detailed analysis has to be
performed in specialized units within the company by using
high sophisticated tools and of course associated with
corresponding costs. Most importantly, the details of the
processes have to be known in order to apply these tools and
this is only possible relatively late in the development of the
respective process. EATOS is a tool to be used on the lab
bench in the very beginning to select from a pool of synthetic


pathways the most promising
alternatives that should be stud-
ied and developed in more de-
tail.


We think that the method
should be introduced in univer-
sity courses to enable chemists
to learn thinking from the very
beginning in the framework of a
sustainable development.
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Abstract: A selection of mono- and
diacetylenic dithiafulvalenes was syn-
thesized and employed for the construc-
tion of extended tetrathiafulvalenes
(TTFs) with hexa-2,4-diyne-1,6-diyl-
idene or deca-2,4,6,8-tetrayne-1,10-diyl-
idene spacers between the two 1,3-di-
thiole rings. By stepwise acetylenic scaf-
folding using (E)-1,2-diethynylethene
(DEE) building blocks, an extended
TTF containing a total of 18 C(sp) and
C(sp2) atoms in the spacer was prepared.
The versatility of the acetylenic dithia-


fulvene modules was also established by
the efficient synthesis of a thiophene-
spaced TTF, employing a palladium-
catalyzed cross-coupling reaction. The
developed synthetic protocols allow
functionalization of the extended TTFs
in three general ways: with 1) peripheral
substituents on the fulvalene cores, 2)


alkynyl moieties laterally appended to
the spacer, and 3) cobalt clusters involv-
ing acetylenic moieties. Strong chromo-
phoric properties of the extended TTFs
were revealed by linear and nonlinear
optical spectroscopies. Extensive elec-
trochemical studies and calculations on
these compounds are also reported, as
well as X-ray crystallographic analyses.


Keywords: alkynes ¥ conjugation ¥
electrochemistry ¥ nonlinear optics
¥ tetrathiafulvalene


Introduction


Tetrathiafulvalene (TTF) and derivatives such as 1 (see
Scheme 1) are reversible, two-electron donors that have been
intensively studied for almost three decades, mainly with the
aim of developing low-temperature organic superconductors,
but also as important redox-active units in supramolecular
chemistry.[1] Combined with the three reversible redox states
of TTF, the engineering of switchable nonlinear optical
(NLO) materials is also of major focus. MartÌn and co-
workers[2] reported in 1997 the first second-order NLO
materials containing the TTF unit as the donor moiety in
extended donor ± acceptor � systems. A great diversity of
structural variations of the parent TTF system has been
carried out, in particular by insertion of �-conjugated spacers
between the two 1,3-dithiole units.[3] Thus, a considerable
number of olefinic and aromatic spacers have been introduced
with the aim to tune the redox properties of the �-electron
system.[4] However, numerous studies on materials for quad-
ratic nonlinear optics have revealed that the efficient electron
transmission and high second-order nonlinearities exhibited
by alkene-spaced compounds are counterbalanced by a lack
of thermal stability.[5] To overcome this problem, substantial
effort has been devoted to the insertion of heteroaromatic
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rings into the olefinic spacer, while at the same time increasing
the electron-donor strength of the system.[6]


Recent advances in acetylenic scaffolding[7] motivated us to
develop efficient synthetic strategies for the preparation of
extended TTFs containing acetylenic spacers with lengths up
to several nanometers, that is, an alternative way of extending
the conjugation. In contrast to the many literature examples
of alkene-spaced TTFs, only two types of acetylene-spaced
TTFs are known, namely 2a ± f[8] and 3a ± d[9] (Scheme 1). The
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Scheme 1. Acetylenic derivatives of TTF known in the literature.[8±10]


first derivatives of 1,4-bis(1,3-dithiol-2-ylidene)but-2-yne (2a)
were prepared by Gorgues and co-workers.[8] Compounds
3a ±d were only isolated as the dications, since the cumulenic
neutral forms are unstable. The peralkynylated TTFs 4a ± c
represent another family of modules for acetylenic scaffolding
and were reported by Rubin and co-workers.[10] Yamamoto
and Shimizu prepared polymers by cross-coupling of 2,6-
diethynylated TTFs,[11] whereas Shimada and co-workers[12]


carried out polymerization in the solid state of a TTF-
substituted diacetylene, yielding a poly(diacetylene) with
laterally appended TTF moieties.


Here, we report the synthesis and the structural and
electronic properties of a large series of novel extended TTFs
containing varying numbers of acetylene units in the spacer, as
well as laterally appended alkynyl moieties offering the
possibility for additional one- and two-dimensional scaffold-
ing (Figure 1).[13] The physical properties of poly(triacetylene)
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Figure 1. Three general positions are available for functionalization in
acetylene-extended TTFs.


(PTA) oligomers and polymers,[14] derived from (E)-1,2-
diethynylethene (DEE) monomeric repeat units, (Scheme 2)
have been found to strongly depend on the presence of
aromatic groups, either laterally appended, or positioned
within the linearly �-conjugated backbone or as end-
caps.[14, 15] Therefore, we have introduced dithiafulvene units
(™half-TTF∫) as new end-caps into short PTA oligomers
which can be viewed either as dithiafulvene end-capped
oligomers or as PTA-spaced TTFs.


R


R


PTA


nDEE


Scheme 2. (E)-1,2-Diethynylethene (DEE) is the monomeric repeat unit
in poly(triacetylene)s (PTAs).[14]


Results and Discussion


Synthesis : First, a selection of silyl-protected mono- and
diacetylenic dithiafulvenes (5a ±d) was prepared by Wittig
reaction between the readily available phosphonium salt 6[16]


and aldehydes 7a ± d[17] (Scheme 3). Desilylation of 5a using
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Scheme 3. Synthesis of mono- and diacetylenic dithiafulvenes and ex-
tended TTFs. a) BuLi, THF, �78 �C. b) K2CO3, MeOH/THF. c) CuCl,
TMEDA, air, CH2Cl2. TMEDA�N,N,N�,N�-tetramethylethylenediamine.


K2CO3 in MeOH/THF followed by oxidative Hay coupling
gave the extended TTF 8a in good yield. Similarly, the
differentially protected dialkynyl derivative 5b was selective-
ly mono-deprotected with K2CO3 and subsequently homo-
coupled to afford 8b. These acetylenic analogues of TTF were
stable when isolated after chromatographic workup. Yet, we
found that they were somewhat unstable under the Hay
conditions, and that the reaction time should be no longer
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than 15 ± 20 min. Indeed, the yield of 8a was improved from
36%[13] to 65% when decreasing the reaction time from 20 to
15 min.


Next, we incorporated electron-donating anilino substitu-
ents by reacting 5b, after mono-deprotection, with an excess
of 4-ethynyl-(N,N-didodecylamino)benzene (4.5 equiv) under
oxidative conditions, providing 9 (Scheme 4). The Si(iPr)3
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69%
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Scheme 4. Synthesis of the extended TTF 10 with laterally appended
anilino groups. a) K2CO3, MeOH/THF. b) 4-Ethynyl-(N,N-didodecylami-
no)benzene (4.5 equiv), CuCl, TMEDA, air, CH2Cl2. c) Bu4NF, THF/H2O.
d) CuCl, TMEDA, air, CH2Cl2.


group was subsequently removed with Bu4NF, and another
Hay coupling gave the extended TTF 10 with laterally
appended anilino groups. Both SiMe3 groups of 5c were
readily removed by Bu4NF, and the two terminal alkynes were
then cross-coupled with an excess of (4-nitrophenyl)acetylene
(5.7 equiv) under Hay conditions, affording the acceptor-
substituted derivative 11 (Scheme 5).


S
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CO2Me
MeO2C


O2N


NO2


5c
a, b)


40%


11


Scheme 5. Introduction of electron-withdrawing groups in 11. a) Bu4NF,
THF/H2O. b) (4-Nitrophenyl)acetylene (5.7 equiv), CuCl, TMEDA, air,
CH2Cl2.


For a possible incorporation of the new dithiafulvene
building blocks into larger systems, it was advantageous to
improve their solubility by changing the nature of the ester
groups. Whereas acid-catalyzed transesterification attempts
proved unsuccessful owing to decomposition, base-catalyzed


transesterification of 5d, employing K2CO3 as base, gave high
yields of the propyl, pentyl, and dodecyl derivatives 12a ± c,
respectively (Scheme 6). Moreover, one ester group in 5d
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Scheme 6. Reactions at the ester groups attached to the dithiafulvene
cores of 5d and 8b : base-catalyzed transesterification and mono-reduction.
a) K2CO3, ROH/THF. b) NaBH4, LiCl, THF/MeOH, 15 �C.


could be selectively reduced to the alcohol with NaBH4,
activated by LiCl,[18] affording the unsymmetrically substitut-
ed dithiafulvene 13. Conveniently, the transesterification can
also be carried out at the stage of the extended TTF. Thus,
when 8b was treated with K2CO3 and 1-propanol, the
tetrapropyl ester 14 resulted.


To study the influence of spacer length on the stability of
the extended TTF, two more acetylenes were incorporated
(Scheme 7). Mono-deprotection of 5b, followed by hetero-
coupling with (trimethylsilyl)acetylene (large excess) gave 15
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Scheme 7. Extension of the acetylenic spacer in 16. a) K2CO3, MeOH/
THF. b) (Trimethylsilyl)acetylene (excess), CuCl, TMEDA, air, CH2Cl2.
c) CuCl, TMEDA, air, CH2Cl2.
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that was subsequently mono-deprotected again. Gratifyingly,
the resulting terminal buta-1,3-diyne was quite stable and
could be readily homocoupled to give the long extended TTF
16 in remarkably good yield (51%). It is noteworthy that 16,
with its octa-1,3,5,7-tetraynediyl spacer, is very stable; indeed,
no decomposition was visible during chromatographic work-
up.


It is evident, however, that when oxidative heterocou-
plings–requiring a large excess of one component–to more
expensive compounds than (trimethylsilyl)acetylene are to be
performed, other protocols have to be chosen. The versatility
offered by dithiafulvene building block 5b was first demon-
strated in the synthesis of the long extended TTF 17,
containing two (E)-1,2-diethynylethene (DEE) units as spacer
(Scheme 8). The half-unit 18 was prepared by a modified
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Scheme 8. Synthesis of the extended TTF 17 with a dimeric DEE spacer.
a) BuLi, Br2, THF, �78 �C. b) K2CO3, MeOH/THF. c) [Pd2(dba)3], LiI,
PMP, CuI, benzene. d) CuCl, TMEDA, air, CH2Cl2. dba�dibenzylide-
neacetone; PMP� 1,2,2,6,6-pentamethylpiperidine.


Cadiot ±Chodkiewicz cross-coupling, employing the condi-
tions of Cai and Vasella,[19] between deprotected 5b and
bromide 19. This bromide was obtained from bromination of
mono-deprotected DEE 20, prepared according to a standard
protocol.[14] Unfortunately, purification by column chroma-
tography of 18 from unreacted, deprotected 5b (used in small
excess) was very tedious. To overcome this problem, Hay
catalyst was added to the crude reaction product just before
chromatographic workup, hereby converting deprotected 5b
into the more polar TTF 8b and allowing easy chromato-
graphic separation from 18. Deprotection of 18, followed by
Hay coupling afforded 17, which contains 18 acyclic C(sp) and
C(sp2) atoms in the spacer.[20]


The monomeric building block 5b was also without
difficulty cross-coupled to heteroaromatic halides under
Sonogashira conditions.[21] Thus, palladium-catalyzed cross-
coupling to 2,5-diiodothiophene provided in high yield the


extended TTF 21 containing an electron-rich thiophene ring
in the spacer (Scheme 9).


A large number of TTF derivatives with the ability to
complex metal ions are described in the literature. Thus,
crown ether-annellated TTFs act as redox-responsive sensor
molecules for alkali metal ions as well as for Ag�, Pb2�, Sr2�,
and Ba2�.[22] Moreover, the TTF chromophore has been
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Scheme 9. Synthesis of thiophene-spaced TTF 21. a) K2CO3, MeOH/THF.
b) [Pd(PPh3)4], CuI, Et2NH/THF.


exploited as redox-active unit for discriminating Cu�, Ag�,
and Li� in phenanthroline-based precatenate complexes.[23]


The new series of extended TTFs offers the possibility for
cobalt complexation at the acetylene spacer[24a] between the
two dithiafulvene rings. Thus, when 8a was treated with
[Co2(CO)8], the very robust tetrakis-cobalt complex 22 was
obtained in near-quantitative yield (Scheme 10). This strongly
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Scheme 10. Synthesis of tetrakis-cobalt complex 22. a) [Co2(CO)8], THF.
b) Me3NO, THF.


colored complex (dark green in solution, red-brown as a solid)
was purified by column chromatography (SiO2, CH2Cl2)
without any apparent decomposition. The complexation
induces a significant downfield shift of the fulvene proton
from �� 5.53 ppm in 8a to �� 6.63 ppm in 22. Moreover,
there are marked differences in the 13C NMR resonances
(Table 1). Thus, the resonances of the spacer C atoms that are
part of the cobalt clusters in 22 shift upfield by �� 5.3 ppm
and �� 7.8 ppm relative to the corresponding alkyne C atoms
in 8a. Significant shifts were also experienced by the 13C NMR
resonances of the dithiafulvene moieties, one moving upfield
by �� 15.8 ppm and the other downfield by �� 6.1 ppm. In
addition to these spectroscopic changes, cobalt complexation
changes the electrochemical properties of 22 relative to those
of 8a (vide infra). Removal of the [Co2(CO)6] clusters was
only partly successful employing trimethylamine oxide,[24b]


regenerating the alkyne-spaced TTF 8a in 35% after chro-
matographic workup. The remaining material seems to be lost
by decomposition under the reaction conditions.
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X-ray crystallography : Single crystals of 8a and 22 were
grown by slow diffusion of hexane into CH2Cl2 solutions and
used for X-ray crystal structure analyses (Figure 2 Figure 3,
respectively). The structure of 8a reveals that the two fulvene


Figure 2. Structure of 8a (ORTEP plot; atomic displacement parameters
obtained at 248 K are drawn at the 30% probability level. Hydrogen atoms
have been omitted for clarity).


double bonds adopt the s-trans conformation with respect to
the connecting buta-1,3-diynediyl moiety. The two dithiaful-
vene units are not in the same plane but rotated about the
central linear diacetylene core with a torsional angle C1-C14-
C19-C20 of �138.6�. Upon cobalt complexation, forming 22,
the complexing alkyne bond lengths increase from 1.197 ä
(C15�C16 in 8a) to 1.358 ä (C3�C4 in 22), and the central
single bond increases from 1.357 ä (C16�C17 in 8a) to
1.430 ä (C4�C4� in 22). The single bond C14�C15 (1.408 ä) in
8a increases slightly in length to 1.428 ä in 22 (C3�C17),
whereas the fulvene bond lengths are almost unaltered.


Complexation also goes along with a disruption of the
linearity of the bridge; thus, the angles C3-C4-C4� and C4-
C3-C17 in 22 are 142.2� and 136.3�, respectively. In contrast to
8a, complex 22 has an inversion center in the crystal.


Electronic absorption spectroscopy: The UV/Vis spectral data
in CHCl3 of the dithiafulvene monomers and extended TTFs
are displayed in Table 2, together with those of the parent,
MeO2C-substituted TTF 1.[25] Some selected spectra are
displayed in Figure 4. Evidently, all the new compounds are
very strong chromophores. Proceeding from monomeric 5a to
TTF 8a results in a significant bathochromic shift of the
longest wavelength absorption from �max� 405 to 429 nm,
corresponding to a decrease in the HOMO±LUMO gap from
3.06 to 2.89 eV. Furthermore, the molar extinction coefficient
of the highest wavelength absorption is very high for 8a (��
25400 ��1 cm�1). This value should be compared to the very
small absorption displayed by 1 at 445 nm (��
1930 ��1 cm�1).[25] As revealed by calculational studies (vide
infra), this HOMO±LUMO transition can be assigned to an
intramolecular charge-transfer transition. A similar bath-
ochromic shift is observed when going from dithiafulvene 5b
(�max� 410 nm (tail), �� 1440 ��1 cm�1) to TTF 8b (�max�
441 nm (shoulder) (2.81 eV), �� 18600 ��1 cm�1). The end-
absorption is not significantly different from that of 8a,
signalling that electron delocalization through cross-conjuga-
tion to the lateral alkynyl groups in 8b is not very effective. In
contrast, extension of the linear �-electron conjugation in the
spacer unit has a very large effect, revealed by the strong
absorption of 16 at �max� 484 nm (�� 30700 nm), correspond-
ing to a reduced HOMO±LUMO gap of 2.56 eV. The dimeric
DEE-spaced TTF 17 shows about the same end-absorption
(at �550 nm) as 16. Both this absorption onset as well as the
longest wavelength absorption maximum of 17 at �max�
453 nm are, however, significantly bathochromically shifted
relative to those of a trimethylsilyl-endcapped DEE dimer
(�max� 376 nm, �� 24700 ��1 cm�1, end-absorption at
�410 nm).[15a] Increasing the donor strength by insertion of
thiophene into the spacer only slightly increases the longest
wavelength absorption shoulders from �max� 441 nm (8b) to
452 nm (21).


Table 1. Selected 13C NMR (50 or 75 MHz, CDCl3, 298 K) resonances of
fulvene and alkyne C atoms.


Compound C (alkyne) C (fulvene)
� [ppm] � [ppm]


5a 101.6105.4 93.5 146.6
5d 100.2101.8 90.0 152.9
8a 82.984.0 91.9 149.5
8b 81.382.5 100.3101.6 88.0 157.3
15 71.983.087.4[a]95.5100.2101.6 87.5[a] 157.5
16 66.172.674.5 83.8 99.5102.6 86.8 159.0
22 88.291.8 107.7 143.4


[a] The signal at 87.4 ppm may instead be a fulvene resonance and the one
at 87.5 ppm an alkyne resonance.


Figure 3. Structure of 22 (ORTEP plot; atomic displacement parameters obtained at 193 K are drawn at the 30% probability level. Hydrogen atoms have
been omitted for clarity).
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Figure 4. UV/Vis spectra in CHCl3.


Protonation of the laterally appended anilino groups in
TTF 10 by treatment of the CHCl3 solution with a drop of
concentrated HCl resulted in a substantial decrease of the


absorption band at �max�
354 nm (more than halved, Fig-
ure 4), whereas the end-absorp-
tion was unaltered. Treatment
of the protonated compound
with aqueous KOH regenerat-
ed the neutral form with an
absorption spectrum virtually
identical to that before the
treatment with acid. From this
experiment, the transition at
354 nm is assigned substantial
charge-transfer character origi-
nating from the electron-donat-
ing anilino substituents. The
donor ± acceptor compound 11,
containing electron-withdraw-
ing 4-nitrophenylacetylene
groups, displays a very strong
end-absorption as compared to
dithiafulvene monomer 5c.


Computational study : To shed
further light upon the longest
wavelength (HOMO�LU-


MO) transitions, we subjected TTFs 8a and 8b to a computa-
tional study employing the Gaussian 98 program package[26] at
the HF/3-21G level of theory. However, for decreasing
calculational time, the triisopropylsilyl groups were substitut-
ed by H atoms in 8b, which should have little effect on the
electronic properties. The HOMOs and LUMOs resulting
from this study are depicted in Figure 5. It transpires that the
HOMO of 8a is distributed over the four S atoms and the
connecting spacer unit, whereas the LUMO (as well as the
nearly equally energetic LUMO� 1) is located at the two
peripheral ethylene biscarbonyl units. Both HOMO and
LUMO are of pure � nature. Thus, the highest wavelength
transition in 8a is an intramolecular charge-transfer transi-
tion, as was likewise realized for parent, MeO2C-substituted
TTFs.[27] A large energetic separation (ca. 0.6 eV (B3LYP/3-
21G//HF/3-21G), Figure 5) between the LUMO� 2, with high
coefficients on the buta-1,3-diynediyl spacer, and the LUMO/
LUMO� 1 strongly suggests that this higher energy orbital is
not involved in the longest wavelength electronic transition.
The HOMO of 8b is almost identical to that of 8a, with only
small coefficients on the laterally appended alkyne residues,
which is in good agreement with the similar end-absorptions
found experimentally for the two compounds. For compar-
ison, HOMO±LUMO gaps were obtained by single point
calculations at the B3LYP/3-21G level on the HF-optimized
geometries. Indeed, about the same value (3.2 eV) was
obtained for 8a and 8b, this value being, however, somewhat
larger than those determined experimentally in solution.


Electrochemistry : The redox properties of the extended TTFs
were examined by cyclic (CV) and steady-state (SSV)
voltammetry. The redox potentials (versus Fc/Fc� (ferro-
cene/ferricinium couple)) are listed in Table 3. Whereas TTF
8a was oxidized in an irreversible two-electron step in
CH2Cl2, TTF 8b experienced two reversible one-electron


Table 2. Absorption band maxima and molar extinction coefficients in the UV/Vis spectra of compounds in
CHCl3.[a]


Compound �max [nm] (� [��1cm�1])


1[b] 245 (15500) 284 (14300) 315 (13100) 445 (1930)
5a 318 (17900) 348 (sh, 6140) 405 (1610)
5b 346 (17900) 358 (17600) 372 (15000) 410 (t, 1440)
5c 347 (17300) 359 (17500) 372 (15100) 412 (t, 1420)
8a 314 (sh, 11500) 347 (sh, 22800) 363 (26700) 402 (29500) 429 (25400)
8b 274 (sh, 14600) 360 (21900) 381 (25500) 408 (25600) 441 (sh, 18600)
9 269 (12600) 337 (29400) 353 (28100) 393 (28700) 422 (25300)
10 296 (30600) 354 (76200) 425 (sh, 50200) 460 (sh, 33300)
11 281 (25200) 298 (27300) 317 (33100) 338 (33200) 424 (br, 31700)
13 353 (sh, 17900) 363 (19800) 375 (18700) 411 (t, 2990)
14 274 (sh, 16800) 361 (24200) 383 (29200) 409 (30200) 444 (sh, 22100)
15 261 (15900) 276 (12300) 351 (sh, 12900) 369 (19600) 380 (20900)


395 (18900) 441 (t, 2150)
16 257 (75300) 268 (84800) 282 (74600) 323 (17300) 335 (sh, 19200)


346 (22200) 383 (sh, 25200) 412 (42900) 442 (47200) 484 (30700)
17 314 (sh, 31900) 328 (36400) 358 (sh, 38900) 378 (47700) 400 (49300)


453 (61400)
18 259 (27600) 284 (19600) 305 (sh, 25100) 313 (27700) 386 (sh, 23300)


396 (26300) 428 (23900)
21 305 (sh, 21900) 315 (27700) 363 (sh, 26100) 378 (29600) 423 (34300)


452 (sh, 21900)
22 318 (32100) 366 (26000) 449 (br sh, 7340) 610 (br, 2730)


[a] sh� shoulder, t� tail, br� broad. [b] Solvent: EtOH; values taken from ref. [25].
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steps in CH2Cl2, anodically shifted relative to 8a and with a
separation of 120 mV. However, in MeCN, 8b was oxidized in
an irreversible two-electron step. In contrast, TTFs 1 and 2c
(R�CO2Me) were oxidized in MeCN in two steps with
separations of 320 mV[28] and 380 mV,[8] respectively. These
results indicate a lower Coulombic repulsion between the two
charges in the dications of 8a and 8b relative to those of 1 and
2c. The anilino-substituted TTF 10 was oxidized in three
steps, the first two-electron oxidation step (�0.42 V) centered
at the two anilino units which act as independent redox
centers, and the two subsequent one-electron steps (�0.87 V,
�1.12 V) at the two dithiole rings. Thus, the close proximity of
two positive charges at the lateral anilino groups induces a
substantial anodic shift (compared with 8b) of the oxidations
centered at the two 1,3-dithiole rings. Interestingly, it was also
possible to reduce the compounds at negative potentials in
either one or two steps. All these reductions were irreversible.


When increasing the length of the linker from buta-1,3-
diynediyl (8b) to octa-1,3,5,7-tetraynediyl (16), the 1,3-
dithiole-centered two-electron oxidations occur at a signifi-
cantly anodically shifted potential of �0.81 V. Also the
dimeric DEE-spaced TTF 17 experiences an anodically
shifted two-electron oxidation (�0.78 V). Consequently, the
two dithioles in 16 and 17 not only are so far apart that they
behave as independent redox centers; they are also oxidized
at higher potential owing to the strong electron-withdrawing


effect of the acetylenic spacer
unit.[29] It may therefore be
more meaningful to classify 17
as a dithiafulvene end-capped
DEE dimer rather than an ex-
tended TTF. Insertion of a thio-
phene ring between two acety-
lene units in the spacer, as in
TTF 21, also results in a one-
step, dithiole-centered two-
electron oxidation. This oxida-
tion occurs at �0.63 V, which is
quite similar to the stepwise
oxidations of 8b. Interestingly,
the first (irreversible) reduction
potential of 21 is less negative
by 80 mV, despite the electron-
rich character of the heteroar-
omatic spacer. For comparison,
previous studies on shorter
TTFs containing only a thio-
phene unit between the two
dithiafulvenes revealed two
separate one-electron oxida-
tions.[6a±c] Regarding the rever-
sibility, it is not clear why the
radical cations or dications of
some of the studied TTFs are
stable at the timescale of the
experiments, whereas others
are not.


The cobalt-complexed TTF
22 deserves some special atten-


tion. Whereas SSV gave well-defined oxidation and reduction
waves, cyclic voltammetry gave non-reproducible CVs on
account of electrode inhibition and passivation, and possibly
decomposition. The first reduction step gave an irreversible
reduction peak at �1.43 V. Thus, the first reduction of 22
occurs at much less negative potential than for the uncom-
plexed TTFs (in the range of �1.7 to �1.8 V). According to
the LUMO calculations (vide supra), the reductions of the
uncomplexed TTFs are likely to occur at the ethylene
bis(carbonyl) groups. Instead, the first reduction of 22 is
probably occurring at the cobalt cluster-containing bridge, in
agreement with reported data in the literature on cobalt
carbonyl derivatives.[30] Yet, no data are, to our knowledge,
available for a cobalt cluster array similar to that present in 22.
The first oxidation of 22 at �0.53 V in the SSV was not
observed in the CV, and this oxidation is perhaps an
absorption pre-wave in the SSV. Indeed, it is more reasonable
to anticipate the first oxidation of 22 to occur at a value of
�0.62 V, as measured by CV, since this value is anodically
shifted relative to the first oxidation at �0.58 V of its
uncomplexed precursor 8a. It should be pointed out, however,
that the oxidation peak amplitude in the CV was quite large
compared to the first reduction, which also in this case may be
attributed to accumulation of the compound at the elec-
trode surface by adsorption. Moreover, the peak shape and
amplitude were changing significantly during iterative cycling.


Figure 5. HOMO, LUMO, LUMO� 1, and LUMO� 2 of 8a and 8b (iPr3Si groups replaced by hydrogen atoms)
calculated at the HF/3 ± 21G level of theory. Relative orbital energies were obtained from B3LYP/3 ± 21G single-
point calculations on the HF-optimized conformations.
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The electrochemical investigations clearly show that struc-
tural changes in the acetylenic spacer and lateral functional-
ization, as well as solvent polarity, strongly influence the
electrochemical behavior of acetylene-extended TTFs, in
particular the position and separation of the first and second
dithiole oxidation potentials and the degree of reversibility.[31]


Nonlinear optical properties : The nonlinear optical properties
were investigated by third-harmonic generation (THG)
measurements[32] for four representative dithiafulvene com-
pounds (5b, 8b, 10, and 11), and the second-order hyper-
polarizabilities � were determined (Table 4). All measure-
ments were calibrated against fused silica (fs) as the reference,
using �(3)fs� 1.6� 10�22 m2V�2 (1.16� 10�14 esu).[33] Second-
order hyperpolarizabilities were also calculated (Table 4) for
the four compounds investigated, employing the semiempir-
ical finite field method within theMOPAC software[34] and the
PM3 parametrization. Owing to the several approximations of
the SCF methods,[35] the reliability of absolute � values is
usually poor. However, for a series of analogous compounds, a


qualitative trend is often evi-
dent,[36] and theoretical calcula-
tions have managed to validate
the most active compound in a
series when employing the
same computational settings.[37]


For the studied dithiafulvene
compounds, the calculated val-
ues appeared systematically
higher than the experimental
ones. Indeed, the calculated �


values are about a factor of 2
higher. This very same differ-
ence was found for molecules
with similar electronic resem-
blance to those studied in this
report.[38] It is therefore reason-
able to introduce an empirical
correction factor (multiplica-
tion by 0.49; standard deviation
0.06), affording a set of correct-
ed values, which are in very
good agreement with the exper-
imental ones, within the limits
of the experimental error.


Looking at the structural dif-
ferences accounting for the dif-
ferent NLO responses, one
finds that the extension of the
linear �-electron conjugation
upon changing from dithiaful-
vene 5b to its linear dimer,
extended TTF 8b, results in a
doubling of the second-order
hyperpolarizability. The intro-
duction of additional electron-
donating anilino groups at the
lateral positions (10) leads to a
further significant increase in �.
The � value can also be in-


Table 3. Electrochemical data measured in CH2Cl2 (if not otherwise stated) � 0.1� nBu4NPF6. All potentials
versus Fc/Fc�. Working electrode: glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/AgCl
or Pt as pseudo reference.


Compound Cyclic voltammetry[a] Steady state voltammetry
E�[b] �Ep


[c] Ep
[d] E1/2


[e] slope[f]


[V] [mV] [V] [V] [mV]


8a � 0.58 (2 e�) � 0.55 60
� 1.81 (2 e�) � 1.87 175


8b � 0.64 (1 e�) 60 � 0.64 60
� 0.76 (1 e�) 60 � 0.76 60


� 1.86 (2 e�) � 1.80 100
8b[g] � 0.70[h] (2 e�)


� 1.75 (2 e�)
9 � 0.42 (1 e�) 80 � 0.42 70


� 0.67 (1 e�) 60 � 0.71 60
� 1.70 (1 e�) � 1.71 70
� 1.81 (1 e�)


10 � 0.43 (2 e�)
� 0.87 (1 e�)
� 1.12 (1 e�)
� 1.70 (2 e�)


16 � 0.82 (2 e�)[i] � 0.81 75
� 1.73 (2 e�) � 1.60 100


17 � 78 (2 e�) 90 � 0.81 60
� 1.13 � 1.21 [j]
� 1.73 (2 e�)
� 2.07


21 � 0.63 (2 e�) 100 � 0.65 75
� 1.78 (2 e�)
� 2.08


22 � 0.53 50
� 0.62[k] � 0.67 100
� 0.77[k]


� 1.43[k] � 1.43 125
� 1.68[k]


� 1.98[k]


[a] Scan rate 0.1 Vs�1. [b] Eo� (Epc � Epa)/2, where Epc and Epa correspond to the cathodic and anodic peak
potentials, respectively. [c] �Ep�Eox�Ered , where subscripts ox and red refer to the conjugated oxidation and
reduction steps, respectively. [d] Peak potential Ep for irreversible electron transfer. [e] Half-wave potential E1/2 .
[f] Slope of the linearized plot of E versus log [I/(Ilim� I)]. [g] Solvent: MeCN. [h] Irreversible at scan rates �
1 Vs�1, reversible at scan rates �1 Vs�1. [i] The irreversible oxidation became reversible for sweep rates higher
than 5 Vs�1. [j] Electrode inhibition avoided wave analysis. [k] Observed values for the first scan on a polished
electrode.


Table 4. Results of the third harmonic generation (THG) experiments at
fundamental and third harmonic wavelengths of 1.907 �m and 636 nm,
respectively.[a]


Compound �[b] � � �calculated
[c] �corrected


[d]


[��1 cm�1] [10�36 esu] [10�48 m5V�2] [10�36 esu] [10�36 esu]


5b[e] 0 38 0.53 67 33
8b 0 87 1.21 197 96
10 0 220 3.07 569 278
11 0 310 4.35 450 220
23[e] 0 130 1.8
24[e] 430 1300 18
25[f] 230 2036 28


[a] The values are calibrated relative to the third-order nonlinear suscept-
ibility of fused silica, for which a value of �(3)fs� 1.6� 10�22 m2V�2 (1.16�
10�14 esu) was used. Experimental error: 15%. [b] Molar extinction
coefficient at the third harmonic wavelength. [c] Obtained with the PM3
semiempirical method. [d] Calculated values corrected by a factor of 0.49.
[e] Adjusted values from ref. [39] where a value of �(3)fs� 3.9� 10�22 m2V�2


was used (conversion factor: multiplication with 1.6/3.9� 0.41). [f] Ref.
[40].







Extended Tetrathiafulvalenes 3601±3613


Chem. Eur. J. 2002, 8, No. 16 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0816-3609 $ 20.00+.50/0 3609


creased by adding electron-withdrawing 4-nitrophenylacety-
lene groups to the dithiafulvene monomer, as revealed by the
value obtained for the asymmetric, donor-acceptor compound
11. It is moreover interesting to compare the NLO properties
of these acetylenic compounds with those of the arylated
tetraethynylethenes (TEEs) 23 and 24,[39] and TEE dimer
25[40] (Scheme 11). Formal substitution of the two geminally


NMe2


Me2N


Si(iPr)3


(iPr)3Si


NMe2


Me2N


R


NMe2


Me2N


R
NO2


R = Si(iPr)3


R =


23


24


25


Scheme 11. Arylated tetraethynylethene monomers and dimers.[39, 40]


situated 4-(N,N-dimethylamino)phenylacetylene units in 23
and 24 with the dithiole unit in 5b and 11, respectively, leads
to a decrease of one order of magnitude in the � values. Also
the extended TTFs 8b and 10 exhibit significantly smaller
� values than the TEE-dimer 25. Nevertheless, the values
exhibited by the dithiafulvenes are still promising for future
NLO applications. Although arylated TEEs exhibit some of
the highest known third-order nonlinear optical susceptibil-
ities, they are of limited stability for real applications and new,
more stable scaffolds are accordingly desired.


Conclusion


An efficient protocol for synthesizing a selection of mono-
and diacetylenic dithiafulvenes has been developed. These
modules are readily dimerized to extended TTFs, employing
homo- and hetero-coupling reactions. Moreover, functional
groups, such as N,N-didodecylaniline, are readily attached to
the lateral positions of the extended TTFs, offering a way to
control the physico-chemical properties. The electrochemical
response to increasing the length of the spacer present in 8b is
a decrease in the Coulombic interaction between the two
oxidized dithioles which, as a result, are oxidized in a single
two-electron step in TTFs 16 and 17. This oxidation occurs,
however, at an anodically shifted potential relative to
comparison compound 8b on account of the electron-with-
drawing effect of the acetylene-rich bridge. Yet, the presence
of an electron-rich thiophene ring in 21 modified much more
the reduction than the oxidation potential. The acetylenic


spacer units offer sites for complexation of cobalt carbonyl
clusters, with concomitant changes in both spectroscopic and
electrochemical properties.


The extended TTFs are strong chromophores with bath-
ochromically shifted end-absorptions relative to the parent
TTF with the same outer substitution. Increasing the number
of acetylene units in the spacer from two (8b) to four units
(16) results in a significant reduction of the HOMO-LUMO
gap from 2.81 eV to 2.56 eV, whereas extending the linear
conjugation further has little effect, as revealed by the similar
end-absorptions of 16 and the dimeric DEE-spaced TTF 17.


The compounds display good third-order nonlinear optical
properties, enforced by donor-acceptor substitution. The
study shows that the semiempirical PM3 computational
method provides good NLO predictions, after introduction
of an empirical correction factor, for materials based on
alkynylated dithiafulvene modules.


The new chromophores reported here are promising
building blocks for further scaffolding in either one or two
dimensions. Indeed, future work will focus on constructing
long oligomers from the very well soluble dithiafulvene
modules 12a ± c and 14. One long-term prospect of such
efforts is to combine the polaron/bipolaron conduction
mechanism of an extended, linearly �-conjugated spacer that
becomes conducting upon doping[41] with the mixed valence
migration operational in stacks of TTF/TTF .� .[3]


Experimental Section


Materials and general methods: Chemicals were purchased from Aldrich
and Fluka and used as received. Compound 6 was prepared according to
ref. [16] and 7a ± d according to ref. [17]. All reactions, except from the Hay
couplings, were carried out under an inert atmosphere of Ar or N2 by
applying a positive pressure of the protecting gas. For the Hay couplings,
the following mixture was used as ™Hay catalyst∫: CuCl (0.13 g, 1.3 mmol)
and N,N,N�,N�-tetramethylethylenediamine (TMEDA, 0.16 g, 1.4 mmol) in
CH2Cl2 (4.5 mL). Column chromatographic (CC) purification refers to
flash chromatography using solvent mixture in the given ratio on SiO2 60
(230 ± 400 mesh). Melting points (m.p.) were measured on a B¸chi 510
melting point apparatus and are uncorrected. 1H and 13C NMR spectra
were recorded on Varian Gemini 200 or 300 MHz spectrometers or on a
Bruker 500 MHz spectrometer. Chemical shift values are reported in ppm
relative to residual solvent peaks. IR spectra (cm�1) were obtained with a
Nicolet 600 FT-IR spectrometer; signal designations: s� strong, m�me-
dium, w�weak. UV/Vis measurements (�max [nm] (� [��1 cm�1])) were
performed on CARY 5 and CARY 500 UV/Vis/NIR spectrophotometers.
High-resolution (HR) MALDI mass spectra were measured on an IonSpec
Fourier Transform (FT) Instrument, using a two-layer technique (tl), with
2,5-dihydroxybenzoic acid (DHB) or 2-[(2E)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene]malononitrile (DCTB) as matrix, and the com-
pound typically dissolved in CH2Cl2. MALDI-TOF mass spectra were
recorded on a Bruker Reflex instrument, with the compound dissolved in
CH2Cl2 and using as matrix DCTB. Elementary analyses were done by
Mikrolabor des Laboratorium f¸r Organische Chemie at ETH Z¸rich.


Electrochemistry: CH2Cl2 was purchased spectroscopic grade from Merck,
dried over molecular sieves (4 ä), and stored under argon prior to use.
Bu4NPF6 was purchased electrochemical grade from Fluka and used as
received. The electrochemical experiments were carried out at 20� 2 �C in
CH2Cl2 containing 0.1� Bu4NPF6 in a classical three-electrode cell. The
working electrode was a glassy carbon disk electrode (3 mm in diameter)
used either motionless for CV (0.1 to 10 V s�1) or as rotating-disk electrode
for SSV. The counter electrode was platinum wire and the reference
electrode either an aqueous Ag/AgCl electrode or a platinum wire used as
pseudo reference. All potentials are referenced to the ferrocene/ferrici-
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nium (Fc/Fc�) couple used as an internal standard. The accessible range of
potentials on the glassy carbon electrode was �1.4 to�2.4 V versus Fc/Fc�


in CH2Cl2. The electrochemical cell was connected to a computerized
multipurpose electrochemical device AUTOLAB (Eco Chemie BV,
Utrecht, The Netherlands) controlled by the GPSE software running on
a personal computer.


Third-harmonic generation: The second-order hyperpolarizabilities � were
measured by third-harmonic generation (THG) with a H2-Raman shifted
Nd:YAG laser (5 ns pulses, 10 Hz repetition rate). The fundamental and
the harmonic wavelengths of 1.907 �m and 635.7 nm are in the trans-
parency region of the absorption spectra. Therefore, the hyperpolariz-
abilities are assumed not to be resonance enhanced. The samples were
dissolved in chloroform and measured at various concentrations to
elucidate the second-order hyperpolarizability. THG measurements were
performed by rotating the 1 mm or 0.2 mm thick fused silica cuvette with
the solution parallel to the polarization to generate well known Maker-
fringe interference patterns. The analysis of the Maker-fringe patterns was
done as described in the literature.[42] The THG setup was calibrated with a
fused silica plate[33] (�(3)fs� 1.6� 10�22 m2V�2 (1.16� 10�14 esu) at ��
1.907 �m). For each compound, measurements of �(3) for pure solvent
and for five solutions of the molecules in different concentration were
done, and the second hyperpolarizability �was obtained. The measurement
procedure has been repeated several times to obtain a reasonable error.
The relative error for these measurements is approximately 15%.


X-ray crystallography: X-ray crystal structure of 22 : Crystals of 22 were
grown by slow diffusion of hexane into a CH2Cl2 solution. Crystal size:
0.15� 0.15� 0.10 mm. Crystal data at 193 K for C32H14O20S4Co4 ¥ CH2Cl2
(Mr� 1167.32): monoclinic space group C2/c, �calcd� 1.768 gcm�3, Z� 4,
a� 18.642(3), b� 8.8570(10), c� 26.722(3) ä, �� 96.180(10)�, V�
4386.5(10) ä3. Nonius CAD4 diffractometer, CuK� radiation, ��
1.5418 ä. The structure was solved by direct methods[43] and refined by
full-matrix least-squares analysis[44] including an isotropic extinction
correction, and w� 1/[�2(F 2


o � � (0.0.029P)2 � 14.380P], where P� (F 2
o


� 2F 2
c �/3. All heavy atoms were refined anisotropically (hydrogen atoms


isotropic, whereby hydrogen positions are based on stereochemical
considerations). Final R(F)� 0.0327, wR(F 2)� 0.0749 for 297 parameters
and 3022 reflections with I� 2�(I) and 	� 69.87� (corresponding R values
based on all 4155 reflections are 0.0658 and 0.0943, respectively).


X-ray crystal structure of 8a : See ref. [13].
CCDC-164802 (8a), CCDC-178156 (22) contain the supplementary
crystallographic data (excluding structure factors) for the structures
reported in this paper. These data can be can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).


3-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1-(trimethylsilyl)pro-
pyne (5a): A solution of 6 (615 mg, 1.21 mmol) in THF (20 mL) was cooled
to �78 �C, whereupon nBuLi (1.6 � in hexane, 0.80 mL, 1.3 mmol) was
added, causing the color to turn red. A solution of 7a (211 mg, 1.67 mmol)
in THF (10 mL) was added, and the solution turned orange. After stirring
for 1.5 h at �78 �C, the solution was warmed gradually to 0 �C. It was
poured into H2O (150 mL) and extracted with Et2O (2� 200 mL). The
combined organic phases were dried (MgSO4) and concentrated in vacuo.
Column chromatography (SiO2; CH2Cl2/hexanes 1:1 �2:1) afforded 5a
(260 mg, 65%) as an orange oil. 1H NMR (200 MHz, CDCl3): �� 0.19 (s,
9H), 3.81 (s, 3H), 3.84 (s, 3H), 5.42 ppm (s, 1H); 13C NMR (50 MHz,
CDCl3): ���0.2, 53.3 (two overlapping), 93.5, 101.6, 105.4, 130.5, 131.7,
146.6, 159.6, 160.0 ppm; IR (CCl4): 
� � 2954 (m), 2927 (w), 2120 (m), 1736
(s), 1672 (w), 1582 (m), 1456 (w), 1435 (m), 1252 (s), 1095 (m), 1029 (m), 998
(w), 849 (s) cm�1; HR-MALDI-MS (DHB-tl): m/z : 328.0251 ([M]� , calcd
C13H16O4S2Si: 328.0259). C13H16O4S2Si (328.47): calcd: C 47.54, H 4.91, S
19.52; found: C 47.56, H 5.11, S 19.62.


Compounds 5b,c,d were prepared in a similar way from 6 and ketones
7b,c,d, respectively.


3-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1-(triisopropylsilyl)-5-
(trimethylsilyl)penta-1,4-diyne (5b): Orange oil. 1H NMR (200 MHz,
CDCl3): �� 0.22 (s, 9H), 1.10 (s, 21H), 3.86 ppm (2� s, 6H); 13C NMR
(50 MHz, CDCl3): �� -0.2, 11.1, 18.5, 53.4 (two overlapping), 89.5, 99.9,
100.6, 101.3, 103.9, 132.4, 132.7, 154.2, 159.8 ppm (two overlapping); IR
(CCl4): 
� � 2956 (m), 2923 (w), 2892 (w), 2865 (m), 2141 (m), 2126 (m), 1736


(s), 1580 (m), 1488 (w), 1463 (w), 1435 (m), 1252 (s), 1096 (w), 1029 (w), 998
(w), 962 (m), 883 (w), 847 (s) cm�1; HR-MALDI-MS (DHB-tl): m/z :
508.1593 ([M]� , calcd C24H36O4S2Si2: 508.1594), 531.1490 ([M� Na]� , calcd
C24H36NaO4S2Si2: 531.1491).


3-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,5-bis(trimethylsilyl)-
penta-1,4-diyne (5c): Red solid. M.p. 86 ± 88 �C. 1H NMR (200 MHz,
CDCl3): �� 0.22 (s, 18H), 3.86 ppm (s, 6H); 13C NMR (50 MHz, CDCl3):
���0.2, 53.5, 89.0, 99.5, 104.2, 132.6, 154.9, 159.8 ppm; IR (CCl4): 
� � 2956
(m), 2900 (w), 2142 (m), 2127 (m), 1736 (s), 1579 (m), 1489 (w), 1435 (m),
1251 (s), 1096 (m), 1030 (m), 998 (w), 964 (m), 847 (s) cm�1; HR-MALDI-
MS (DHB-tl): m/z : 424.0651 ([M]� , calcd C18H24O4S2Si2: 424.0655),
447.0553 ([M � Na]� , calcd C18H24NaO4S2Si2: 447.0552).


3-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,5-bis(triisopropylsi-
lyl)penta-1,4-diyne (5d): Orange oil. 1H NMR (200 MHz, CDCl3): �� 1.09
(s, 42H), 3.86 ppm (s, 6H); 13C NMR (50 MHz, CDCl3): �� 11.1, 18.5, 53.4,
90.0, 100.2, 101.8, 132.5, 152.9, 159.8 ppm; IR (CCl4): 
� � 2955 (s), 2945 (s),
2924 (m), 2891 (m), 2865 (s), 2140 (m), 2125 (m), 1736 (s), 1580 (m), 1496
(w), 1463 (m), 1435 (m), 1383 (w), 1260 (s), 1095 (m), 1073 (w), 1029 (m),
1018 (m), 997 (m), 961 (m), 919 (w), 883 (m) cm�1; HR-MALDI-MS
(DHB-tl): m/z : 592.2527 ([M]� , calcd C30H48O4S2Si2: 592.2533), 615.2429
([M � Na]� , calcd C30H48NaO4S2Si2: 615.2430); C30H48O4S2Si2 (593.00):
calcd: C 60.76, H 8.16, S 10.81; found: C 60.68, H 8.01, S 10.65.


1,6-Bis[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]hexa-2,4-diyne
(8a): A solution of 5a (305 mg, 0.93 mmol) and K2CO3 (144 mg, 1.04 mmol)
in THF (7 mL) and MeOH (20 mL) was stirred at room temperature for
1.5 h. Et2O (200 mL) was added, and the organic phase was washed with
H2O (200 mL), dried (MgSO4), and concentrated in vacuo at room
temperature The residue was dissolved in CH2Cl2 (15 mL), whereupon
Hay catalyst (2.0 mL) was added, and the mixture was stirred under air for
15 min. Evaporation in vacuo at room temperature followed by column
chromatography (SiO2; CH2Cl2) afforded 8a (155 mg, 65%) as an orange
solid. M.p. 150 ± 151 �C. 1H NMR (200 MHz, CDCl3): �� 3.84 (s, 6H), 3.85
(s, 6H), 5.53 ppm (s, 2H); 13C NMR (50 MHz, CDCl3): �� 53.4 (two
overlapping), 82.9, 84.0, 91.9, 131.1, 131.6, 149.5, 159.3, 159.5 ppm; IR
(CCl4): 
� � 2954 (m), 2927 (w), 2177 (w), 2116 (w), 1737 (s), 1657 (w), 1581
(m), 1520 (w), 1435 (m), 1259 (s), 1095 (m), 1028 (m) cm�1; HR-MALDI-
MS (DHB-tl): m/z : 509.9559 ([M]� , calcd C20H14O8S4: 509.9572), 532.9461
([M � Na]� , calcd C20H14NaO8S4: 532.9469). C20H14O8S4 (510.57): calcd: C
47.05, H 2.76, S 25.12; found: C 47.12, H 2.97, S 24.96.


3,8-Bis[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,10-bis(triisopro-
pylsilyl)deca-1,4,6,9-tetrayne (8b): A solution of 5b (107 mg, 0.21 mmol)
and K2CO3 (27 mg, 0.20 mmol) in THF (3 mL) and MeOH (14 mL) was
stirred at room temperature for 2.5 h. Et2O (150 mL) was added, and the
organic phase was washed with H2O (150 mL) and saturated aqueous NaCl
(150 mL), dried (MgSO4), and concentrated in vacuo at room temperature.
The residue was dissolved in CH2Cl2 (15 mL), whereupon Hay catalyst
(2.5 mL) was added, and the mixture was stirred under air for 30 min.
Evaporation in vacuo at room temperature followed by column chroma-
tography (SiO2; CH2Cl2) afforded 8b (50 mg, 55%) as an orange oil, which
slowly solidified. M.p. 60 ± 62 �C. 1H NMR (200 MHz, CDCl3): �� 1.10 (s,
42H), 3.87 (s, 6H), 3.88 ppm (s, 6H); 13C NMR (50 MHz, CDCl3): �� 11.1,
18.6, 53.5 (� 2), 81.3, 82.5, 88.0, 100.3, 101.6, 132.4, 133.4, 157.3, 159.3,
159.6 ppm; IR (CCl4): 
� � 2954 (m), 2925 (w), 2892 (w), 2866 (m), 2133 (w),
1736 (s), 1579 (m), 1465 (m), 1435 (m), 1254 (s), 1096 (w), 1027 (w), 998 (w),
881 (w) cm�1; HR-MALDI-MS (DHB-tl): m/z : 870.2235 ([M]� , calcd
C42H54O8S4Si2: 870.2240), 893.2116 ([M � Na]� , calcd C42H54NaO8S4Si2:
893.2138).


5-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1-[4-(N,N-didodecyla-
mino)phenyl]-7-(triisopropylsilyl)hepta-1,3,6-triyne (9): KOH (1.40 g,
14.1 mmol) in H2O (5 mL) was added to a solution of 4-[(trimethylsilyl)e-
thynyl]-(N,N-didodecylamino)benzene(351 mg, 0.67 mmol) in THF
(10 mL) and MeOH (5 mL). The mixture was stirred at room temperature
for 2.5 h, then Et2O (200 mL) was added, and the organic phase was washed
with H2O (200 mL) and saturated aqueous NaCl (200 mL), dried (MgSO4),
and concentrated in vacuo at room temperature to give crude deprotected
alkyne. Compound 5b (74 mg, 0.15 mmol) was mono-deprotected accord-
ing to the above procedure (see 8b). The two crude products were dissolved
in CH2Cl2 (15 mL), whereupon Hay catalyst (1.5 mL) was added. The
mixture was stirred under air for 30 min. Evaporation in vacuo at room
temperature followed by column chromatography (SiO2; CH2Cl2/hexanes
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4:1) afforded 9 (60 mg, 46%) as an orange oil. 1H NMR (200 MHz, CDCl3):
�� 0.88 (t, 6.4 Hz, 6H), 1.10 (s, 21H), 1.26 (br s, 36H), 1.56 (br s, 4H), 3.26
(t, 7.2 Hz, 4H), 3.86 (s, 3H), 3.87 (s, 3H), 6.52 (d, 9.0 Hz, 2H), 7.33 ppm (d,
9.0 Hz, 2H); 13C NMR (50 MHz, CDCl3): �� 11.1, 14.0, 18.6, 22.6, 27.0, 27.1,
29.3, 29.4, 29.5 (four overlapping), 31.8, 50.9, 53.4, 53.5, 71.7, 76.0, 83.8, 88.4,
88.8, 100.8 (�2), 106.5, 111.2, 132.1, 133.3, 134.0, 148.7, 155.2, 159.4,
159.8 ppm; IR (CCl4): 
� � 2955 (m), 2926 (s), 2854 (m), 2195 (w), 2138 (w),
2128 (w), 1736 (s), 1602 (s), 1579 (w), 1520 (m), 1466 (w), 1435 (w), 1402
(w), 1368 (w), 1259 (s), 1189 (w), 1096 (w), 1028 (w), 997 (w), 883 (w) cm�1;
HR-MALDI-MS (DCTB): m/z : 887.5371 ([M]� , calcd C53H81NO4S2Si:
887.5376).


5,10-Bis[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,14-bis[4-(N,N-
didodecylamino)phenyl]tetradeca-1,3,6,8,11,13-hexayne (10): Bu4NF (1�
in THF, 0.8 mL, 0.8 mmol) was added to a solution of 9 (51 mg,
0.057 mmol) in THF (8 mL) and H2O (0.3 mL). The mixture was stirred
for 10 min (further reaction time causes decomposition), whereupon Et2O
(200 mL) was added. The organic phase was washed with H2O (2�
200 mL), dried (MgSO4), and concentrated in vacuo at room temperature
The residue was dissolved in CH2Cl2 (15 mL); then Hay catalyst (0.7 mL)
was added. After the mixture had been stirred for 20 min, the solvent was
removed in vacuo. Column chromatography (SiO2; CH2Cl2/hexanes 4:1
�1:0) afforded 10 (29 mg, 69%) as an orange semicrystalline oil. 1H NMR
(200 MHz, CDCl3): �� 0.88 (t, 6.4 Hz, 12H), 1.26 (br s, 72H), 1.54 (br s,
8H), 3.26 (t, 7.2 Hz, 8H), 3.87 (s, 6H), 3.88 (s, 6H), 6.52 (d, 9.1 Hz, 4H),
7.33 ppm (d, 9.1 Hz, 4H); 13C NMR (125 MHz, CDCl3): �� 14.1, 22.7, 27.1,
27.2, 29.3, 29.5, 29.6 (�4), 31.9, 51.0, 53.6 (�2), 71.6, 74.8, 80.9, 82.7, 84.7,
86.9, 88.9, 106.2, 111.1, 133.0 (�2), 134.0, 148.7, 158.1, 159.1, 159.2 ppm; IR
(CCl4): 
� � 2959 (m), 2927 (s), 2855 (m), 2198 (w), 2129 (w), 1737 (s), 1603
(s), 1579 (w), 1520 (m), 1467 (w), 1435 (w), 1404 (w), 1370 (w), 1261 (s),
1189 (w), 1097 (s), 1016 (s), 865 (w) cm�1; MALDI-TOF-MS (DCTB): m/z :
1461 ([M � H]�). C88H120N2O8S4 (1462.16): calcd: C 72.29, H 8.27, N 1.92;
found: C 72.45, H 8.54, N 2.05.


5-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,9-bis(4-nitrophenyl)-
nona-1,3,6,8-tetrayne (11): Bu4NF (1� in THF, 1.4 mL, 1.4 mmol) was
added to a solution of 5c (50 mg, 0.12 mmol) in THF (15 mL) and H2O
(0.7 mL). The mixture was stirred for 30 min, whereupon Et2O (150 mL)
was added. The organic phase was extracted with H2O (3� 150 mL), dried
(MgSO4), and concentrated in vacuo at room temperature. The residue was
dissolved in CH2Cl2 (15 mL), (4-nitrophenyl)acetylene (100 mg,
0.68 mmol) and subsequently Hay catalyst (1.5 mL) were added, affording
a dark red solution. After the mixture had been stirred for 30 min, the
solvent was removed in vacuo. Column chromatography (SiO2; CH2Cl2/
hexanes 4:1 � 1:0) afforded 11 (27 mg, 40%) as an orange solid. M.p. ca.
150 �C (decomp/subl.). 1H NMR (200 MHz, CDCl3): �� 3.90 (s, 6H), 7.65
(d, 9.0 Hz, 4H), 8.22 ppm (d, 9.0 Hz, 4H); 13C NMR (125 MHz, CDCl3):
�� 53.8, 78.1, 78.3, 83.2, 84.3, 85.1, 123.8, 128.4, 133.0, 133.4, 147.6, 158.8,
162.7 ppm; IR (CCl4): 
� � 2953 (w), 2930 (w), 2854 (w), 2209 (m), 2191 (m),
1739 (s), 1594 (s), 1580 (m), 1525 (s), 1494 (m), 1467 (m), 1435 (m), 1342 (s),
1283 (m), 1268 (m), 1250 (s), 979 (w), 854 (s) cm�1; HR-MALDI-MS
(DHB-tl): m/z : 570.0192 ([M]� , calcd C28H14N2O8S2: 570.0192).


3-[4,5-Bis(propoxycarbonyl)-1,3-dithiol-2-ylidene]-1,5-bis(triisopropylsi-
lyl)penta-1,4-diyne (12a): A mixture of 5d (169 mg, 0.28 mmol), 1-prop-
anol (10 mL), and K2CO3 (570 mg, 4.12 mmol) in THF (10 mL) was stirred
for 1.5 h. The mixture was diluted with Et2O (200 mL), filtered, and then
H2O (200 mL) was added. The organic phase was separated, dried
(MgSO4), and concentrated in vacuo. Column chromatography (SiO2;
hexanes/CH2Cl2 4:1� 1:1) afforded 12a (167 mg, 90%) as an orange solid.
M.p. 70 ± 71 �C. 1H NMR (200 MHz, CDCl3): �� 0.96 (t, 7.5 Hz, 6H), 1.10
(s, 42H), 1.62 ± 1.80 (m, 4H), 4.20 ppm (t, 6.7 Hz, 4H); 13C NMR (50 MHz,
CDCl3): �� 10.2, 11.1, 18.5, 21.6, 68.3, 89.6, 100.1, 101.9, 132.7, 153.7,
159.3 ppm; IR (CCl4): 
� � 2961 (s), 2943 (s), 2892 (w), 2866 (s), 2140 (w),
2125 (w), 1738 (s), 1579 (m), 1463 (m), 1261 (s), 1240 (s), 1094 (m), 1057
(w), 1016 (m), 997 (m), 960 (m), 883 (m) cm�1; HR-MALDI-MS (DHB-tl):
m/z : 648.3161 ([M]� , calcd C34H56O4S2Si2: 648.3159), 671.3048 ([M � Na]� ,
calcd C34H56NaO4S2Si2: 671.3056). C34H56O4S2Si2 (649.11): calcd: C 62.91, H
8.70, S 9.88; found: C 62.80, H 8.54, S 10.06.


3-[4,5-Bis(pentoxycarbonyl)-1,3-dithiol-2-ylidene]-1,5-bis(triisopropylsi-
lyl)penta-1,4-diyne (12b): Compound 12b was obtained in a similar way,
from 5d and 1-pentanol, as an orange oil. 1H NMR (200 MHz, CDCl3): ��
0.91 (t, 6.8 Hz, 6H), 1.09 (s, 42H), 1.33 (m, 8H), 1.68 (t, 6.9 Hz, 4H),
4.23 ppm (t, 6.7 Hz, 4H); 13C NMR (50 MHz, CDCl3): �� 11.1, 13.8, 18.5,


22.1, 27.8, 27.9, 66.9, 89.6, 100.0, 101.9, 132.7, 153.7, 159.3 ppm; IR (CCl4):

� � 2960 (s), 2943 (s), 2892 (w), 2865 (s), 2141 (w), 2130 (w), 1732 (s), 1579
(m), 1463 (m), 1383 (w), 1260 (s), 1243 (s), 1097 (m), 1072 (w), 1045 (w),
1018 (m), 997 (m), 961 (m), 919 (w), 882 (m) cm�1; HR-MALDI-MS
(DHB-tl): m/z : 704.3768 ([M]� , calcd C38H64O4S2Si2: 704.3785), 727.3649
([M � Na]� , calcd C38H64NaO4S2Si2: 727.3682).


3-[4,5-Bis(dodecyloxycarbonyl)-1,3-dithiol-2-ylidene]-1,5-bis(triisopropyl-
silyl)penta-1,4-diyne (12c): Compound 12c was obtained in a similar way,
from 5d and 1-dodecanol, as an orange oil. 1H NMR (200 MHz, CDCl3):
�� 0.88 (t, 6.4 Hz, 6H), 1.10 (s, 42H), 1.26 (s, 36H), 1.60 ± 1.72 (m, 4H),
4.23 ppm (t, 6.6 Hz, 4H); 13C NMR (50 MHz, CDCl3): �� 11.1, 14.0, 18.5,
22.6, 25.7, 28.2, 29.5 (br), 31.8, 66.9, 89.6, 100.0, 101.8, 132.7, 153.6,
159.2 ppm; HR-MALDI-MS (DHB-tl): m/z : 900.5985 ([M]� , calcd
C52H92O4S2Si2: 900.5976), 923.5866 ([M � Na]� , calcd C52H92NaO4S2Si2:
923.5873). C52H92O4S2Si2 (901.59): calcd: C 69.27, H 10.28, S 7.11; found: C
69.46, H 10.21, S 6.97.


3-[4-Hydroxymethyl-5-methoxycarbonyl-1,3-dithiol-2-ylidene]-1,5-bis(tri-
isopropylsilyl)penta-1,4-diyne (13): LiCl (11 mg, 0.26 mmol) and NaBH4


(10 mg, 0.26 mmol) were added at 15 �C to a solution of 5d (71 mg,
0.12 mmol) in THF (20 mL) and MeOH (5 mL). The mixture was stirred at
15 �C for 1 h and then another 1 h at room temperature. Et2O (200 mL) was
added, then the mixture was washed with H2O (2� 200 mL), dried
(MgSO4), filtered, and concentrated in vacuo. The residue was subjected
to column chromatography (SiO2; CH2Cl2), affording 13 (31 mg, 46%) as a
yellow solid. M.p. 100.5 ± 102 �C. 1H NMR (200 MHz, CDCl3): �� 1.10 (s,
42H), 3.17 (t, 7.1 Hz, 1H), 3.83 (s, 3H), 4.70 ppm (d, 7.1 Hz, 2H); 13C NMR
(50 MHz, CDCl3): �� 11.2, 18.6, 52.9, 59.5, 88.7, 98.9, 99.5, 102.2 (two
overlapping), 120.6, 153.9, 154.4, 160.7 ppm; IR (CCl4): 
� � 2957 (s), 2944
(s), 2923 (m), 2892 (w), 2866 (s), 2140 (w), 2124 (w), 1716 (s), 1704 (s), 1569
(m), 1463 (m), 1435 (w), 1261 (s), 1056 (w), 1033 (w), 996 (w), 961 (w), 883
(m) cm�1; MALDI-MS (DHB-tl): m/z : 564 ([M]�), 587 ([M � Na]�).
C29H48O3S2Si2 (564.99): calcd: C 61.65, H 8.56, S 11.35; found: C 61.81, H
8.34, S 11.55.


3,8-Bis[4,5-bis(propoxycarbonyl)-1,3-dithiol-2-ylidene]-1,10-bis(triisopro-
pylsilyl)deca-1,4,6,9-tetrayne (14): Compound 14 was obtained, from 8b
and 1-propanol, as an orange oil, employing the same procedure as for 12a.
1H NMR (200 MHz, CDCl3): �� 0.97 (t, 7.3 Hz, 12H), 1.10 (s, 42H), 1.62 ±
1.81 (m, 8H), 4.21 ppm (t, 6.6 Hz, 8H); 13C NMR (50 MHz, CDCl3): ��
10.2, 11.2 (two overlapping), 18.6, 21.7 (two overlapping), 68.5, 68.6, 81.3,
82.5, 87.7, 100.5, 101.4, 132.9, 133.0, 157.6, 158.9 ppm (two overlapping); IR
(CCl4): 
� � 2962 (m), 2944 (m), 2925 (w), 2892 (w), 2865 (m), 2132 (w), 1738
(s), 1578 (m), 1467 (m), 1390 (w), 1311 (w), 1240 (s), 1095 (w), 1056 (w),
1012 (w), 997 (w), 929 (w), 882 (w) cm�1; HR-MALDI-MS (DHB-tl): m/z :
982.3522 ([M]� , calcd C50H70O8S4Si2: 982.3492), 1005.3483 ([M � Na]� ,
calcd C50H70NaO8S4Si2: 1005.3390). C50H70O8S4Si2 (983.51): calcd: C 61.06,
H 7.17, S 13.04; found: C 61.08, H 7.07, S 12.93.


5-[4,5-Bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-7-(triisopropylsilyl)-1-
(trimethylsilyl)hepta-1,3,6-triyne (15): Compound 5b (90 mg, 0.18 mmol)
was mono-deprotected according to above procedure (see 8b) and
dissolved in CH2Cl2 (15 mL), whereupon (trimethylsilyl)acetylene
(0.5 mL, 3.6 mmol) was added, followed by Hay catalyst (1.0 mL), and
the mixture was stirred under air for 15 min. Evaporation in vacuo at room
temperature followed by column chromatography (SiO2; CH2Cl2/hexanes
1:1) afforded 15 (52 mg, 55%) as an orange oil. 1H NMR (300 MHz,
CDCl3): �� 0.22 (s, 9H), 1.09 (s, 21H), 3.86 (s, 3H), 3.87 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): �� -0.5, 11.1, 18.6, 53.5, 53.6, 71.9, 83.0, 87.4,
87.5, 95.5, 100.2, 101.6, 132.1, 133.3, 157.5, 159.2, 159.5 ppm; IR (CCl4): 
� �
2955 (m), 2945 (m), 2892 (w), 2866 (m), 2202 (w), 2134 (w), 2094 (w), 1736
(s), 1580 (m), 1479 (m), 1435 (m), 1252 (s), 1099 (m), 1029 (w), 997 (w), 882
(w), 862 (s), 846 (m) cm�1; HR-MALDI-MS (DHB-tl): m/z : 532.1604
([M]� , calcd C26H36O4S2Si2: 532.1594), 555.1478 ([M � Na]� , calcd
C26H36NaO4S2Si2: 555.1491).


3,12-Bis[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,14-bis(triiso-
propylsilyl)tetradeca-1,4,6,8,10,13-hexayne (16): A solution of 15 (79 mg,
0.15 mmol) and K2CO3 (22 mg, 0.16 mmol) in THF (4 mL) and MeOH
(13 mL) was stirred at room temperature for 1 h. Et2O (200 mL) was
added, and the organic phase was washed with H2O (200 mL), dried
(MgSO4), and concentrated in vacuo at room temperature. The residue was
dissolved in CH2Cl2 (15 mL), whereupon Hay catalyst (1.0 mL) was added,
and the mixture was stirred under air for 15 min. Evaporation in vacuo at
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room temperature followed by column chromatography (SiO2; CH2Cl2)
afforded 16 (35 mg, 51%) as an orange semicrystalline oil. 1H NMR
(300 MHz, CDCl3): �� 1.10 (s, 42H), 3.88 (s, 6H), 3.89 ppm (s, 6H);
13C NMR (75 MHz, CDCl3): �� 11.1, 18.6, 53.6, 53.7, 66.1, 72.6, 74.5, 83.8,
86.8, 99.5, 102.6, 132.3, 133.7, 159.0, 159.3, 160.4 ppm; IR (CCl4): 
� � 2954
(m), 2945 (m), 2892 (w), 2866 (m), 2179 (m), 2134 (w), 1738 (s), 1580 (m),
1469 (m), 1435 (m), 1260 (s), 1096 (m), 1028 (m), 997 (w), 883 (w) cm�1;
HR-MALDI-MS (DHB-tl): m/z : 918.2252 ([M]� , calcd C46H54O8S4Si2:
918.2240), 941.2192 ([M � Na]� , calcd C46H54NaO8S4Si2: 941.2138).


(E)-1-Bromo-3,4-bis[(tert-butyldimethylsilyloxy)methyl]-6-(trimethylsi-
lyl)hex-3-ene-1,5-diyne (19): nBuLi (1.6 � in hexane, 0.32 mL, 0.50 mmol)
was slowly added at �78 �C to a solution of 20 (200 mg, 0.46 mmol) in dry
THF (30 mL). After the mixture had been stirred for 30 min, Br2
(0.026 mL, 0.51 mmol) was added, and the mixture was allowed to reach
room temperature during 1 h. Saturated aqueous Na2S2O3 (20 mL) and
saturated aqueous NH4Cl (20 mL) were added to the mixture, and it was
extracted with CH2Cl2 (150 mL). The water phase was extracted with
CH2Cl2 (2� 40 mL), and the combined organic extracts were dried
(MgSO4) and concentrated in vacuo. The residue was subjected to column
chromatography (SiO2; hexanes/CH2Cl2 2:1), affording 19 (120 mg, 51%)
as a light-yellow oil. The compound is unstable and should be stored in
solution (CH2Cl2) at 4�C. 1H NMR (300 MHz, CDCl3): �� 0.09 (s, 12H),
0.19 (s, 9H), 0.91 (s, 18H), 4.39 (s, 2H), 4.44 ppm (s, 2H); 13C NMR
(75 MHz, CDCl3): ���5.3 (two overlapping), �0.1, 18.2, 18.3, 25.8 (two
overlapping), 61.0, 63.7, 63.8, 77.3, 101.4, 107.5, 130.4, 131.2 ppm; IR (film):

� � 2957 (s), 2922 (s), 2889 (s), 2144 (w), 1472 (m), 1251 (m), 1183 (w), 1104
(m), 1006 (w), 939 (w), 841 (s), 776 (s) cm�1; EI-MS (DHB-tl): m/z : 451
([M�C(CH3)3]�).


(E)-2,3-Bis{[(tert-butyl)dimethylsilyloxy]methyl}-9-[4,5-bis(methoxycar-
bonyl)-1,3-dithiol-2-ylidene]-11-(triisopropylsilyl)-1-(trimethylsilyl)unde-
ca-3-ene-1,5,7,10-tetrayne (18): Compound 5b (77 mg, 0.15 mmol) was
mono-deprotected according to above procedure (see 8b) and dissolved in
benzene (4 mL). Then LiI (3.2 mg, 0.023 mmol), 1,2,2,6,6-pentamethylpi-
peridine (0.0585 mL, 0.324 mmol), and [Pd2(dba)3] (3.0 mg, 0.004 mmol)
were added. The mixture was vigorously degassed with Ar, whereupon CuI
(0.65 mg, 0.003 mmol) was added, followed by an Ar-degassed solution of
bromide 19 (58 mg, 0.11 mmol) in benzene (4 mL). After stirring overnight,
the mixture was filtered through a short plug of SiO2 (CH2Cl2). The orange
fraction containing at this stage impure product was concentrated at room
temperature. To facilitate chromatographic separation of product from
remaining deprotected 5b, the residue was dissolved in a small amount of
CH2Cl2 (ca. 5 mL) and subjected to Hay catalyst (0.3 mL). Shaking for
5 min resulted in homo-coupling of deprotected 5b yielding more polar and
more readily separable 8b. The mixture was concentrated in vacuo at room
temperature. Column chromatography (SiO2; CH2Cl2/hexanes 1:1) afford-
ed pure 18 (50 mg, 50%) as an orange oil. 1H NMR (300 MHz, CDCl3): ��
0.11 (2� s, 12H), 0.21 (s, 9H), 0.92 (s, 18H), 1.10 (s, 21H), 3.86 (s, 3H), 3.88
(s, 3H), 4.42 (s, 2H), 4.48 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): ��
�5.0 (two overlapping), �0.1, 11.3, 18.5 (two overlapping), 18.8, 26.0 (two
overlapping), 53.6, 53.7, 63.8, 64.0, 80.3, 82.8, 83.3, 85.3, 88.0, 100.2, 101.3,
101.5, 109.2, 129.6, 132.0, 132.5, 133.4, 156.8, 159.0, 159.4 ppm; IR (CCl4):

� � 2956 (m), 2929 (m), 2894 (w), 2865 (m), 2139 (w), 1737 (m), 1580 (w),
1472 (w), 1462 (w), 1435 (w), 1252 (s), 1097 (m), 1028 (w), 845 (s) cm�1; HR-
MALDI-MS (DCTBmix): m/z : 893.3595 ([M � Na]� , calcd C44H70NaO6S2-


Si4: 893.3589).


(E,E)-8,9,14,15-Tetrakis{[(tert-butyl)dimethylsilyloxy]methyl}-3,20-
bis[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-1,22-bis(triisopropylsi-
lyl)docosa-8,14-diene-1,4,6,10,12,16,18,21-octayne (17): A solution of 18
(43 mg, 0.049 mmol) and K2CO3 (7 mg, 0.05 mmol) in THF (1.5 mL) and
MeOH (5 mL) was stirred at room temperature for 1 h and 45 min. Et2O
(200 mL) was added, and the organic phase was washed with H2O (2�
200 mL), dried (MgSO4), and concentrated in vacuo at room temperature.
The residue was dissolved in CH2Cl2 (15 mL), whereupon Hay catalyst
(0.6 mL) was added, and the mixture was stirred under air for 20 min.
Evaporation in vacuo at room temperature followed by column chroma-
tography (SiO2; CH2Cl2/hexanes 4:1�1:0) afforded 17 (19 mg, 48%) as an
orange semicrystalline oil. 1H NMR (300 MHz, CDCl3): �� 0.12 (s, 24H),
0.93 (s, 36H), 1.11 (s, 42H), 3.87 (s, 6H), 3.88 (s, 6H), 4.46 ppm (s, 8H);
13C NMR (75 MHz, CDCl3): �� -5.2 (two overlapping), 11.2, 18.4 (two
overlapping), 18.6, 25.9 (two overlapping), 53.5, 53.7, 63.8, 64.0, 81.7, 82.7,
83.3, 83.4, 87.2, 87.6, 87.9, 100.1, 101.6, 131.4, 132.1, 132.7, 133.6, 157.5, 159.1,


159.5 ppm; IR (CCl4): 
� � 2954 (s), 2929 (s), 2892 (m), 2865 (m), 2181 (w),
2135 (w), 1737 (s), 1580 (m), 1471 (m), 1463 (m), 1435 (m), 1259 (s), 1097
(m), 1027 (m), 883 (w), 839 (s) cm�1; MALDI-TOF-MS (DCTB): m/z : 1595
([M � H]�), 1618 ([M � H � Na]�). C82H122O12S4Si6 (1594.64): calcd: C
61.69, H 7.70; found: C 61.95, H 7.75.


2,5-Bis{3-[4,5-bis(methoxycarbonyl)-1,3-dithiol-2-ylidene]-5-(triisopropyl-
silyl)penta-1,4-diynyl}thiophene (21): Compound 5b (372 mg, 0.74 mmol)
was mono-deprotected according to above procedure and dissolved in Ar-
degassed THF (12 mL), whereupon 2,5-diiodothiophene and [Pd(PPh3)4]
(8.6 mg, 0.0074 mmol) were added. Ar-degassed diethylamine (1.5 mL) was
added, and the mixture was degassed with argon, whereupon CuI (2.3 mg,
0.012 mmol) was added. The mixture was stirred under argon for 15 h, then
Et2O (200 mL) was added, and the organic phase was washed with H2O
(200 mL), NH4Cl (200 mL), dried (MgSO4), and concentrated in vacuo at
room temperature column chromatography (SiO2; CH2Cl2/hexanes 1:1
�1:0) afforded 21 (97 mg, 68%) as an orange semicrystalline oil. 1H NMR
(300 MHz, CDCl3): �� 1.12 (s, 42H), 3.87 (s, 6H), 3.88 (s, 6H), 7.09 ppm (s,
2H); 13C NMR (75 MHz, CDCl3): �� 11.3, 18.8, 53.6 (�2), 88.6, 89.8, 90.6,
100.7, 100.8, 124.3, 131.8, 131.9, 133.1, 153.7, 159.2, 159.5 ppm; IR (CCl4):

� � 2954 (m), 2944 (m), 2925 (w), 2891 (w), 2866 (m), 2135 (w), 1736 (s),
1580 (m), 1479 (w), 1462 (w), 1435 (m), 1254 (s), 1095 (w), 1029 (w), 997
(w), 921 (w), 883 (w) cm�1; HR-MALDI-MS (DCTB): m/z : 952.2119
([M]� , calcd C46H56O8S5Si2: 952.2117).


Tetrakis-cobalt complex (22): [Co2(CO)8] (90 ± 95%, 356 mg, ca. 1 mmol)
was added under argon to a solution of 8a (89 mg, 0.17 mmol) in dry THF
(10 mL). After stirring for 30 min, the solvent was removed in vacuo. The
residue was purified by column chromatography (SiO2; CH2Cl2), affording
22 (178 mg, 94%) as a red-brown solid (dark green in solution). M.p. �
250 �C. 1H NMR (300 MHz, CDCl3): �� 3.87 (s, 6H), 3.88 (s, 6H), 6.63 ppm
(s, 2H); 13C NMR (75 MHz, CDCl3): �� 53.6 (� 2), 88.2, 91.8, 107.7, 131.6,
132.2, 143.4, 159.5, 159.7, 198.6 ppm; IR (CCl4): 
� � 2962 (w), 2097 (w), 2077
(m), 2061 (s), 2030 (m), 2023 (m), 1737 (w), 1719 (w), 1582 (w), 1434 (w),
1261 (m), 1096 (m), 1015 (m) cm�1; MALDI-MS (DCTB): m/z : 1054 ([M�
CO]�), 883 ([M�Co� 5CO]�), 880 ([M� 2Co� 3CO]�), 737 ([M�
3Co� 6CO]�), 567 ([M� 3Co� 12CO� 2H]�); C32H14O20S4Co4


(1082.42): calcd: C 35.51, H 1.30, S 11.85; found: C 35.61, H 1.32, S 11.72.


Decomplexation of 22 : Trimethylamine oxide (21 mg, 0.28 mmol) was
added to a solution of 22 (29.2 mg, 0.027 mmol) in THF (20 mL). After
stirring for 20 min, Et2O (250 mL) was added, and the organic phase was
washed with H2O (250 mL), dried (MgSO4), and concentrated in vacuo.
The residue was purified by column chromatography on a short column
(SiO2; CH2Cl2), affording 8a (4.8 mg, 35%).
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Novel Flexible Frameworks of Porous Cobalt(��) Coordination Polymers That
Show Selective Guest Adsorption Based on the Switching of Hydrogen-Bond
Pairs of Amide Groups


Kazuhiro Uemura,[a] Susumu Kitagawa,*[a] Mitsuru Kondo,[a] Ko√ ichi Fukui,[b]
Ryo Kitaura,[a] Ho-Chol Chang,[a] and Tadashi Mizutani[a]


Abstract: Four porous crystalline coor-
dination polymers with two-dimensional
frameworks of a double-edged axe-
shaped motif, {[Co(NCS)2(3-pia)2]
¥ 2EtOH ¥ 11H2O}n (1a), {[Co(NCS)2-
(3-pia)2] ¥ 4Me2CO}n (3a), {[Co(NCS)2-
(3-pia)2] ¥ 4THF}n (3b) and {[Co(NCS)2-
(3-pna)2]n} (5), have been synthesized
by the reaction of cobalt(��) thio-
cyanate with N-(3-pyridyl)isonicotin-
amide (3-pia) or N-(3-pyridyl)nicotin-
amide (3-pna). X-ray crystallographic
characterization reveals that adjacent
layers are stacked such that channels
are created, except in 5. The channels
form a hydrogen-bonded interior for
guest molecules; in practice, 1a contains
ethanol and water molecules as guests in
the channels with hydrogen bonds,
whereas 3b (3a) contains tetrahydro-
furan (acetone) molecules. In 1a, the
™double-edged axe-shaped∫ motifs in
adjacent sheets are not located over


the top of each other, while the motifs in
3b stack so perfectly as to overlap each
other in an edge-to-edge fashion. This
subtle change in the three-dimensional
framework is associated with the tem-
plate effect of the guests. Compound 5
has no guest molecules and, therefore,
the amide groups in one sheet are used
for hydrogen-bonding links with adja-
cent sheets. Removal of the guest
molecules from 1a and 3b (3a) causes
a structural conversion accompanied by
a color change. Pink 1a cannot retain its
original framework and changes into a
blue amorphous compound. On the
other hand, the framework of pink 3b
(3a) is transformed to a new crystalline
framework of violet 4. Interestingly, 4


reverts to the original pink crystals of 3b
(3a) when it is exposed to THF (or
acetone) vapor. Spectroscopic measure-
ments (visible, EPR, and IR) provide a
clue to the crystal-to-crystal transforma-
tion; on removal of the guests, the amide
groups are used to form the � sheet-type
hydrogen bonding between the sheets,
and thus the framework withstands sig-
nificant stress on removal of guest
molecules. This mechanism is attributed
to the arrangement of the adjacent
sheets so suited in regularity that the �


sheet-type structure forms efficiently.
The apohost 4 does not adsorb cyclo-
pentane, showing a guest selectivity that,
in addition to size, hydrogen-bonding
capability is required for the guest
molecules. The obtained compound is
categorized as a member of a new
generation of compounds tending to-
wards functional porous coordination
polymers.


Keywords: amides ¥ cobalt ¥
coordination polymers ¥ host ± guest
systems ¥ hydrogen bonds


Introduction


The crystal engineering of coordination polymers aims to gain
control of the topology and geometry of the networks formed
through judicious choice of ligand and metal precursor


geometry,[1±4] expanding itself by producing useful functions
characteristic of a metal-complex assembly. In the last decade,
crystalline coordination polymers have added a new dimen-
sion to solid-state coordination chemistry, occupying an
important position as an alternative candidate for porous
materials to zeolites and activated carbons.[5] The porous
functions are, for instance, heterogeneous catalysis,[6] ion
exchange,[7±9] molecule adsorption,[10±12] and enantio-selective
catalysis.[13] This development arises from the advent of
thermally stable and robust open frameworks in the absence
of guest molecules.[14±23] In practice, robust porous frameworks
can be formed from the three-dimensional linkages of
coordination bonds[21] or interdigitation of two-dimensional
networks of coordination bonds.[10, 24] They are further evolv-
ing from a stage of zeolite mimicry to the creation of new
functions characteristic of molecularly inorganic ± organic
hybrid compounds.
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Based on these achievements, there are two approaches to
creating new porous functions in coordination polymers. One
is to prepare functional pores with a chemical affinity; this is
related to a new class of open-framework solids with the goal
of being able to carry out shape- and size-selective chemical
reactions within the pores of a microporous solid. The other
pores are dynamic ones that respond to chemical and/or
physical stimuli. These properties could come from the
capability of the structure to regenerate and recover following
collapse by the removal of the guest molecules.[25±35] This sort
of compound has the potential for specific selective guest
binding by the cooperative effect of physical size, shape, and
chemical functionality.


Dynamic structural transformation based on flexible po-
rous frameworks is one of the most interesting phenomena in
coordination polymers, so-called new generation compounds,
coupled to novel porous functions. The three types are listed
in Scheme 1:


Scheme 1.


1) The ™recoverable collapsing∫ framework (type I): the
framework in this species collapses due to the close-
packing force on removal of the guest molecules; however,
it regenerates under the initial conditions.[25±29]


2) The ™guest-induced transformation∫ framework (type II):
this framework has the property that structural shifts in the
network are induced by the simultaneous exchanging of
guest molecules.[30, 31, 34, 35]


3) The ™guest-induced reformation∫ framework (type III):
this framework has the property that removal of guest
molecules makes a structural change in the network;
however, it reverts to the original structure under the
initial conditions.[32, 33]


Interestingly, compounds of type II and III show ™crystal-
to-crystal transformation∫. In a sense, this property results
from the molecular inorganic ± organic hybrid system.[35]


Several examples of discrete molecular assemblies have been
found;[36±40] however, reports on coordination polymers are
still sparse. This is because flexibility in coordination polymers
is incompatible with robustness necessary such that porous
frameworks are maintained without guest molecules.


To create flexible porous frameworks, we first utilized
ligand flexibility by introducing spacer substituents X in
between pyridyl groups, py-X-py, in contrast to a rigid rod 4,4�-


bipyridine. Secondly, we focused our attention on hydrogen-
bonding networks of the organic moieties.[41] These respond
flexibly and shift the structure against the guest mole-
cules.[42, 43] Although hydrogen bonding has been widely used
to construct extended organic solids possessing both con-
densed and open structures,[44±48] strategies for their inclusion
in assembling porous metal ± organic frameworks remain,
with the exception of few reports, largely unexplored. Here,
we report on the design of the amide-containing ligands, N-
(3-pyridyl)isonicotinamide (3-pia) and N-(3-pyridyl) nicotin-
amide (3-pna) as bridging ligands; these are characteristic of
unsymmetrical bridges and possess hydrogen-bonding sites
(Scheme 2).[10, 49]


Scheme 2.


We succeeded in synthesizing four kinds of two-dimen-
sional porous-framework-based coordination polymers of
cobalt(��) thiocyanate, {[Co(NCS)2(3-pia)2] ¥2EtOH ¥11H2O}n
(1a), {[Co(NCS)2(3-pia)2] ¥ 4Me2CO}n (3a), {[Co(NCS)2(3-
pia)2] ¥ 4THF}n (3b) and {[Co(NCS)2(3-pna)2]n} (5). The four
types of networks show different behavior upon drying in
vacuo, falling within the category of ™recoverable collapsing∫
and ™guest-induced reformation∫ frameworks. The inclusion
of incoming molecular guests depends not only on their size
and shape but also on their chemical affinity for the amide
moiety.


Results and Discussion


Crystal structures : Crystal data and details of the structure
determinations are summarized in Table 1. Selected bond
lengths and angles for 1a, 2, 3a, 3b and 5 are given in
Tables 2 ± 6.


{[Co(NCS)2(3-pia)2] ¥ 2EtOH ¥ 11H2O}n (1a): Figure 1a shows
the coordination environment of the cobalt ion in 1a. The
cobalt(��) center is octahedrally coordinated to the four
nitrogen atoms of the 3-pia ligands in the equatorial plane,
in which two types of nitrogen donors, carbonyl pyridyl (NC)
and amino pyridyl (NN), are coordinated to the cobalt ion in a
trans fashion. All the Co�N bond lengths are close to each
other (Table 2); Co(1)�N(1)� 2.214(6) ä, Co(1)�N(2)�
2.199(5) ä. The trans N-Co-N bond angles for NCS and
pyridine ligands are 180�. The cis N-Co-N bond angles range
from 87� to 93�, indicative of a distorted octahedral environ-
ment. In addition, the NCS groups are coordinated axially in a
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linear fashion with the angles of 175.8(6)� (Co(1)-N(4)-C(12))
and 179.3(8)� (N-C-S).


The cobalt ions are linked by 3-pia ligands to form a two-
dimensional sheet composed of a ™double-edged axe-shaped∫
motif (Figure 1b) with dimensions of 9� 2.5 ä,[50] in which
two ethanol and eleven water molecules are incorporated; the
ethanol molecules are trapped by hydrogen bonds formed to
the amide moiety (O(EtOH)�N(amide)� 2.9 ä), while the
water molecules are hydrogen bonded to each other. The
sheets do not interpenetrate, affording a layered structure.
Interestingly, the bond vector of the amide carbonyl group
sticks out from the sheet plane with an angle of about 61�.[51]


The adjacent sheets are stacked offset with respect to each
other, recognized as ...ABAB... (Figure 1c). Therefore, oxy-
gen atoms of the carbonyl groups on the adjacent sheets are
facing each other (Figure 1d). The nearest Co�Co distance in
a sheet is about 11.8 ä and 9.5 ä to the adjacent sheet.


{[Co(NCS)2(3-pia)2(H2O)2]n} (2): Figure 2a shows the coordi-
nation environment of the cobalt ion in 2. The cobalt(��) ion is


octahedrally coordinated to the two NN-type atoms of the
3-pia ligand, two NCS groups, and two water molecules. The
difference from 1a is a coordination mode of the 3-pia ligand,
which does not bridge between the cobalt(��) ions. The
torsional twist of the pyridyl groups about the amide link is
defined as 59� and 85� for 1a and 2, respectively. The NCS
anion has a bent coordination mode with a Co(1)-N(4)-C(12)
angle of 170.8(2)� (Table 3). The coordinated water molecules
are hydrogen bonded to the non-coordinated NC atoms of the
nearest-neighbor 3-pia ligands (O(2)�N(1)� 2.721(2) ä),
affording a two-dimensional sheet (Figure 2b). The sheet
extends along the ab plane and the relationship between the
sheets is .. .ABAB... . The nearest Co�Co distance is about
14.0 ä within a sheet, and 8.7 ä to the adjacent sheet.
Interestingly, the amide moieties do not interact with other
groups like the sulfur atoms of SCN ions. Moreover,
compound 2 does not form clathrates with guest molecules.
Similar two-dimensional structures are observed with hydro-
gen-bond links between coordinated water molecules and
non-coordinated 4,4�-bpy.[52±54] In the case of 2, the hydrogen-


Table 1. Crystal data and structure refinement for {[Co(NCS)2(3-pia)2] ¥ 2EtOH ¥ 11H2O}n (1a), {[Co(NCS)2(3-pia)2(H2O)2]n} (2), {[Co(NCS)2(3-pia)2] ¥
4Me2CO}n (3a), {[Co(NCS)2(3-pia)2] ¥ 4THF}n (3b), and {[Co(NCS)2(3-pna)2]n} (5).


1a 2 3a 3b 5


formula C28H18CoN8O15S2 C24H18CoN8O4S2 C36H30CoN8O6S2 C40H50CoN8O6S2 C24H18CoN8O2S2


Mr 829.55 605.51 793.74 861.94 573.51
crystal size [mm] 0.50� 0.40� 0.30 0.50� 0.40� 0.30 0.50� 0.40� 0.30 0.50� 0.40� 0.30 0.50� 0.40� 0.30
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group C2/c P21/c P21/n P21/n P21/c
a [ä] 19.730(3) 8.7267(9) 10.4196(8) 10.460(3) 8.805(3)
b [ä] 18.3287(8) 12.271(2) 14.6675(9) 15.127(8) 15.585(7)
c [ä] 14.9877(3) 13.301(2) 14.253(1) 14.3170(9) 9.5214(7)
� [�] 90 90 90 90 90
� [�] 115.2061(6) 110.1333(7) 97.5061(9) 97.006(2) 98.727(2)
� [�] 90 90 90 90 90
V [ä3] 4904.0(6) 1337.4(3) 2159.6(3) 2248(1) 1291.4(7)
Z 4 2 2 2 2
�calcd [gcm� 3] 1.123 1.504 1.221 1.273 1.475
F(000) 1684.00 618.00 818.00 906.00 586.00
� [mm� 1] 0.494 0.845 0.543 0.526 0.865
T [K] 293 293 213 293 293
2� range 5.5�� 2�� 54.8� 5.5�� 2�� 53.4� 5.5�� 2�� 53.4� 5.5�� 2�� 55.0� 5.5�� 2�� 54.8�
GOF 2.51 2.00 1.23 2.57 2.455
reflections collected 18180 8637 14092 15824 8620
unique reflections 5431 2764 4521 4849 2858
observed reflections 2117 2445 2141 2418 1997
parameters 203 173 209 221 169
R[a] 0.081 0.038 0.064 0.072 0.058
Rw


[b] 0.107 0.069 0.093 0.1040 0.096
�� max/min [eä� 3] 0.59/� 0.36 0.71/� 0.54 0.86/� 0.59 0.65/� 0.46 1.04/� 0.63


[a] R����Fo� � �Fc��/��Fo�. [b] Rw� [(�w(�Fo� � �Fc�)2/�wF2
o�]1/2.


Table 2. Selected bond lengths [ä] and angles [�] for {[Co(NCS)2(3-pia)2] ¥
2EtOH ¥ 11H2O}n (1a).[a]


Co(1)�N(1) 2.214(6) Co(1)�N(2*) 2.199(5)
Co(1)�N(4) 2.083(7) S(1)�C(12) 1.62(1)
N(4)�C(12) 1.129(10)
N(1)-Co(1)-N(1**) 180 N(1)-Co(1)-N(2*) 86.9(2)
N(2*)-Co(1)-N(2***) 180 N(1)-Co(1)-N(4) 89.4(2)
N(4)-Co(1)-N(4**) 180 N(2*)-Co(1)-N(4**) 89.7(2)
Co(1)-N(4)-C(12) 175.8(6) S(1)-C(12)-N(4) 179.3(8)


[a] Symmetry codes: *: x, �y, z � 1³2 ; **: �x � 1³2, �y � 1³2, �z � 1;
***: �x � 1³2, y � 1³2, �z � 1³2.


Table 3. Selected bond lengths [ä] and angles [�] for {[Co(NCS)2-
(3-pia)2(H2O)2]n} (2).[a]


Co(1)�O(2) 2.080(1) Co(1)�N(2) 2.187(2)
Co(1)�N(4) 2.088(2) S(1)�C(12) 1.629(2)
N(4)�C(12) 1.156(3)
O(2)-Co(1)-O(2*) 180 O(2)-Co(1)-N(2) 90.96(6)
N(2)-Co(1)-N(2*) 180 O(2)-Co(1)-N(4) 88.11(7)
N(4)-Co(1)-N(4*) 180 N(2)-Co(1)-N(4) 90.94(7)
Co(1)-N(4)-C(12) 170.8(2) S(1)-C(12)-N(4) 178.9(2)


[a] Symmetry code: *: �x, �y, �z.
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bond sheet forms through the metal-free site of the termi-
nally-coordinated 3-pia ligand.


{[Co(NCS)2(3-pia)2] ¥ 4Me2CO}n (3a): Compound 3a has a
coordination environment around the cobalt ion similar to
that of 1a ; the cobalt(��) center is octahedrally coordinated to
four 3-pia ligands and the two NCS anions in a trans fashion
(Figure 3a). Figure 3b shows an extended structure of 3a. The
Co�N bond distances of 3-pia ligands are slightly different
(Co�N(1)� 2.171(5) ä and Co�N(2)� 2.221(4) ä; Table 4).
The NCS ion shows N-site coordination with a bending mode;
Co-N(4)-C(12)� 164.9(5)� and N(4)-C(12)-S(1)� 177.8(6)�.


The cobalt ions are linked by 3-pia ligands to form a two-
dimensional sheet constructed from a ™double-edged axe-


shaped∫ motif with a cavity of dimensions 3.5� 10.5 ä. Two
types of acetone molecules are included in the cavity (Fig-
ure 3b). One is hydrogen bonded to an N atom


Figure 1. Crystal structure of {[Co(NCS)2(3-pia)2] ¥ 2EtOH ¥ 11H2O}n (1a): a) ORTEP drawing of the cobalt center of 1a at the 30% probability level
(hydrogen atoms and ethanol and water molecules are omitted for clarity); b) Two-dimensional sheet which is the projection view along the a axis; c) two
sheets superposed (the thin and thick lines show the upper and lower sheets, respectively); d) two layers viewed along the c axis.


Table 4. Selected bond lengths [ä] and angles [�] for {[Co(NCS)2(3-pia)2] ¥
4Me2CO}n (3a).[a]


Co(1)�N(1) 2.171(5) Co(1)�N(2*) 2.221(4)
Co(1)�N(4) 2.066(5) S(1)�C(12) 1.614(7)
N(4)�C(12) 1.156(8)
N(1)-Co(1)-N(1**) 180 N(1)-Co(1)-N(2*) 87.6(2)
N(2*)-Co(1)-N(2***) 180 N(1)-Co(1)-N(4) 90.2(2)
N(4)-Co(1)-N(4**) 180 N(2*)-Co(1)-N(4) 89.5(2)
Co(1)-N(4)-C(12) 164.9(5) S(1)-C(12)-N(4) 177.8(6)


[a] Symmetry codes: *: �x� 1³2, y � 1³2, �z � 1³2 ; **: �x, �y, �z ; ***: x �
1³2, �y� 1³2, z� 1³2.
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(O(Me2CO)�N(amide)� 2.961(7) ä), entrapped in the cavity
and inclined to the sheet plane, while the other exists within
the cavity frame without significant interaction to any other
atoms. As a result of the hydrogen bonding, the bond vector of
the amide carbonyl group is coplanar with the sheet plane
and, therefore, unavailable for sheet ± sheet interaction. The
adjacent layers are stacked along the a axis with respect to
each other such that channels are created with a double-edged
axe-shaped cross section (Figure 3c and d); the distance
between the layers as well as the thickness of each sheet is
about 10.4 ä. The nearest Co�Co distance is about 11.9 ä
within a sheet and 10.4 ä to the adjacent sheets.


{[Co(NCS)2(3-pia)2] ¥ 4THF}n (3b): Figure 4a shows the octa-
hedral geometry of the cobalt(��) ion with the four nitrogen
atoms of the two 3-pia ligands and the two NCS anions in a


trans fashion. The distances between the cobalt ions and the
two types of nitrogen atom of the 3-pia are slightly different
(Co�N(1)� 2.182(5) ä and Co�N(2)� 2.256(4) ä; Table 5).
The NCS ion is coordinated to the cobalt ion at the nitrogen
site with a bending mode; Co-N(4)-C(12)� 161.8(5)� and
N(4)-C(12)-S(1)� 176.3(6)�. The 3-pia ligand bridges two
cobalt atoms to afford a two-dimensional sheet, analogous to
3a in the crystal data. The sheet is also constructed from a
double-edged axe-shaped motif with dimensions of 3.2�
10.4 ä, in which two types of THF molecules are included
(Figure 4b). One is trapped inside the cavities through
hydrogen bonding to the nitrogen atom of the amide moiety
(O(THF)�N(amide)� 2.928(8) ä), and resides perpendicu-
lar to the sheet plane. The other exists within the cavity frame
without significant interactions to any group.


The sheets stack along the a axis and superimpose onto
each other in a slightly offset fashion; the distance between
adjacent sheets is about 10.4 ä. The smallest Co�Co distance
is about 12.0 ä in a sheet and 10.4 ä to the adjacent sheets.
This feature is very similar to that in 3a.


{[Co(NCS)2(3-pna)2]n}(5): Figure 5a shows the local coordi-
nation sphere of the cobalt ion, indicating an octahedral
geometry with the four 3-pna and the two NCS groups. The
unsymmetrical 3-pna ligand, like 3-pia, has two kinds of
nitrogen atoms, NN and NC. The Co�N distances are similar to
each other; Co�N(1)� 2.240(3) ä, Co�N(2)� 2.214(3) ä
(Table 6). The slightly bent mode of the N-C-S ion with an
angle of 178.2(4)� is observed together with a Co-N(4)-C(12)
angle of 172.7(4)�. The 3-pna bridges two cobalt atoms to
afford a two-dimensional sheet composed of a nearly square
grid with the dimensions of 7.3� 12.9 ä, analogous to 1a, 3a,
and 3b. Notably, the adjacent sheets stack along the c axis,
offset by 0.5 (a� b) along the ab plane so that the NCS group
protrudes through the midpoint of the cavity of the adjacent
sheet (Figure 5b). The interlayer separation is about 3 ä. It is
worth noting that a hydrogen-bonding link of an NH ¥¥¥O�C
(N ¥¥¥O� 2.874(4) ä) type between the adjacent sheets
affords a three-dimensional network. The framework contains
no solvent molecules, a result of the closely packed layer
structure with hydrogen bonds between the sheets. The
shortest Co�Co distance is about 12.2 ä in a sheet and
8.8 ä to the adjacent sheets.


Coordination polymers with Co(NCS)2 units, for example,
{[Co(NCS)2(bpee)2]n} and {[Co(NCS)2(bpea)2]n}(bpee� trans-
1,2-bis(4-pyridyl)ethylene, bpea�1,2-bis(4-pyridyl)ethane),[55]


tend to give square-grid sheets. Among these compounds,
mutual interpenetration of the sheets often occurs and,


Figure 2. Crystal structure of {[Co(NCS)2(3-pia)2(H2O)2]n} (2): a) ORTEP
drawing of the cobalt center of 2 at the 30% probability level (hydrogen
atoms are omitted for clarity); b) The projection view along the c axis.


Table 5. Selected bond lengths [ä] and angles [�] for {[Co(NCS)2(3-pia)2] ¥
4THF}n (3b).[a]


Co(1)�N(1) 2.182(5) Co(1)�N(2*) 2.256(4)
Co(1)�N(4) 2.076(5) S(1)�C(12) 1.615(7)
N(4)�C(12) 1.149(8)
N(1)-Co(1)-N(1**) 180 N(1)-Co(1)-N(2*) 94.0(2)
N(2*)-Co(1)-N(2***) 180 N(1)-Co(1)-N(4) 90.4(2)
N(4)-Co(1)-N(4**) 180 N(2*)-Co(1)-N(4) 91.3(2)
Co(1)-N(4)-C(12) 161.8(5) S(1)-C(12)-N(4) 176.3(6)


[a] Symmetry codes: *: x� 1³2, �y � 1³2, z � 1³2 ; **: �x � 1, �y � 1, �z �
3; ***: �x � 3³2, y � 1³2, �z � 5³2.


Table 6. Selected bond lengths [ä] and angles [�] for {[Co(NCS)2-
(3-pna)2]n}(5).[a]


Co(1)�N(1*) 2.240(3) Co(1)�N(2) 2.214(3)
Co(1)�N(4) 2.052(4) S(1)�C(12) 1.618(5)
N(4)�C(12) 1.147(6)
N(1*)-Co(1)-N(1**) 180 N(1*)-Co(1)-N(4) 89.9(1)
N(2)-Co(1)-N(2***) 180 N(1**)-Co(1)-N(2) 86.8(1)
N(4)-Co(1)-N(4***) 180 N(2)-Co(1)-N(4) 90.1(1)
Co(1)-N(4)-C(12) 172.7(4) S(1)-C(12)-N(4) 178.2(4)


[a] Symmetry codes: *: x� 1, �y � 1³2, z� 1³2 ; **: �x � 3, y� 1³2, �z � 5³2 ;
***: �x � 2, �y, �z � 2.
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therefore, no porous frameworks are formed. Compounds 1a,
3a, and 3b also essentially show the square-grid framework of
cobalt atoms; however, interpenetration is eschewed by
hydrogen-bonding links between the adjacent sheets or the
effective guest-inclusion.


X-ray powder diffraction : A guest-free solid, 1b, was obtained
by treating 1a under reduced pressure. Removal of the guest
molecules causes a significant change to the framework of 1a,
which was readily detected by X-ray powder diffraction
(XRPD). The XRPD pattern in Figure 6 shows that the
framework of 1a cannot withstand a high level of stress upon
extensive loss of guest molecules, resulting in an amorphous
structure. When 1b is exposed to moisture or soaked in water,
a new crystalline phase 2 occurs[56] in which two water


molecules are directly coordinated to the cobalt atom,
resulting in a {Co(H2O)2(py)2(SCN)2} type chromophore. As
illustrated in Figure 6, the transformation associated with
water is characterized by a process of ™crystal-to-crystal
through an amorphous phase∫; this is, however, not reversible.


On the other hand, when 1b is exposed to THF vapor or
immersed in the solvent, a new crystalline framework of 3b is
formed, indicating that 1b adsorbs THF into its cavities to
restore a two-dimensional network. A similar phenomenon
occurs in acetone, affording a new crystalline framework of
3a. The two XRPD patterns in Figure 7a and b are in fair
agreement with those calculated from single crystal data of 3b
and 3a, respectively. In this sense 1b is regarded as an apohost
for THF and acetone. Another apohost, 4, can be obtained by
treating 3b (or 3a) under reduced pressure as shown in


Figure 3. Crystal structure of {[Co(NCS)2(3-pia)2] ¥ 4MeCO2}n (3a): a) ORTEP drawing of the cobalt center of 3a at the 30% probability level (hydrogen
atoms and acetone molecules are omitted for clarity); b) the projection view of 3a along the a-axis; c) two superposed sheets (the thin and thick lines show
the upper and lower sheets, respectively); d) two layers viewed along the b axis.
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Scheme 3. The sharp XRPD pattern of 4 exhibits a crystal
phase different from those of 1a, 3a, and 3b. On that basis, 3b
changes its framework after the removal of THF. However,
the original crystal structure comes back completely following
exposure to THF vapor; the peak positions and relative
intensities coincide with the original ones (Figure 7d). A
similar reversible structural change is also found in the
adsorption/desorption of acetone molecules. Consequently,
the apohost 4 has the capability to adsorb and to desorb THF
or acetone reversibly, hence, the direct transformation from
crystal-to-crystal is realized.


Optical and infrared spectra : Figure 8 shows the reflection
spectra of the compounds 1a, 1b, and 2 together with their
XRPD patterns. Compound 1a has a main band at about
488 nm, typical of an octahedral geometry. Removal of the
guests causes the intensity to decrease, and new bands appear
at approximately 614, 570 and 513 nm instead (Figure 8b). It
should be kept in mind that 1b is not uniform but amorphous.
The spectral feature accompanying the color change from 1a
to 1b implies a conversion from an octahedral to a tetrahedral


Figure 4. Crystal structure of {[Co(NCS)2(3-pia)2] ¥ 4THF}n (3b): a) OR-
TEP drawing of the cobalt center of 3b at the 30% probability level
(hydrogen atoms and THF molecules are omitted for clarity); b) two-
dimensional sheet which is the projection view along the a axis.


Figure 5. Crystal structure of {[Co(NCS)2(3-pna)2]n} (5): a) ORTEP draw-
ing of the cobalt center of 5 at the 30% probability level (hydrogen atoms
are omitted for clarity); b) Two sheets stack along the c axis with hydrogen
bonds of the amide moieties between the sheets (the thin and thick lines
show the upper and lower sheets, respectively).


Figure 6. XRPD patterns at room temperature of a) 1a as synthesized,
b) 1b obtained by drying 1a in vacuo for 2 hours, and c) 2 obtained after
immersing 1b in a mixed solvent of ethanol and water (ethanol/water, v/v
2:11) for 1 hour.
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CoII coordination geometry.[32] Blue compounds of
[Co(NC5H4C2H3)2Cl2] and [Co(4-vpy)2Cl2] (4-vpy� 4-vinyl-
pyridine) have been demonstrated to have tetrahedral geom-
etries.[57, 58] In general, tetrahedral CoII (e4t23) species exhibit


two characteristic electronic absorptions in the near-infrared
and visible regions due to the transitions �1 (4T1(F)� 4A2) and
�2 (4T1(P)� 4A2), respectively. The intensities of these ab-
sorption bands usually range from 10 ± 100 Lmol�1 cm�1 for �1
and from 100 ± 2000 Lmol�1 cm�1 for �2, and they are broad-
ened due to spin-orbit coupling and deviations from ideal
tetrahedral symmetry.[59] The absorption bands in the longer
wavelength region in Figure 8b could be attributed to those of
tetrahedral CoII. By comparison with the electronic absorp-
tion spectra of the tetrahedral complexes K2[Co(NCO)4]
(�1� 1200, �2� 630, �3� 590 (sh), and �4� 520 (sh) nm) and
Hg[Co(NCS)4] (�1� 1205, �2� 599 nm), the new bands be-
tween 500 and 650 nm arising from the guest removal of 1a
are possibly assigned to the �2 transition of tetrahedral CoII


ions.[60, 61] In the case of 1b, however, we cannot exclude the
possibility of the considerable mixing of octahedral forms
with tetrahedral ones, because the band intensities of
octahedral forms are much lower than those of tetrahedral
ones. In 2 the peak of the reflection spectrum is 496 nm
(Figure 8c), assigned to the octahedral form, as is illustrated
by crystal structures of 1a and 2 typical of octahedral
geometries with N6 and N4O2, respectively.


On the other hand, the apohost 4 affords a different feature
to that of 1b. Figure 9 shows the reflection spectra of the
compounds 3b and 4. Removal of THF from 3b gives rise to a
color change from pink to violet, while the crystalline nature is
maintained regardless of the transformation. The band at
approximately 472 nm is observed for 3b (Figure 9a), while
the new bands at about 608 and 560 (sh) nm appear in the
spectrum of compound 4 (Figure 9b). The reversibility in
color between 3b and 4 is also confirmed by these reflection
spectra. It has been demonstrated that a pink compound,
{[Co(NCS)2(4,4�-bpy)2] ¥ 2 (CH3CH2)2O}n,[54] thermally decom-
poses to form a violet one, {[Co(�-NCS)(�-SCN)(�-4,4�-
bpy)]n}, which contains octahedral cobalt(��) ions with a N4S2


chromophore. It is worth noting that the NCS anions bridge


Figure 7. XRPD patterns at room temperature of a) 3b obtained after
exposing 1b to THF vapor for 4 days, b) 3a obtained after exposing 1b to
acetone vapor for 4 days, c) 4 obtained by drying 3b in vacuo for 2 hours,
d) 3b obtained after exposing 4 to THF vapor for 4 days, and e) 3a
obtained after exposing 4 to acetone vapor for 4 days.


Scheme 3.


Figure 8. Reflection spectra of the visible region with XRPD patterns:
a) 1a as synthesized, b) 1b obtained by drying 1a in vacuo for 2 hours, and
c) after immersing 1b in a mixed solvent of ethanol and water (ethanol/
water, v/v 2:11) for 1 hour.
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Figure 9. Reflection spectra of the visible region with XRPD patterns:
a) 3b as synthesized and b) 4 obtained by drying 3b in vacuo for 2 hours.


the two cobalt(��) ions. On the other hand, the cobalt(��)
complex, [Co(py)4(NCS)2] (py� pyridine),[62] with an N6


chromophore also affords the bands (�1� 800, �2� 625, �3�
526, and �4� 485 nm) in a region similar to that of 4. Taking
account of these results, the cobalt(��) ion of 4 could have an
octahedral coordination geometry, and the donor atoms could
be N6 or N4S2.


With respect to the asymmetric stretching vibration of
thiocyanate, the criterion, which is adopted to establish the
bond type, is that the thiocyanato (M�SCN) complexes
exhibit very sharp, well-formed N�C stretching bands above
2100 cm�1, whereas the isothiocyanato (M�NCS) complexes
exhibit relatively broad and intense bands around or below
2100 cm�1.[63] Strong and broad bands at 2071 cm�1 (1b),
2056 cm�1 (4), and 2056 cm�1 (5) of the present complexes are
indicative of the isothiocyanato bonding mode. In cases in
which the NCS group bridges the two metal atoms, the CN
stretching frequency of the bridging group is generally higher
than that of a terminal group.[62, 63] Taking account of the lower
frequency (2056 cm�1) in 4, the NCS groups do not bridge any
cobalt(��) atoms, indicative of the formation of a Npy


4NNCS
2


chromophore. Therefore, the IR spectra also support a
distorted octahedral geometry for the cobalt ion in 4.[59]


The IR spectra for the two guest-free apohosts (1b and 4)
distinguish their structures. The N�H stretching band and the
amide-I and -II bands appear in the regions of 3500 ±
3100 cm�1 and 1700 ± 1500 cm�1, respectively.[63] The crystal
structure of 2 shows no hydrogen bonding between the amide
groups, whereas 5 has hydrogen bonding between them. As
shown in Figure 10 the � sheet-type links afford a character-
istic band profile. Therefore, the two compounds are regarded
as authentic samples, by which a hydrogen-bonding link could
be identified by IR spectroscopy. The hydrogen-bond-free
amide groups in 2 provide a featureless band profile as in
Figure 10b, while the hydrogen-bonded one, the so-called �


sheet form of 5, affords the structured bands shown in
Figure 10d; the amide-I bands at 1608 cm�1 and 1660 cm�1, the
amide-II band at 1551 cm�1, and the sharp and medium
intensity peak of N�H stretching vibrations at 3303 cm�1 are
observed.


Figure 10. Infrared spectra of amide-I and -II region (right) and N�H
stretch region (left) with samples prepared as KBr pellets: a) 1b, b) 2, c) 4,
and d) 5.


This characteristic feature of the amide interaction is very
close to those of the s-trans type found in a cyclic pep-
tide,[46, 48, 64] and is in good agreement with the single-crystal
X-ray structure. The apohost 4 also displays a band profile as
shown in Figure 10c, characteristic of hydrogen-bond forma-
tion within amide moieties, resulting in � sheet-type structure;
amide-I bands at 1608 cm�1 and 1674 cm�1, and the amide-II
band at 1547 cm�1 are consistent with those of the � sheet-type
structure. The observed N�H stretching frequencies at
3263 cm�1 also strongly support the formation of a tight
network by backbone ± backbone hydrogen bonding
(Scheme 4). On the other hand, in 1b and 2 the amide-I and
amide-II bands are relatively broad and split, and the N�H
stretching vibration band is also broad. Because the N�H
stretching band appears as a very broad band with many sub-
maxima in hydrogen bond-free amides,[65] the amide moieties
in 1b and 2 do not form hydrogen-bonding links between
adjacent sheets, consistent with the X-ray crystallographic
structure of 2.


Electron paramagnetic resonance (EPR) measurements :
EPR measurements for 1b and 4 were performed in order
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Scheme 4.


to gain information concerning the coordination structures
around the CoII ion. Figure 11 shows the EPR spectra of 1b,
water-added 1b (�2), and 4 measured at �15 K. The EPR
spectrum of 4 indicates well-resolved features and the EPR
parameters have been determined by computer simulation as
g�1, g�2, g�3� 6.4, 3.65, 2.88, respectively;A1� 6.8 mT;[66] and the
peak-to-peak line widths W1, W2, W3� 14.0, 28.0, 45.0 mT,
respectively. On the other hand, 1b exhibits a broader EPR


Figure 11. CW EPR spectra of powdered samples of a) 1b, b) water-added
1b (�2), and c) 4. Experimental settings: microwave frequency, a) 9.000,
b) 8.992, and c) 8.998 GHz; microwave power, 1 mW; field modulation
(100 kHz), 1 mT; temperature, a) 14.9, b) 17.7, and c) 14.8 K.


spectrum in accordance with the amorphous nature of
compound 1b. The g values are estimated as g�1� 6.8 and
g�2� g�3� 3.3. (Rigorous computer simulation of the spectrum
of 1b was found to be difficult because of the broad nature of
the spectrum.) When the sample of 1b was wet (with a few
drops of water), the EPR spectrum changed drastically to that
in Figure 11b, which is similar to that of 2. Computer
simulation has yielded g�1� g�2� 5.0, g�3� 2.4 and peak-to-
peak line widths W1�W2� 27 mT and W3� 90 mT.[67]


Several types of high-spin CoII complexes have so far been
studied by EPR spectroscopy,[68] and the differences in the


EPR pattern between tetrahedral and octahedral CoII have
been well documented.[69±72] In tetrahedral CoII, the ground
orbital state is 4A2, and thus the orbital angular momentum is
well quenched; this makes the spin Hamiltonian approach
appropriate. As a result, observed g values (effective g values)
satisfy the relatively simple equations relating the effective g
values with the zero-field splitting (ZFS) parametersD and E
and the true g values, g	 and g
 (or g1, g2, g3 ; note that they are
referred to in equations without the prime).[72, 73] The true g
values are the g values in the original S� 3³2 spin Hamiltonian,
and they should not be very different from 2. In axial cases (E/
D� 0), one obtains g�1� g�2� 2g	 and g�3� g
 for the Sz�� 1³2
doublet and g�1� g�2� 0 and g�3� 3g
 for the Sz�� 3³2 doublet.
It is clear that the observed g� values for 2 and 4 are not in
accord with these relations. This also appears to be the case
for 1b. In the case of an octahedral CoII, on the other hand,
the ground orbital state is 4T1, and the orbital degeneracy still
remains.[74] Although the lower symmetry ligand field lifts the
orbital degeneracy, the orbital angular momentum is gener-
ally not sufficiently quenched, which makes the simple spin
Hamiltonian approach invalid. Because a large portion of
orbital angular momentum remains, the relationship between
the effective g values and other parameters is quite compli-
cated. A theoretical treatment of the EPR parameters of
octahedral CoII has been carried out by Abragam and
Pryce,[75] who gave theoretical expressions for the effective g
value and HFC parameters considering up to second-order
perturbation effects. They estimated that the effects of the
second-order terms on the effective g values are �0.20.
Hence, for the present purpose, the second-order termmay be
omitted. The zero-order and first-order perturbation results
for the effective g values are plotted against �/ � � � in
Figure 12, in which � is the ligand-field splitting between


Figure 12. Effective g values calculated from the first-order perturbation
equations are plotted versus �/ � � � . For details, see text. The solid squares,
triangles, and circles represent the experimentally-obtained effective g
values for 1b, water-added 1b (�2), and 4, respectively.


� 4T1;xy and � 4T1;z with the value being positive when � 4T1;z
is above, and � is the spin-orbit coupling constant. The
position �/ � � �� 0 corresponds to the exact Oh symmetry, and
thus the expected g� values are isotropic. In contrast, as �/ � � �
goes to � � , the g� values approach those expected from the
simple spin Hamiltonian,[76] in which the distinction between
tetrahedral and octahedral complexes is difficult. Figure 12
shows that the present EPR results are in good agreement
with the theory and, furthermore, estimated �/ � � � values are
reasonably small. Therefore, the CoII ions in 2 and 4 are in an
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octahedral coordination environment. Even for 1b, octahe-
dral species are also detected by EPR spectroscopy, whereas
the optical spectrum exhibits tetrahedral species. We estimate
�/ � � �� 3.4, �4.1, 3.1 for 1b, 2 and 4, respectively. It is
interesting to note that the sign of � is reversed between 1b
and 2. Finally, we mention the case in five-coordinate CoII


complexes. In the literature, square-pyramidal and trigonal
bipyramidal CoII complexes have been investigated by EPR
spectroscopy,[71, 77, 78] and exhibit EPR spectra clearly different
from those of 1b, 2, and 4. This is reasonable because the
degeneracy of the 4T1 states is lifted under the five-coordinate
geometry, which makes the simple spin Hamiltonian approach
fairly appropriate.


Selective guest inclusions : Both compounds 1b and 4 adsorb
THF or acetone molecules, allowing deformation of their
frameworks so that the guest molecules are trapped by amide
moieties with the aid of hydrogen bonding. Guest selectivity
has been examined for organic compounds, which are
classified into four groups according to the shape/size and
the presence/absence of O atoms available for hydrogen
bonding:
� Group I: five- and six-membered-ring ethers (THF, tetra-


hydropyran, and 1,4-dioxane).
� Group II: linear type ethers (diethyl ether, propyl ether,


isopropyl ether, and tert-butyl methyl ether).
� Group III: ring hydrocarbons (cyclopentane, cyclohexane,


and benzene).
� Group IV: linear alkanes (pentane, hexane, and heptane).


Apohost 4 was exposed to the vapor of each compound and
the XRPD pattern measured; several of these are shown in
Figure 13. Compounds of groups II ± IV show no change in
the peak positions and relative intensities, identical to those of
the apohost 4, and indicating that apohost 4 does not undergo
a structural change with guest adsorption. On the other hand,
all the compounds of group I exhibit guest inclusion. By
considering the fact that cyclopentane and THF are similar in
size and shape, a guest molecule for apohost 4 should possess
at least one hydrogen-bonding site. Apohost 4 also exhibits
shape selectivity of the guest inclusion, because 4 does not
include linear ethers, that is, diethyl ether, propyl ether,
isopropyl ether, and tert-butyl methyl ether. Guest molecule
adsorption in coordination polymers has so far been found for
hydrophobic apohosts whose driving force may be a sort of
� ±� stacking.[6, 79] Contrary to a robust framework with
hydrophobic cavities, we designed the cavities with structural
flexibility accompanied by hydrogen-bonding sites. This is
indeed successful. Consequently, the apohost 4 paves the way
for a selective inclusion system reflecting the size/shape and
hydrogen-bonding capability (see Scheme 5).


In the process of adsorption/desorption, there is a remark-
able difference between guest-free 1b and apohost 4. It is
important whether or not the structural regularity is main-
tained for a whole process; ™amorphous-to-crystal∫ and
™crystal-to-crystal∫ for 1b and 4, respectively. The question
arises as to why ™1a-to-1b∫ is ™crystal-to-amorphous∫ and
™3b(3a)-to-4∫ is ™crystal-to-crystal∫ following the removal of
guest molecules. When we recall the crystal structures, the
following point answers the question; whether or not two-


Figure 13. XRPD patterns at room temperature of a) 4 obtained by drying
3b in vacuo for 2 hours, 4 exposed for 4 days to b) THF (�3b), c) cyclo-
pentane, d) tetrahydropyran, e) cyclohexane, f) benzene, g) 1,4-dioxane,
h) acetone (�3a), i) pentane, j) hexane, k) heptane, l) diethyl ether,
m) propyl ether, n) isopropyl ether, and o) tert-butyl methyl ether.


Scheme 5.


dimensional sheets regularly stack with hydrogen-bond for-
mation, namely, �-sheet-type structure forms (Scheme 4). In
1a, the ™double-edged axe-shaped∫ motifs in the adjacent
sheets are not located directly over each other (Figure 1c),
whereas in 3b(3a), the motifs stack so perfectly they overlap
in an edge-to-edge fashion (Figure 3c). Due to this regularity,
the sheets in 4 can stack efficiently with a locking mechanism
by forming �-sheet-type structures, and thus, withstand
significant stress on removal of guest molecules.


As mentioned previously, both 1b and 4 adsorb THF vapor
(or acetone) with ™amorphous-to-crystal∫ and ™crystal-to-
crystal∫ transformations, respectively. Figure 14 shows the
isotherm of acetone adsorption of 4 at 293 K. The isotherm
shows an abrupt rise at P/P0� 0.58 and reaches the saturation
point of approximately 6.9 mmolg�1, which corresponds to
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Figure 14. Isotherm for acetone vapor adsorption at 293 K of apohost 4
from 0.005 to 0.229 atom. P0 is a saturated vapor pressure, 0.244 atom, of
acetone at 293 K.


that estimated based on the crystal structure. This character-
istic adsorption profile would support the conversion of a
phase A (apohost, � sheet) without guests in the pore to a
phase B (adsorbed form, trap) with guest molecules.[80] The
adsorption isotherm of CH4 for 4 at 298 K reveals no uptake
into the micropores at all,[81] indicating that the channel of 4 is
not large enough to incorporate CH4 molecules (3.8�
3.8 ä).[82]


Conclusion


From cobalt(��) thiocyanate and bipyridyl derivatives contain-
ing an amide group, we succeeded in producing novel
coordination polymers with flexible two-dimensinal sheets.
Such sheets transform their structures on adsorption/desorp-
tion of guest molecules. {[Co(NCS)2(3-pia)2] ¥ 2EtOH ¥
11H2O}n (1a) changes into amorphous 1b, and
{[Co(NCS)2(3-pia)2] ¥ 4Me2CO}n (3a) and {[Co(NCS)2-
(3-pia)2] ¥ 4THF}n (3b) are transformed to � sheet-type
crystalline 4, whose porous structures are maintained. The
key to maintaining crystallinity in 4 is that the amide moiety
plays not only a part in trapping guest molecules but also in
linking sheets. Therefore, the reversible adsorption is re-
stricted to the apohost 4, which also shows selectivity for guest
molecules in shape and chemical affinity.


The compounds obtained in this work are representative of
a new generation of coordination polymers. The structural
change of amorphous 1b to crystalline 3b (3a) is categorized
as ™recoverable collapsing∫, while the reversible change of
crystalline 4 to crystalline 3b (3a) is categorized as ™guest-
induced reformation∫. In our case the ™crystal-to-crystal∫
transformation with color change is more effective than
™amorphous-to-crystal∫ for its adsorption property. However,
™amorphous-to-crystal∫ transformation means a kind of
restoration by organic guest molecules, which is, therefore, a
restoring agent. This system would imply a healing material
based on coordination polymers. Such dynamic behavior of
coordination polymers provides the new concept that porous


properties of coordination polymers do not require robust-
ness, and the possibility of inorganic ± organic hybrid com-
pounds would open up a new area of functional chemistry
towards dynamic porous materials.


Experimental Section


Physical measurements : Continuous-wave (CW) EPR spectra were
recorded on a JEOL RE-3X spectrometer equipped with an Air-Product
Heli-Tran cryostat. The microwave frequency was measured using an
Advantest R5372 frequency counter, and the magnetic field was repeat-
edly calibrated with diphenylpicrylhydrazyl (DPPH) and Mn2� in MgO.
UV-visible reflection spectra were recorded on a Hitachi U-3500 spec-
trophotometer over the range 400 ± 800 nm at room temperature. Elemen-
tal analyses were carried out on a Yanaco C, H, N Corder MT-5. IR spectra
were recorded on a Perkin ±Elmer 2000 FTIR spectrophotometer with
samples prepared as KBr pellets. X-ray powder diffraction (XRPD) data
were collected on a Rigaku RINT-2200HF (Ultima) diffractometer or a
SHIMADZU XD-610 X-ray diffractometer with CuK� radiation. The
adsorption isotherms of gaseous acetone were measured by using
BELSORP28 volumetric adsorption equipment from BEL JAPAN.
Thermal gravimetric analyses (TGA) were carried out on a Rigaku
Instrument TG8120 in a nitrogen atmosphere (heating rate: 5 Kmin�1).


Materials : The 3-pia and 3-pna ligands, isonicotinic chloride hydrochloride,
nicotinic chloride hydrochloride, and 3-aminopyridine were obtained from
Tokyo Kasei Industrial. Co(SCN)2 and CoSO4 ¥ xH2O were obtained from
Aldrich. NH4SCN was obtained from Wako.


{[Co(NCS)2(3-pia)2] ¥ 2EtOH ¥ 11H2O}n (1a): A solution of 3-pia (14.9 mg,
0.075 mmol) in ethanol (1.5 mL) was gently layered on to a solution of
Co(SCN)2 (6.6 mg, 0.038 mmol) in acetone/chloroform (v/v 9:1; 1.5 mL),
with a mixed solvent of ethanol/chloroform (v/v 19:1, 1.5 mL) placed
between the two layers. After seven weeks, red single crystals formed at
room temperature. For elemental analysis these crystals were collected,
and dried in vacuo for 2 hours. Yield: 88%; elemental analysis calcd (%)
for C24H18CoN8O2S2 (573.52): C 50.26, H 3.16, N 19.54; found C 50.26, H
3.92, N 18.23. The microcrystalline sample for physico-chemical measure-
ments was prepared in the same solvent, and the crystallinity was checked
by X-ray powder diffraction as shown in Figure S1 in the Supporting
Information.


[Co(NCS)2(3-pia)2] (1b): A solution of 3-pia (0.198 g, 1 mmol) in ethanol
(40 mL) was added to a solution of Co(SCN)2 (88 mg, 0.50 mmol) in
acetone (20 mL), and stirred at room temperature for 10 minutes. A pink
powder was collected by filtration and dried in vacuo for 2 hours. During
the drying process, the color of the product changed to blue, which is
[Co(NCS)2(3-pia)2] ¥ 2.5H2O, in good agreement with elemental analysis.
Elemental analysis calcd (%) for C24H23CoN8O4.5S2 (618.56): C 46.60, H
3.75, N 18.12; found C 47.58, H 3.58, N 17.36. Thermal gravimetric analysis
reveals the 2.5 water molecule weight loss as shown in Figure S2 in the
Supporting Inofrmation.


{[Co(NCS)2(3-pia)2(H2O)2]n} (2): Blue powder of 1b was immersed in
ethanol/water (v/v 2:11) for one month at room temperature, and small
(0.05� 0.05� 0.02 mm) orange crystals were obtained. Another synthetic
method is that a solution of 3-pia (29.9 mg, 0.15 mmol) in acetonitrile
(1.5 mL) was gently layered on to a solution of CoSO4 ¥ xH2O (11.6 mg,
0.075 mmol) and ammonium thiocyanate (11.4 mg, 0.15 mmol) in water
(1.5 mL), with a mixed solvent of acetonitrile/water (v/v 1:1, 1.5 mL) placed
between the two layers. After three weeks, orange single crystals formed at
room temperature. These crystals were collected and dried in vacuo for
2 hours. Yield: 80%; elemental analysis calcd (%) for C24H22CoN8O4S2


(609.55): C 47.29, H 3.64, N 18.38; found C 46.93, H 3.64, N 18.80.


{[Co(NCS)2(3-pia)2] ¥ 4Me2CO}n (3a): Blue powder of 1b was immersed in
acetone for three weeks at room temperature, resulting in red crystals. For
elemental analysis, these crystals were collected and dried in vacuo for
2 hours. Elemental analysis calcd (%) for C24H18CoN8O2S2 (573.52): C
50.26, H 3.16, N 19.54; found C 49.50, H 3.13, N 19.44.


{[Co(NCS)2(3-pia)2] ¥ 4THF}n (3b): A solution of 3-pia (29.9 mg,
0.15 mmol) in THF (1.5 mL) was gently layered on to a mixed solution of
Co(SCN)2 (13.1 mg, 0.079 mmol) in THF/chloroform (v/v 9:1, 1.5 mL), with
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a mixed solvent of THF/chloroform (v/v 19:1, 1.5 mL) placed between the
two layers. The layered solution was left to stand for seven weeks at room
temperature, giving red crystals. For elemental analysis, these crystals were
collected and dried in vacuo for 2 hours. Yield: 81%; elemental analysis
calcd (%) for C24H18CoN8O2S2 (573.52): C 50.26, H 3.16, N 19.54; found C
49.40, H 3.23, N 19.77. The microcrystalline sample for physico-chemical
measurements was prepared in the same solvent and the crystallinity was
checked by X-ray powder diffraction as shown in Figure S3 in the
Supporting Information.


{[Co(NCS)2(3-pna)2]n} (5): A solution of 3-pna (14.9 mg, 0.075 mmol) in
ethanol (1.5 mL) was gently layered on to a solution of Co(SCN)2 (6.6 mg,
0.038 mmol) in acetone/chloroform (v/v 9:1, 1.5 mL), with ethanol/chloro-
form (v/v 19:1, 1.5 mL) placed between the two layers. The solution was
allowed to stand for seven weeks at room temperature, giving red crystals.
These crystals were collected and dried in vacuo for 2 hours. Yield: 78%;
elemental analysis calcd (%) for C24H18CoN8O2S2 (573.52): C 50.26, H 3.16,
N 19.54; found C 49.70, H 3.31, N 19.83.


X-ray crystal analysis : A single crystal of 2was mounted on a glass fiber and
coated with epoxy resin, and those for other compounds were sealed in a
glass capillary. For each compound, X-ray data collection was carried out
on a Rigaku Mercury diffractometer with graphite monochromated MoK�


radiation (�� 0.71069 ä) and a CCD two-dimensional detector. The size of
the unit cells were calculated from the reflections collected on the setting
angles of seven frames by changing 	 by 0.5� for each frame. Two different

 settings were used and 	 were changed by 0.5� per frame. Intensity data
were collected in 480 frames with a 	 scan width of 0.5�. Empirical
absorption correction by using REQABA[83] was performed for all data.
For 1a, the structure was solved by direct methods by using the SIR88
program[84] and expanded by using Fourier techniques.[85] For 2, the
structure was solved by the Patterson method by using the SAPI91
program[86] and expanded by using Fourier techniques.[85] For 3a, the
structure was solved by direct methods by using the SIR97 program[87] and
expanded by using Fourier techniques.[85] For 3b and 5, the structure was
solved by direct methods using the SIR92 program[88] and expanded by
using Fourier techniques.[85] The final cycles of the full-matrix least-squares
refinements were based on the observed reflections [I� 5�(I) for 3a and
3b, I� 4�(I) for 1a and 5, I� 3�(I) for 2]. All calculations were performed
with the teXsan crystallographic software package of Molecular Structure
Corporation.[89, 90] For all compounds, the non-hydrogen atoms were
refined anisotropically and all hydrogen atoms were placed in the ideal
positions. In compound 1a an ethanol molecule containing O(2), C(13),
and C(14), and water molecules containing O(3) ±O(8) were refined
isotropically. In compound 2, a water molecule of O(2) was refined
isotropically. In compound 3a the disorder of the acetone molecule
containing O(3) and C(16) ±C(18) was found at the final stage, and thus its
atom positions were isotropically refined under a rigid condition. In
compound 3b the disorder of the THF molecule containing O(3) and
C(17) ±C(20) was found at the final stage, and thus its atom positions were
isotropically refined under a rigid condition. CCDC-176684 (1a), CCDC-
176685 (2), CCDC-176686 (3a), CCDC-176687 (3b) and CCDC-176688 (5)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).
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Properties of Novel Oxo-Centered Tetra- and Hexametallic Clusters**
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Abstract: Starting from closely related
metal ± ligand combinations, completely
different oligomeric metal clusters are
synthesized. Whereas, picoline ± tetra-
zolylamide HL1 (1) and zinc or nickel
acetate afforded [2� 2] grids [M4(L1)8]
(2), slightly different N-(2-methylthia-
zole-5-yl)-thiazole-2-carboxamide HL2


(5a) and nickel acetate yielded the
monometallic complex [Ni(L2)2(OH2)2]
(6). In contrast, reaction of 5a with zinc
acetate produced the tetrametallic zinc
cluster [Zn4O(L2)4(OAc)2] (7). Even
more surprising, when 3-methyl-substi-
tuted HL3 (5b) instead of 2-methyl-


substituted HL2 (5a) was allowed to
react under identical conditions with
zinc acetate, the cluster [Zn4O(L3)4Cl2]
(8) crystallized from dichloromethane.
Clusters 7 and 8 are isostructural. As for
7, in 8 two of the edges of the tetrahe-
dron of zinc ions are doubly bridged, two
are singly bridged, and the other two are
nonbridged. On the other hand, when


iron(��) acetate under aerobic conditions
was allowed to react with 5a, the un-
precedented complex [{Fe3O(L2)2-
(OAc)4}2O] (9) was isolated. Cluster 9
is composed of two trimetallic, triangu-
lar �3-O2�-centered [Fe3O(L2)2(OAc)4]�


modules, linked by an almost linear �2-
O2� bridge. The Mˆssbauer spectrum
together with cyclic voltammetric and
square-wave voltammetric measure-
ments of 9 are reported, and 6 ± 9 were
characterized unequivocally by single-
crystal X-ray structure analyses.


Keywords: cluster compounds ¥
cyclic voltammetry ¥ Mˆssbauer
spectroscopy ¥ N ligands ¥ self-
assembly ¥ supramolecular chemistry


Introduction


The synergistic effect of serendipity and rational design, based
on the well-known rules of coordination chemistry make the
assembly of metalla-topomers of the classical, mere organic
coronates as well as bi- and tricyclic cryptates, possible.
Compared with the conventional organic-based N-bridged
supramolecular structures,[1] the new clusters feature metal


ions that act as bridgeheads. Recent developments in the field
of design and synthesis of supramolecular inorganic structures
that exhibit novel properties have provided exciting new
prospects.[2] In this context, we reported on rectangular
tetrametallic clusters [M4(L1)8] (2), which were accessible in
a one-pot reaction from zinc or nickel acetate and picoline ±
tetrazolylamide HL1 (1; Scheme 1).[3] One of the main


Scheme 1. Synthesis of tetrametallic nickel and zinc clusters [M4(L1)8] (2).
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structural characteristics of the square [2� 2] grids 2 are the
two different sets of bonding modes observed for (L1)�. A set
of four tetradentate ligands links two metal ions each by a
five-membered chelate ring and a six-membered chelate ring
to construct the [M4(L1)4]4� core. In this case (L1)� coordinates
to one metal ion through the pyridine and the amide nitrogen
donors and to the neighboring metal ion through the nitrogen
donor of the tetrazolyl group and the oxygen donor of the
amide function. In contrast, the four ligands (L1)� of the
second set exhibit a bidentate bonding mode. These ligands
coordinate across the pyridine and the amide nitrogen donors
only and complete the slightly distorted octahedral coordina-
tion sphere at the metal vertices.
Formal replacement of the pyridine and tetrazole hetero-


cycles in fragment 3 by thiazole rings leads to new fragment 4
(Scheme 2). The geometric requisites of fragments 3 and 4 are
very similar and for that reason, we expected that 4 should
also be suitable for the generation of square [2� 2] grids.


Scheme 2. Schematic representation of the commensurate building blocks
3 and 4 suitable for the construction of cyclic tetrametallic clusters.


Results and Discussion


To confirm this hypothesis, we treated HL2 (5a) with nickel(��),
zinc(��), and iron(��) acetate. N-(2-Methylthiazole-5-yl)-thia-
zole-2-carboxamide (5a) was prepared according to literature
procedures[4] by coupling of 2-thiazolecarbonyl chloride with
methyl-5-aminothiazole in N-methylpyrrolidin-2-one (NMP)
in the presence of lithium chloride. Reaction of HL2 (5a) with
nickel acetate in methanol led to a dark green precipitate.
Contrary to what was expected, the elemental analysis and
FAB-MS spectrum idendified 6 as a monometallic chelate
complex of the composition [Ni(L2)2(OH2)2] (Scheme 3).
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Scheme 3. Synthesis of the mononuclear nickel cluster [Ni(L2)2(OH2)2]
(6).


These results were confirmed by an X-ray crystallographic
structure analysis. Thus, the two ligands (L2)� of cis-6 are
bound across the thiazole and amide nitrogen donors and
generate five-membered chelate rings. The slightly distorted
octahedral coordination sphere at the nickel center is
completed by oxygen donors of two water molecules which
form extra hydrogen bonds each to the nitrogen atom of the
methylthiazole groups (Figure 1).


Figure 1. Molecular structure of 6 in the crystal (PLUTON presentation, H
atoms are omitted for clarity, except those of water. C: shaded; N: net; O:
diagonal; S: mesh; Ni: void.


In contrast, reaction of HL2 (5a) with zinc acetate in
methanol yielded colorless crystals of 7. The elemental
analysis and FAB-MS spectrum indicated 7 to be a tetrame-
tallic zinc chelate complex[5] of the composition [Zn4O-
(L2)4(OAc)2] (Scheme 4). 1H and 13C NMR studies of
diamagnetic 7 revealed, that all four ligands are chemically
identical. However, these data alone did not allow us to
unequivocally determine the structure of 7; therefore, we
carried out an X-ray crystallographic structure analysis, which
revealed the tetrametallic structure (Figure 2).


Abstract in German: In dieser Arbeit wird, ausgehend von
nahe verwandten Metall-Ligand-Kombinationen, die Synthese
vˆllig unterschiedlicher oligomerer Metallcluster beschrieben.
W‰hrend bei der Umsetzung von Picolin-tetrazolylamid HL1 1
und Zink- bzw. Nickelacetat das [2� 2] Grid [M4(L1)8] 2
gebildet wurde, entstand bei der Reaktion des nur geringf¸gig
unterschiedlichen N-(2-Methylthiazol-5-yl)-thiazol-2-carboxa-
mids HL2 5a mit Nickelacetat der einkernige Metallkomplex
[Ni(L2)2(OH2)2] 6. Im Gegensatz dazu isolierten wir bei der
Umsetzung von HL2 5a mit Zinkacetat den vierkernigen
Zinkcluster [Zn4O(L2)4(OAc)2] 7. Noch ¸berraschender war
der Befund, dass bei der Reaktion von 3-Methyl-HL3 5b
anstelle von 2-Methyl-HL2 5a mit Zinkacetat bei ansonsten
identischen Reaktionsbedingungen aus Dichlormethan der
Cluster [Zn4O(L3)4Cl2] 8 kristallisierte. Die Cluster 7 und 8
sind isostrukturell. Wie in 7, sind auch in 8 zwei Seiten des
Zinktetraeders doppelt, zwei einfach und die restlichen zwei
nicht ¸berbr¸ckt. Vˆllig unerwartet lieferte die Umsetzung von
Eisen(��)acetat mit HL2 5a unter aeroben Bedingungen den
pr‰zedenzlosen Cluster [{Fe3O(L2)2(OAc)4}2O] 9. Cluster 9
besteht aus zwei �3-O2�-zentrierten dreieckigen [Fe3O(L2)2-
(OAc)4]� Bausteinen, die ¸ber eine �2-O2�-Br¸cke nahezu
linear miteinander verkn¸pft sind. Wir berichten ¸ber das
Mˆ˚bauer-Spektrum von 9, sowie ¸ber cyclovoltammetrische
und square-wave Messungen an dieser Verbindung. Die Struk-
turen der Cluster 6, 7, 8 und 9 wurden eindeutig durch
rˆntgenographische Einkristall Strukturanalysen gesichert.
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Scheme 4. Synthesis of the tetrametallic zinc cluster [Zn4O(L2)4(OAc)2]
(7).


Figure 2. Molecular structure of 7 in the crystal (PLUTON presentation,
only one stereoisomer shown). View along one selected C2 axis, H atoms
omitted for clarity. C: shaded; N: net; O: diagonal; S: mesh; Ni: void.


In 7, the module [Zn2(L2)2]2� is generated from two ditopic,
tridentate ligands (L2)� and two zinc ions. The two (L2)�


ligands coordinate to the zinc ions head-to-tail through the
thiazole/amide N-donor groups and the methylthiazole N-do-
nor groups. Two of these building blocks are arranged in such
a way that the four zinc ions form the vertices of a
tetrahedron. Furthermore, two opposite edges of the D2-
symmetric module [Zn2(L2)2]24� are bridged by two acetate
ions, while the two extra opposite edges remain unoccupied to
give scaffold {[Zn2(L2)2]2(OAc)2}2�. Charge compensation in
the final product [Zn4O(L2)4(OAc)2] 7 is provided by the
central �4-O2� ion. The overall coordination geometry at the
zinc center is square-pyramidal (Figure 3). Dissymmetric 7
crystallizes within the chiral space group Fdd2.[6, 7] Yet, viewed
ideally, 7 features D2 molecule symmetry.
However, when 3-methyl-substituted HL3 (5b) instead of


2-methyl-substituted HL2 (5a) was allowed to react under
identical conditions with zinc acetate in methanol, [Zn4O-
(L3)4Cl2] (8) was formed and crystallized from dichloro-
methane. As shown by a single-crystal X-ray structure
analysis, 8 is isostructural to [Zn4O(L2)4(OAc)2] (7). As in 7, in


Figure 3. Stereoview of 7 in the crystal (PLUTON presentation, only one
stereoisomer shown).


8 two of the edges of the Zn4 tetrahedron are doubly bridged,
two are singly bridged, and the other two are nonbridged. The
only difference between 7 and 8 is the exchange of the
bridging acetate by chloride ions. The chloride ions in 8 are
incorporated during crystallization from dichloromethane
(Scheme 5). In contrast to 7, both enantiomers of D2-
symmetric 8 crystallize in the centrosymmetric space group
Fddd.
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Scheme 5. Synthesis of the tetrametallic zinc cluster [Zn4O(L3)4Cl2] (8).


Encouraged by these results, we allowed HL2 (5a) to react
with iron(��) acetate under aerobic conditions. After workup a
deep red microcrystalline material was isolated. Based on the
elemental analysis and the FAB-MS spectrum, 9 is a
hexametallic iron(���) chelate complex of the composition
[Fe6O3(L2)4(OAc)8] (Scheme 6).[8]
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Scheme 6. Synthesis of the hexametallic iron cluster [{Fe3O(L2)2-
(OAc)4}2O] (9).
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For an unequivocal characterization of 9 a single-crystal
X-ray structure determination was carried out (Figure 4).
According to this analysis, 9 is composed of two
[Fe3O(L2)2(OAc)4]� modules, linked by an almost linear �2-
oxo bridge (Fe1��2-O 1.78 ä; Fe1-�2-O-Fe4 175.3�). Each of


Figure 4. Molecular structure of 9 in the crystal (PLUTON presentation).
H atoms omitted for clarity. C: shaded; N: net; O: diagonal; S: mesh; Ni:
void.


these two building blocks represents an isosceles triangle with
three FeIII ions located in the corners and an �3-O2� ion in the
center (Fe1��3-O 2.05, Fe2/3��3-O 1.85 ä). Two acetate ions
link the two FeIII ions of the basic edge (Fe2�Fe3 3.17 ä). The
two equally long edges are bridged alternating above and
below the triangular plane by an acetate and an (L2)� ligand
each (Fe1�Fe2/3 3.39 ä). As a consequence, all iron(���) ions
are coordinated octahedrally. The angle between the two
planes of the trimetallic triangles is 84.6�.
The reversible cyclic voltammogram of redox-active 9 was


recorded under aprotic conditions and displayed basically
three processes attributable to the successive reduction of
complex 9 from all-FeIII to all-FeII (Figure 5, solid line).[9]


E / mV vs. Fc/Fc+


I / Aµ


0 -250 -500 -750 -1000 -1250
-10


0


10


20


Figure 5. Cyclic voltammogram (solid line) of 9 (thin-layer conditions in
CH2Cl2, 0.1� TBAHFP, scan rate 250 mV�1). Square-wave voltammogram
(dotted line) of 9 (pulse height 25 mV, frequency 10 Hz, step increment
2.0 mV) versus Fc/Fc�.


Square-wave voltammetry allows better separation of close-
lying electrochemical processes and the peak maxima directly
display the potentials of the electrochemical processes. With
this technique, the number of electrons transferred at differ-
ent potentials during the reduction of 9 from all-FeIII to all-
FeII was determined in dichloromethane versus Fc/Fc� and
turned out to be one for the first reduction (�250 mV), two
for the second (�610 mV and �700 mV), and three for the
third (shoulder at ca.�960 mVand�1040 mV; Figure 5, dotted
line). These findings are evidence for strong coupling across
the �2-oxo bridge of the two trimetallic substructures of 9.
The presence of two different sets of iron(���) ions in 9 was


established unequivocally from the Mˆssbauer spectrum at
77 K. Powder samples of 9 show a quartet, arising from the
overlap of two quadrupole doublets (two high-spin Fe(1/4)III


centers: quadropolar splitting �EQ(77 K)� 1.98 mms�1, iso-
meric shift �(77 K)� 0.55 mms�1, �� 0.27 mms�1, 33.3%;
four high-spin Fe(2/3/5/6)III centers: quadropolar splitting
�EQ(77 K)� 1.01 mms�1, isomeric shift �(77 K)� 0.50
mms�1, �� 0.29 mms�1, 66.7%; Figure 6).


Figure 6. Mˆssbauer spectrum of a powder sample of [{Fe3O(L2)2-
(OAc)4}2O] (9), recorded at 77 K with parameters given in the text. The
solid lines are Lorentzian fits.


Conclusion


There is still a long way to go before we are able to reliably
predict supramolecular structures. Presently, we are far from
understanding the rules governing the generation of mono-
nuclear [Ni(L2)2(OH2)2] (6), tetranuclear [Zn4O(L2)4(OAc)2]
(7), or hexanuclear [{Fe3O(L2)2(OAc)4}2O] (9) complexes,
starting from HL2 and potentially hexacoordinating Ni2�,
Zn2�, or Fe2� ions.


Experimental Section


General techniques: Metal salts and reagents were used as obtained from
Aldrich. IR spectra were recorded from KBr pellets on a Bruker IFS 25
spectrometer. NMR spectra were recorded on a JEOL JNM-EX-400
spectrometer. All chemical shifts are reported as � values (ppm) relative to
CDCl3. FAB-MS spectra were recorded on a Micromass ZAB-Spec
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spectrometer. Elemental analyses were performed on a EA 1110 CHNS-
Microautomat.


HL2 (5a), HL3 (5b)


General method : A suspension of 2/3-methyl-5-aminothiazole (1.14 g,
10 mmol), triethylamine (1.32 g, 13 mmol), and lithium chloride (1.0 g) in
anhydrous N-methyl-pyrrolidin-2-one was cooled to 0 �C, and 2-thiazolyl
chloride[10] (1.48 g, 10 mmol) was added. The reaction mixture was stirred
for three days at 20 �C, water (200 mL) was added and the microcrystalline
precipitate was collected on a glass frit. The solid was dried and crystallized
from methanol.


HL2 (5a): Yield: 2.12 g (94%) bright beige rhombic crystals; m.p. 196 �C;
IR (KBr): �� � 1651, 1555, 1515 cm�1; 1H NMR (400 MHz, CDCl3): �� 2.42
(s, 3H; CH3), 7.21 (s, 1H; Ar-H), 7.68 (d, 1H; Ar-H), 7.96 (d, 1H; Ar-H),
9.55 ppm (s, 1H; NH); 13C NMR (100.5 MHz, CDCl3): �� 11.67 (CH3),
128.24 (Ar-C), 126.00 (Ar-CH), 134.91 (Ar-CH), 144.21 (Ar-CH), 155.89
(Ar-C), 156.98(Ar-C), 161.27 (C�O); MS (EI, 70 eV): m/z (%): 225 (86)
[M]� ; elemental analysis calcd (%) for C8H7N3OS2 (225.30): C 42.65, H
3.13, N 18.65, S 28.47; found: C 42.64, H 3.09, N 18.66, S 28.55.


HL3 (5b): Yield: 1.96 g (87%) bright beige powder; m.p. 171 �C; IR (KBr):
�� � 1673, 1546, 1523 cm�1; 1H NMR (400 MHz, CDCl3): �� 2.32 (s, 3H;
CH3), 6.57 (s, 1H; Ar-H), 7.66 (d, 1H; Ar-H), 7.90 (d, 1H; Ar-H), 10.18 ppm
(s, 1H; NH); 13C NMR (100.5 MHz, CDCl3): �� 16.91 (CH3), 147.74 (Ar-
C), 108.79 (Ar-CH), 126.02 (Ar-CH), 144.18 (Ar-CH), 156.31 (Ar-C),
156.86 (Ar-C), 160.95 (C�O); MS (EI, 70 eV): m/z (%): 225 (100) [M]� ;
elemental analysis calcd (%) for C8H7N3OS2 (225.30): C 42.65, H 3.13, N
18.65, S 28.47; found: C 42.87, H 3.10, N 18.50, S 28.37.


[Ni(L2)2(H2O)2] (6), [Zn4O(L2)4(OAc)2] (7) [Zn4O(L3)4Cl2] (8) and
{[Fe3O(L2)2(OAc)4]2O} (9)


General method : A solution of HL2 (5a) or HL3 (5b) (1.0 mmol) in
CH3OH (20 mL) was added to a solution of metal(��) acetate (0.5 mmol) in
CH3OH (30 mL). The reaction mixture was stirred at 20 �C for 2 h,
concentrated to 20 mL, and layered with diethyl ether (10 mL). The
precipitate was collected, dried under reduced pressure, and crystallized.


[Ni(L2)2(H2O)2] (6): Starting material: HL2 (5a): yield: 231 mg (85%) dark
green prisms from THF/diethyl ether; m.p. �250 �C (decomp); IR (KBr):
�� � 1602, 1530, 1502 cm�1; FAB-MS (3-nitrobenzyl alcohol (3-NBA)): m/z
(%): 507 (100) [Ni(L2)2� 2H2O]� ; elemental analysis calcd (%) for


C16H16N6O4S4Ni (543.29): C 35.37, H 2.97, N 15.47, S 23.61; found: C
36.75, H 3.49, N 14.44, S 23.25.


[Zn4O(L2)4(OAc)2] (7): Starting material: HL2 (5a): yield: 236 mg (83%)
colorless bipyramids from dichloromethane/diethyl ether; m.p. �250 �C
(decomp); IR (KBr): �� � 1608, 1574, 1501 cm�1; 1H NMR (400 MHz,
CD2Cl2): �� 1.39 (s, 6H; 2 CH3CO2), 2.20 (s, 12H; 4 CH3), 6.34 (d, 4H; Ar-
H), 7.53 (d, 4H; Ar-H), 7.90 (d, 4H; Ar-H); 13C NMR (100.5 MHz, CD2Cl2):
�� 12.09 (CH3), 23.25 (CH3CO2), 126.13 (Ar-C), 124.78 (Ar-CH), 131.05
(Ar-CH), 132.49 (Ar-CH), 143.10 (Ar-C), 160.53 (Ar-C), 169.61 (C�O),
170.40 (CH3CO2); FAB-MS (3-NBA): m/z (%): 1232 (35)
[Zn4O(L2)4(OAc)�OAc]� ; elemental analysis calcd (%) for
C36H30N12O9S8Zn4 (1292.80): C 33.45, H 2.34, N 13.00, S 19.84; found: C
33.38, H 2.37, N 12.64, S 19.21.


[Zn4O(L3)4Cl2] (8): Starting material: HL3 (5b): yield: 217 mg (67%)
yellow prisms from dichloromethane/methanol/diethyl ether; m.p. �250 �C
(decomp); IR (KBr): �� � 1610, 1563, 1499 cm�1; 1H NMR (400 MHz,
CDCl3): �� 1.57 (s, 12H; 4 CH3), 6.28 (s, 4H; Ar-H), 7.47 (d, 4H; Ar-H),
7.93 (d, 4H; Ar-H); 13C NMR (100.5 MHz, CDCl3): �� 15.95 (CH3), 108.22
(Ar-C), 124.89 (Ar-CH), 142.73 (Ar-CH), 143.79 (Ar-CH), 160.71 (Ar-C),
169.30 (Ar-C2), 170.96 (C�O); FAB-MS (3-NBA): m/z (%): 1245 (2)
[Zn4O(L3)4Cl2]� ; elemental analysis calcd (%) for C32H24Cl2N12O5S8Zn4
(1245.62): C 30.86, H 1.94, N 13.49, S 20.60; found: C 30.45, H 1.89, N 13.33,
S 20.34.


[{Fe3O(L2)2(OAc)4}2O] (9): Starting material: HL2 (5a): yield: 394 mg
(45%) dark red rhombic crystals from CHCl3/diethyl ether; m.p. �250 �C
(decomp); IR (KBr): �� � 1608, 1574, 1501 cm�1; FAB-MS (3-NBA): m/z
(%): 1751 (17) [{Fe3O(L2)2(OAc)4}2O]� ; elemental analysis calcd (%) for
C48H48N12O19S8Fe6 (1752.60): C 32.90, H 2.76, N 9.59, S 14.64; found: C
33.25, H 2.75, N 9.58, S 14.57.


Single-crystal X-ray structure analyses : Details of crystal data, data
collection, and refinement are given in Table 1. X-ray data were collected
on a Nonius Kappa CCD area detector (7, 9) and on a Siemens-P4
diffractometer (6, 8) with MoK� radiation (�� 0.71073 ä). Lorentz, polar-
ization, and absorption corrections were applied.[11] The structures were
solved by direct methods with SHELXS-97 and refined with full-matrix
least-squares against F2 with SHELXL-97.[7] All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed in idealized
positions using a riding model.


Table 1. Details of X-ray structure determinations.


6 7 8 9


formula C16H16N6O4S4Ni C36H30N12O9S8Zn4 C32H24Cl2N12O5S8Zn4 C48H48N12O19S8Fe6
¥ CH2Cl2 ¥H2O ¥CHCl3 ¥ (CH3CH2)2O


Mr 543.29 1292.80 1348.43 1946.02
crystal size [mm] 0.60� 0.50� 0.40 0.30� 0.20� 0.20 0.35� 0.22� 0.16 0.35� 0.30� 0.20
crystal system monoclinic orthorhombic orthorhombic monoclinic
space group P2(1)/c Fdd2 Fddd C2/c
T [K] 210(2) 173(2) 210 173(2)
a [ä] 12.656(4) 21.2555(9) 11.986(2) 24.4372(3)
b [ä] 14.760(5) 42.8109(13) 19.492(2) 13.2889(2)
c [ä] 12.203(4) 13.5612(6) 46.895(6) 26.9201(3)
� [�] 90 90 90 90
� [�] 113.37(2) 90 90 95.5410(10)
	 [�] 90 90 90 90
V [ä3] 2093(2) 12340.2(8) 10956(3) 8701.28(19)
Z 4 8 8 4

calcd [Mgm�3] 1.725 1.392 1.635 1.635
� range [�] 1.75 to 27.01 2.28 to 25.02 2.04 to 25.00 1.52 to 27.48
reflections collected 5595 5255 4576 16733
unique reflections 4560 5255 2425 9910
[Rint] 0.0609 0 0.1193 0.0320
refl. observed [I� 2�(I)] 3280 4708 1253 6868
parameters 329 330 170 519
absorption correction method none Psi-scans Psi-scans Scalepack
final R1 [I� 2�(I)] 0.0513 0.0742 0.0726 0.0496
wR2 (all data) 0.1358 0.2135 0.1755 0.1601
largest residuals [e ä�3] 0.505/� 0.878 1.594/� 0.853 0.802/� 0.432 1.473/� 0.733
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CCDC-174359 (6), CCDC-174592 (7), CCDC-174360 (8), and CCDC-
174591 (9) contain the supplementary crystallographic data for the
structures reported in this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Intramolecular Coupling of Allyl Carboxylates with Allyl Stannanes and Allyl
Silanes: A New Type of Reductive Elimination Reaction?


MarÌa Me¬ndez,[a] Juan M. Cuerva,[b] Enrique Go¬mez-Bengoa,[c] Diego J. Ca¬rdenas,[a] and
Antonio M. Echavarren*[a]


Abstract: The palladium-catalyzed in-
tramolecular coupling of allyl stannanes
with allyl carboxylates provides a gen-
eral synthesis of five- and six-mem-
bered-ring carbocycles. The intramolec-
ular coupling leads selectively to trans
five-membered carbocycles and cis six-
membered carbocycles, regardless of the
cis or trans configuration of the allylic
functions in the starting material. For
example, the stereoselective synthesis of


10-epi-elemol demonstrated the cis con-
figuration of the six-membered carbo-
cycles. The related Oppolzer cyclization
leads to lower yields, or fails completely,
with substrates substituted at C-3 of the
allyl and/or alkene terminus. The palla-


dium-catalyzed intramolecular coupling
of allyl silanes with allyl trifluoroace-
tates allows the synthesis of trans five-
membered-ring carbocycles and re-
quires the use of a bicyclic phosphite as
the ligand. DFT calculations suggest
that the preferred pathway for the intra-
molecular allyl/allyl coupling is by for-
mation of the C�C bond between the
C-3 termini of the allyl ligands of bis(�3-
allyl)palladium complexes.


Keywords: cross-coupling ¥ density
functional calculations ¥ palladium ¥
silanes ¥ stannanes


Introduction


The Stille coupling of allyl stannanes with allyl carboxy-
lates[1, 2] or allyl bromides[3, 4] allows the synthesis of 1,5-
dienes.[5, 6, 7] In a variation of this reaction the allyl stannane is
generated in situ by the palladium(0)-catalyzed reaction of an
allyl acetate with hexa-n-butyldistannane.[8] Palladium-cata-
lyzed coupling of allyl silanes with allyl electrophiles is an
interesting alternative to the use of more toxic stannane
electrophiles.[9]


Clean allylic inversion on the allyl stannane was observed in
this coupling,[1, 2] which led to the proposal that the reaction


might proceed by an external attack of the stannane on the
intermediate (�3-allyl)palladium complex, as has been ob-
served for the reaction of this organometallic reagents with
soft nucleophiles.[10] Allylic inversion on the nucleophile was
also demonstrated in the coupling with allyl silanes.[9c] A
different reaction pathway seems to be involved in the
palladium-catalyzed coupling reactions of allylic species in
the absence of phosphane ligands.[11] Thus, addition of �-
acceptor ligands, such as maleic anhydride or fumaronitrile,
has been shown to promote the C�C bond formation by the
reductive elimination of the bis(�3-allyl)palladium intermedi-
ates. Additionally, allyl stannanes have been proposed to
undergo oxidative addition to palladium(0) complexes.[12]


Despite the importance of allyl/allyl coupling in organic
synthesis, a detailed mechanistic study of this palladium-
catalyzed reaction has not been carried out.
The intramolecular reaction of allyl stannanes I or allyl


silanes II with allyl carboxylates could proceed via (�1-
allyl)(�3-allyl)palladium complex III[13] or bis(�1-allyl)palla-
dium complexes IV and V to give carbocycle VI after
reductive elimination (Scheme 1). The actual situation could
be more complex, since additional regioisomers and/or
stereoisomers of III ±V could also exist in the equilibrium.
The reaction of monophosphanes (PR3) to bis(�3-allyl)palla-
dium complexes leads to (�1-allyl)(�3-allyl)(PR3)palladium
complexes, which decompose to form dinuclear PdI deriva-
tives.[14] Addition of diphosphanes to bis(�3-allyl)palladium
complexes gives bis(�1-allyl)palladium diphosphane com-
plexes, which undergo smooth reductive elimination at low
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Scheme 1. Possible reductive elimination pathways for the formation of
carbocycles VI.


temperatures.[15] Bis(�1-allyl)palladium diphosphane com-
plexes of type V, but with only two methylene groups at the
tether, have been prepared as stable species by the addition of
diphosphanes to complexes of type III with a PPh3 ligand.[16]


In that case, reductive elimination to form a relatively strained
cyclobutane is not observed.[16] The direct reductive elimina-
tion from bis(�3-allyl)palladium VII appears to be less likely,
since complexes of this type have recently been prepared by
Yamamoto et al. and did not show any tendency to undergo
reductive elimination.[17, 18]


A limitation of the allyl/allyl coupling is that a �-hydride
intramolecular transfer reaction takes place preferentially to
give dienes with substrates bearing hydrogen atoms in the
vicinity of the allyl groups.[19] An alternative synthesis of the
1,2-dialkenyl carbo- and heterocycles is based on the intra-
molecular insertion of alkenes into (�3-allyl)palladium com-
plexes (the Oppolzer cyclization reaction).[20] This reaction
has been shown to proceed through cationic (�3-allyl)(�2-
alkene)palladium complexes.[21]


Herein, we compare the efficiency of the intramolecular
coupling of allyl carboxylates with allyl stannanes[22] to that of
allyl silanes for the formation of five- and six-membered
carbocycles. We also compare these approaches with the
synthesis of the same carbocycles by means of the Oppolzer
cyclization. For the sake of simplicity and because of their
easy handling, we focused our work on 1,1-bis(phenylsulfonyl)
derivatives. We also address theoretically the nature of the
palladium intermediate (III ±V, or VII) involved in the
formation of the carbocycles.


Results and Discussion


Carbocyclization by Oppolzer cyclization: The Oppolzer cycli-
zation is known to favor formation of trans dialkenyl five-
membered carbocycles.[20, 23] Accordingly, the reaction of allyl
acetate 1with a catalyst formed from [Pd2(dba)3 ¥dba] (2.5 mol%)
and PPh3 (10 mol%) in refluxing HOAc gave a 8.3:1 mixture
of trans-4 to cis-5 isomers in 92% yield (Scheme 2).
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Scheme 2. Formation of five-membered ring carbocycles by Oppolzer
cyclization. [a] Z� SO2Ph; [Pd/L]� [Pd2(dba)3 ¥ dba] (5 mol%)/PPh3
(20 mol%), HOAc under reflux. Reaction time� 19 h. [b] Reaction time
� 15 h. dba� trans,trans-dibenzylideneacetone.


Substrates 2 and 3 were cyclized under these conditions to
form 6 and 7 in 75 and 66% yield, respectively. The lower
yields of these last two carbocyclizations are presumably due
to the introduction of an additional methyl group on the
alkenyl moiety, which leads to less efficient intramolecular
insertion reactions.[21]


Although formation of six-membered carbocycles by using
the Oppolzer cyclization was possible with monosubstituted
alkenes,[24] substrates 8 ± 10 with di- or trisubstituted alkenes
failed to cyclize with palladium catalysts under all the
conditions examined.[25] The use of a better leaving group in
8b and 10b did not improve this lack of reactivity.
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Cyclization of allyl stannanes with allyl acetates : The intra-
molecular coupling could be efficiently carried out without
any significant elimination by using a palladium catalyst
prepared from [Pd2(dba)3 ¥ dba] and PPh3 (2 equiv. per Pd) in
the presence of LiCl (3 equiv)[26] in 0.5% aqueous DMF at
80 �C. Similar results were obtained by using N-methylpyrro-
lidone (NMP) as the solvent and [Pd(PPh3)4] and [Pd2(dba)3 ¥
dba]/PCy3 as the catalysts. However, under these standard
conditions, cyclization of 11 gave a mixture of trans-4 and cis-5
in moderate yield (52%) but with very poor stereoselectivity
(Scheme 3). While the use of P(2-fur)3 or 1,3-(diphenylphos-
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Scheme 3. Formation of five-membered ring carbocycles by intramolecu-
lar coupling of allyl acetates with allyl stannanes. Z�SO2Ph. [a] [Pd/L]�
[Pd2(dba)3 ¥ dba] (5 mol%)/PPh3 (20 mol%) or dppf (10%), LiCl
(3 equiv.), 0.5% aqueous DMF, 80 �C, 17 h.


phanyl)propane (dppp) failed to improve this result, a
reaction with 1,1�-(diphenylphosphanyl)ferrocene (dppf) as
the ligand in THF led to a better isolated yield (63%) with
good selectivity (4 :5� 5.3:1). Under ™ligandless∫ conditions,
the yield increased up to 79%, although the stereoselectivity
was lower (1.7:1).
The cyclization of substrates 12a and 12bwith an additional


methyl group at the C-2 position of the allyl stannane or allyl
acetate gave carbocycle 6 in 72 and 52% yields, respectively.
In this last cyclization, the use of a palladium pre-catalyst
without phosphane ligands led to a better isolated yield
(72%). The palladium-catalyzed carbocyclization of more
substituted 13 provided 7 in good yield (77%) (Scheme 3).
In contrast with the cyclizations of Scheme 3 that are trans-


selective, the cyclization of substrates 14 ± 17 under the
standard conditions gave in all cases cis-1,2-dialkenylcyclo-
hexanes (Scheme 4). Thus, 14 gave exclusively cis-18 in 71%
yield. The formation of carbocycle 19 with a quaternary
center proceeded in similar yield (73%) from 15. Similarly, 20
was obtained by starting from either 16a (92%) or 16b
(75%); in the latter starting material the locations of the
allylic acetate and allyl stannane are exchanged. Substrate 17
was also cyclized without the benefit of the Thorpe ± Ingold
effect to furnish 21 in 90% yield as a 2:1 mixture of epimers at
C-1.
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Scheme 4. Formation of six-membered ring carbocycles by intramolecular
coupling of allyl acetates with allyl stannanes. Z� SO2Ph. [a] [Pd/L]�
[Pd2(dba)3 ¥ dba] (5 mol%)/PPh3 (20 mol%), LiCl (3 equiv), 0.5% aqueous
DMF, 80 �C, 17 h.


The cyclization of 16a was studied in more detail. This
reaction could also be performed in the absence of PPh3,
although the reaction required a stoichiometric amount of
palladium. Monodentate phosphanes (PCy3, P(2-fur)3, (di-
phenylphosphanyl)ruthenocene), phosphites (P(OMe)3,
P(OiPr)3, P(OPh)3, P(OCH2)3CEt),[27] and AsPh3 gave ex-
clusively cis-20. The cyclization did not take place with other
common bidentate ligands bis(diphenylphosphanyl)methane
(dppm), 1,3-bis(diphenylphosphanyl)propane (dppp), and
1,4-bis(diphenylphosphanyl)butane (dppb)), while 1,2-bis(di-
phenylphosphanyl)ethane dppe led to 20 in only 47% yield.
Interestingly, the reaction could be carried out with dppf or
the related dppr (1,1�-bis(diphenylphosphanyl)rutheno-
cene)[28] as the ligands to give a 3:1 (93%) or 5.3:1 (93%)
mixture of 20 and its trans isomer 22 (Scheme 5).
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Scheme 5. Cyclization of 16a to give 20 and 22.


The configurations of 18 ± 21 were determined on the basis
of NOE experiments, and by comparison with the NMR data
of 22. The configuration of 20 was confirmed by its trans-
formation into natural product 10-epi-elemol (23),[29] a
member of the elemane family of sesquiterpenes with cis-
1,2-dialkenyl groups (Scheme 6). Thus, reductive desulfona-
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Scheme 6. Synthesis of epi-elemol. Reagents and conditions: a) Na(Hg),
MeOH, MeCN (74%); b) 1) n-BuLi; Ac2O; 2) Na(Hg), Na2HPO4 (95%);
c) MeMgBr, THF (82%).


tion of 20 afforded 21 (74%), whose lithium anion was
acetylated to give, after reductive desulfonation, 24 as a 9:1
mixture of �-ketone epimers (95%). Final reaction of 24 with
methylmagnesium bromide afforded racemic 23, whose NMR
data were identical to those described.[28, 30]


Importantly, the use of the starting substrates in Schemes 3
and 4 as mixtures of regioisomers is inconsequential with
regard to the stereoselectivity of the cyclization process. This
fact and the fact that regioisomers 12a,b and 16a,b gave the
same carbocycles 6 and 20, respectively, strongly suggest that
an equilibrium of allyl palladium complexes such as the one
shown in Scheme 1 takes place in the process.


Cyclization of allyl silanes with allyl trifluoroacetates : No
cyclization could be effected by the intramolecular attack of
allyl silanes on allyl acetates. Thus, the trimethylsilyl ana-
logues of substrates 11 ± 13 failed to react with palladium
catalysts. Similarly, substrates 25a ± c could not be cyclized
under any of the conditions examined (Scheme 7). However,
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Scheme 7. Formation of five-membered ring carbocycles by intramolecu-
lar coupling of allyl trifluoroacetates with allyl silanes. [a] [Pd/L]�
[Pd2(dba)3 ¥ dba] (5 mol%)/P(OCH2)3CEt (20 mol%), acetonitrile, 60 �C,
17 h.


the cyclizations of trifluoroacetates 26 ± 28 could be carried
out by using a palladium complex formed in situ from
[Pd2(dba)3 ¥ dba] and bicyclic phosphite P(OCH2)3CEt[25] as
the ligand in acetonitrile at 60 �C (Scheme 7). Addition of
LiCl was not required in this coupling reaction. In this case,
carbocycles 4, 6, and 7 were obtained in good to excellent
yields exclusively as the trans isomers.
The carbocyclizations of allyl silanes, although less general


than the reaction of allyl stannanes, proceed with high
stereoselectivity. In contrast to the Oppolzer cyclization, in
the cyclizations of allyl silanes and allyl stannanes, methyl
substitution at the C-2 or C-3 positions on either the
nucleophilic or the electrophilic allyl moieties is acceptable,
and the corresponding carbocycles are obtained in better
yields than with the unsubstituted substrates.


Mechanism of the allyl/allyl coupling: The reductive elimi-
nation step : Intramolecular transmetalation[31] of the (�3-
allyl)palladium complexes formed by the oxidative addition
of the allyl carboxylates to palladium(0) would initially form
complexes of type III (Scheme 1). Subsequent rapid equili-
bration might form bis(�1-allyl)palladium complexes IV and/
or V, as well as bis(�3-allyl)palladium complexes VII. To
determine the nature of the key intermediate(s) involved in
the C�C forming step by coupling of the allyl groups, we
decided to study the reductive elimination step using high-
level computational methods. In this regard, it is important to
note that Yamamoto has recently demonstrated that the
reductive elimination of bis(�3-allyl)palladium complexes is
triggered by the addition of PPh3 as the ligand, although the
actual number of phosphane ligands (one or two) on
palladium was not ascertained in that study.[17]


In principle, the reductive elimination process might take
place starting from bis(�3-allyl)-, (�1-allyl)(�3-allyl)-, or bis(�1-
allyl)palladium complexes. Hence, complexes VIII ±X were
used as models for the reagents involved in the reductive
elimination in the density functional theory (DFT) studies
leading to (1,5-hexadiene)palladium complexes XI ±XIV,
respectively (Scheme 8).
The possible mechanisms for the reductive elimination


were compared by determining the corresponding activation
energies. The results from bis(�3-allyl)palladium (VIII)[32] and
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Scheme 8. Reductive elimination form complexes VIII ±X.
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(�1-allyl)(�3-allyl)palladium IX complexes are summarized in
Figures 1 and 2. The reductive elimination from bis(�3-allyl)-
palladium (VIII) to XI is a high-energy process proceeding
through symmetrical TS1 (Ea� 36.6 kcalmol�1), which is in
accord with the experimental evidence (Figure 1).[17, 18] On the
other hand, a more favorable pathway was found for the
transformation of (�1-allyl)(�3-allyl)palladium complex IX
into XII proceeding through transition state TS2 (Ea�
23.4 kcalmol�1) (Figure 2).


Figure 1. Reaction coordinate for the reductive elimination of palladium
complex VIII.


The reactions of lowest activation barriers correspond to
the elimination from bis(�1-allyl)palladium complex X (Fig-
ure 3). In this case, three main possible mechanisms can be
envisaged depending on which carbon atoms of the two allyl
moieties are involved in the C�C bond formation (C1�C1�,
C1�C3�, or C3�C3�). Additionally, two possible arrangements
of the �1-allyl ligands (syn and anti) are possible for the
C3�C3� coupling. The resulting 1,5-hexadiene can be obtained
mono- or biscoordinated to [Pd(PH3)2] as in XIII and XIV or
free to yield [Pd(PH3)2] (XV) (Figure 3); all these are
exothermic processes. For this reason, IRC studies were not
performed from transition states TS3, TS4, or TS5. Under
equilibrium conditions, species XIV would be favored.
The four possible transition states have an arrangement of


ligands around Pd that lies between the square-planar one
observed in the reagents and the usual tetrahedral coordina-
tion for palladium(0) species. As can be seen in Figure 2, the
formation of a bond between C3 and C3� is significantly
preferred, regardless of the syn or anti arrangement of both


Figure 2. Reaction coordinate for the reductive elimination of palladium
complex IX.


allyl moieties (Ea� 11.1 and 8.5 kcalmol�1, respectively),
compared with the formation of C1�C1� or C1�C3� bonds
(Ea� 20.9 and 22.8 kcalmol�1, respectively). The preference
for the formation of C3�C3� bond was studied by natural
bonding orbital (NBO) analysis. This study shows that in both
transition states TS3 (anti and syn) there is significant C�C
double bond formation between C1 and C2, as well as
between C1� and C2�. The emerging � orbitals interact with
one of the Pd lone pairs. Thus, C2 and C2� participate in
bonding to the metal, leading to lower energies for transitions
states TS3.
On the other hand, the relatively high activation barrier for


allyl-allyl coupling from complex IX (23.4 kcalmol�1) may
explain why this type of complex preferentially reacts with
suitable electrophiles by reactions which proceed through
significantly lower computed activation energies.[18, 33]


The formation of IX from VIII, and X from IX by reaction
with PH3 is calculated to be slightly endothermic (�0.4 and
�2.4 kcalmol�1, respectively)[34] (Scheme 9). Hence, consid-
ering the difference between the activation energies for all the
elimination reactions starting from VIII ±X, it can be
concluded that in the presence of phosphanes, the reaction
would preferably occur from bis(�1-allyl)palladium complexes
of type X, even if these are the minor species in the equilibria.
In fact, addition of phosphanes to (�3-allyl)palladium com-
plexes leads to rapid ligand exchange[35] and, in some cases,
(�1-allyl)(�3-allyl)palladium(phosphane) complexes are the
prevailing species, which do not undergo reductive elimina-
tion.[13]







Pd-Catalyzed Intramolecular Coupling 3620±3628


Chem. Eur. J. 2002, 8, No. 16 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0816-3625 $ 20.00+.50/0 3625


Conclusion


The intramolecular coupling of allyl stannanes with allyl
carboxylates is a quite general procedure for the synthesis of
five- and six-membered-ring carbocycles. The intramolecular
coupling of allyl silanes allows the synthesis of five-mem-
bered-ring carbocycles and requires the use of the more
reactive allyl trifluoroacetates. The related Oppolzer cycliza-


tion, in which the C�C bond
formation takes place by inser-
tion of a (�3-allyl)palladium
complex into an alkene, leads
to lower yields, or fails com-
pletely, with substrates substi-
tuted at the C-3 position of the
allyl and/or the alkene termi-
nus. Interestingly, the intramo-
lecular coupling leads selective-
ly to trans five-membered car-
bocycles and cis six-membered
carbocycles, regardless of the
cis or trans configuration of the
allylic functions in the starting
material.
Theoretical work indicates


that the preferred pathway for
the intramolecular allyl/allyl
coupling is the formation of
the C�C bond between the
C-3 terminus of the allyl ligands
of a bis(�1-allyl)palladium com-
plexes, which is in agreement
with the fact that the cyclization
of substrates 11 and 16a pro-
ceeds in the presence of biden-
tate ligands such as dppf and
dppr. These results point to the
formation of bis(�1-allyl)palla-
dium macrocycles of type IV
(Scheme 1) (or its cis,trans and
cis,cis stereoisomers) as the
most reactive species for the
last step in the cyclization reac-
tions when phosphane com-
plexes are present in the reac-
tion medium. It is important to


stress that these conclusions pertain to the coupling in the
presence of donor phosphane ligands. In the absence of such
ligands,[11] other mechanisms might operate.


Experimental Section


General procedure for the cyclization of allyl carboxylates with alkenes
(Oppolzer cyclization): A solution of the corresponding acetate
(0.1 mmol), [Pd2(dba)3 ¥ dba] (0.005 mmol), and PPh3 (0.02 mmol) in HOAc
was heated at 80 ± 120 �C for the stated reaction times. After extractive
workup with EtOAc, the solvent was evaporated. The residue was purified
by chromatography (hexane/EtOAc 9:1) to give the carbocycle (Scheme 2).


General procedure for the cyclization of allyl stannanes : A solution of the
corresponding stannane (0.1 mmol), [Pd2(dba)3 ¥ dba] (0.005 mmol), PPh3
(0.02 mmol), and LiCl (0.3 mmol) in a mixture of DMF/H2O (99.5:0.5) was
stirred for 17 ± 19 h at 80 �C. After extractive workup (Et2O), the solvent
was evaporated. The residue was stirred inMeOHwith KF for 12 h at 23 �C,
and the residue was purified by chromatography (hexane/EtOAc 9:1) to
give the carbocycle (Schemes 3 and 4).


General procedure for the cyclization of allylsilanes : A solution of the
corresponding silane (0.1 mmol), [Pd2(dba)3 ¥ dba] (0.005 mmol), and
P(OCH2)3CEt (0.02 mmol) in MeCN (5 mL) was stirred for 14 h at 60 �C.


Figure 3. Reaction coordinate for the reductive elimination of palladium complex X.
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Scheme 9. Equilibria between (�1-allyl)- and (�3-allyl)palladium com-
plexes. Energies include zero-point correction.
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The solvent was then evaporated, and the residue was purified by
chromatography (hexane/EtOAc 9:1) to give the carbocycle (Scheme 7).


trans-1,1-Bis(phenylsulfonyl)-3,4-diethynylcyclopentane (4): White solid;
m.p. 139 ± 141 �C; 1H NMR (300 MHz, CDCl3): �� 8.09 ± 8.02 (m, 4H),
7.76 ± 7.69 (m, 2H), 7.65 ± 7.58 (m, 4H), 5.57 (ddd, J� 17.1, 10.3, 6.9 Hz, 2H),
5.05 (dd, J� 10.3, 1.5 Hz, 2H), 4.99 (dd, J� 17.1, 1.5 Hz, 2H), 2.71 (dd, J�
14.1, 5.8 Hz, 2H), 2.45 ± 2.31 ppm (m, 4H); 13C NMR (75 MHz, CDCl3):
�� 137.49, 136.34, 134.65, 131.43, 131.37, 128.76, 116.88, 91.55, 49.44,
37.93 ppm; elemental analysis calcd (%) for C21H22O4S2 (402.5): C 62.66, H
5.51, S 15.93; found: C 62.60, H 5.57, S 16.02.


cis-1,1-Bis(phenylsulfonyl)-3,4-diethynylcyclopentane (5):[36] White solid;
m.p. 78 ± 80 �C; 1H NMR (300 MHz, CDCl3): �� 8.07 (brd, J� 7.3 Hz, 4H),
7.71 (m, 2H), 7.60 (m, 4H), 5.71 (ddd, J� 16.9, 10.5, 8.1 Hz, 2H), 5.01 (dd,
J� 10.5, 1.6 Hz, 2H), 4.97 (dd, J� 16.9, 1.6 Hz, 2H), 3.01 (td, J� 13.0,
8.1 Hz, 2H), 2.67 (dd, J� 15.4, 7.3 Hz, 2H), 2.58 ppm (dd, J� 15.8, 7.3 Hz,
2H); 13C NMR (CDCl3, 75 MHz): �� 137.38, 136.07, 134.64, 134.51, 131.38,
131.32, 128.76, 128.68, 116.21, 93.87, 47.41, 36.92 ppm; HRMS (FAB): m/z
calcd for C21H22O4S2 [M�H]�: 408.1037; found: 408.1028.
trans-1,1-Bis(phenylsulfonyl)-3-ethenyl-4-(1-methylethenyl)cyclopentane
(6): White solid; m.p. 90 ± 93 �C; 1H NMR (500 MHz, CDCl3): �� 8.09 (d,
J� 7.6 Hz, 4H), 7.73 (br t, J� 7.6 Hz, 2H), 7.61 (br t, J� 7.8 Hz, 4H), 5.53
(ddd, J� 17.3, 10.3, 7.5 Hz, 1H), 5.01 (d, J� 10.3 Hz, 1H), 4.99 (d, J�
17.3 Hz, 1H), 4.80 (s, 1H), 4.70 (s, 1H), 2.68 (dd, J� 14.7, 6.9 Hz, 1H), 2.63
(dd, J� 15.1, 7.2 Hz, 1H), 2.51 (ddd, J� 18.6, 11.4, 7.2 Hz, 1H), 2.44 (dd,
J� 15.0, 11.9 Hz, 1H), 2.38 (dd, J� 14.7, 11.4 Hz, 1H), 2.31 (ddd, J� 18.8,
11.7, 6.9 Hz, 1H), 1.61 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): �� 142.51,
137.72, 136.37, 134.64, 131.38, 128.78, 116.57, 113,23, 91.19, 52.44, 47.02,
38.01, 37.06, 19.24 ppm; elemental analysis calcd (%) for C22H24O4S2
(416.6): C 63.44, H 5.81, S 15.39; found: C 63.21, H 5.61, S 15.39. 1H NMR
significant signals of cis isomer: �� 5.63 (ddd, J� 17.0, 9.6, 7.3 Hz, 1H), 4.97
(dd, J� 16.8, 1.9 Hz, 1H), 4.91 (dd, J� 10.0, 1.9 Hz, 1H), 4.63 (s, 1H), 3.20
(m, 1H).


trans-1,1-Bis(phenylsulfonyl)-3,4-di(1-methylethenyl)cyclopentane (7):
White solid; m.p. 165 ± 167 �C; 1H NMR (200 MHz, CDCl3): �� 8.08 (d,
J� 5.3 Hz, 4H), 7.74 (t, J� 7.9 Hz, 2H), 7.62 (t, J� 7.9 Hz, 4H), 4.77 (br s,
2H), 4.67 (br s, 2H), 2.65 ± 2.53 (m, 2H), 2.52 ± 2.44 (m, 4H), 1.60 ppm (s,
6H); 13C NMR (75 MHz, CDCl3): �� 142.79, 136.40, 134.64, 131.38, 128.79,
113.14, 90.80, 49.92, 37.12, 18.80 ppm; elemental analysis calcd (%) for
C23H26O4S2 (430.6): C 64.16, H 6.09, S 14.86; found: C 64.30, H 6.18, S 13.47.


cis-1,1-Bis(phenylsulfonyl)-3,4-diethynylcyclohexane (18): White solid;
m.p. 98 ± 100 �C; 1H NMR (500 MHz, CDCl3): �� 8.13 ± 8.10 (m, 2H),
8.10 ± 8.00 (m, 2H), 7.77 ± 7.71 (m, 2H), 7.66 ± 7.59 (m, 4H), 5.82 (ddd, J�
16.6, 10.9, 8.3 Hz, 1H), 5.70 (ddd, J� 17.3, 10.5, 6.9 Hz, 1H), 5.09 (dm, J�
16.6, 1H), 5.04 (dm, J� 17.3, 1H), 5.12 ± 5.03 (m, 2H), 3.19 ± 3.13 (m, 1H),
2.58 ± 2.54 (m, 1H), 2.53 ± 2.49 (m, 2H), 2.40 (dd, J� 15.24, 13.0 Hz, 1H),
2.28 ± 2.22 (m, 1H), 2.28 ± 2.22 (m, 1H), 2.21 ± 2.17 (m, 1H), 1.88 ± 1.80 ppm
(m, 1H); 13C NMR (75 MHz, CDCl3): �� 140.53, 136.32, 136.04, 135.06,
134.53, 134.39, 131.60, 131.13, 128.55, 117.69, 114.84, 88.02, 40.55, 38.79,
27.26, 26.19, 21.34 ppm; HRMS (FAB):m/z calcd for [C22H24S2O4]�: 417.112
[M�1]� ; found: 417.119. The structure of 18 was confirmed by COSY and
NOESY experiments. Selected NOE enhancements are shown in the
drawing.


(3R*,4S*)-1,1-Bis(phenylsulfonyl)-3,4-diethynyl-4-methylcyclohexane
(19): White solid; m.p. 123 ± 125 �C; 1H NMR (300 MHz, CDCl3): �� 8.09
(dd, J� 8.5, 1.2 Hz, 2H), 8.00 (dd, J� 8.5, 1.2 Hz, 2H), 7.74 ± 7.67 (m, 2H),


7.63 ± 7.56 (m, 4H), 5.91 (dd, J� 17.5, 11.1 Hz, 1H), 5.59 (ddd, J� 17.5, 9.9,
8.5 Hz, 1H), 5.09 (dd, J� 17.5, 2.0 Hz, 1H), 5.08 (dd, J� 10.1, 2.4 Hz, 1H),
5.07 (dd, J� 10.8, 1.6 Hz, 1H), 4.99 (dd, J� 17.4, 1.6 Hz, 1H), 2.80 (ddd, J�
12.1, 8.2, 3.8 Hz, 1H), 2.58 (ddd, J� 15.4, 14.0, 5.0 Hz, 1H), 2.41 (dd, J�
15.4, 12.9 Hz, 1H), 2.25 (m, 1H), 2.18 (dd, J� 14.5, 10.1 Hz, 1H), 2.11 (ddd,
J� 15.3, 2.4, 1.8 Hz, 1H), 1.69 (ddd, J� 14.5, 6.1, 3.0 Hz, 1H), 1.08 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): �� 139.05, 137.94, 136.35, 136.10, 134.51,
134.34, 131.55, 131.30, 131.13, 128.54, 117.10, 115.21, 87.90, 45.99, 37.43,
34.19, 28.08, 26.71, 22.70 ppm; HRMS (FAB): m/z calcd for [C23H26S2O4]:
431.127 [M�1]� ; found: 431.135. The structure of 19 was confirmed by
COSY and NOESY experiments. Selected NOE enhancements are shown
in the drawing.


(3R*,4S*)-1,1-Bis(phenylsulfonyl)-4-ethenyl-4-methyl-3-(methylethenyl)-
cyclohexane (20): White solid; m.p. 160 ± 162 �C; 1H NMR (300 MHz,
CDCl3): �� 8.11 ± 8.07 (m, 2H), 8.04 ± 8.00 (m, 2H), 7.74 ± 7.67 (m, 2H),
7.61 ± 7.31 (m, 4H), 6.12 (dd, J� 17.3, 11.1 Hz, 1H), 5.03 (dd, J� 11.1,
1.3 Hz, 1H), 5.00 (dd, J� 17.3, 1.3 Hz, 1H), 4.86 (q, J� 1.3 Hz, 1H), 4.74
(br s, 1H), 2.86 (dd, J� 13.6, 3.0 Hz, 1H), 2.71 (t, J� 15.1 Hz, 1H), 2.58
(ddd, J� 15.6, 14.0, 5.2 Hz, 1H), 2.31 ± 2.10 (m, 2H), 2.05 (dt, J� 15.0,
1.8 Hz, 1H), 1.67 (br s, 3H), 1.60 (ddd, J� 13.6, 5.2, 2.8 Hz, 1H), 1.07 ppm
(s, 3H); 13C NMR (75 MHz, CDCl3): �� 144.84, 140.22, 136.28, 136.18,
134.48, 134.32, 131.57, 131.12, 128.52, 128.47, 114.31, 114.25, 88.37, 48.68,
38.00, 36.55, 27.46, 26.30, 23.04, 22.38 ppm; elemental analysis calcd (%) for
C24H28O4S2 (444.6): C 64.83, H 6.35, S 14.42; found: C 64.42, H 6.12, S 14.51.


(3R*,4R*)-1,1-Bis(phenylsulfonyl)-4-ethenyl-4-methyl-3-(methylethenyl)-
cyclohexane (22): Significant NMR signals: 1H NMR (300 MHz, CDCl3):
�� 5.82 (dd, J� 17.4, 10.9 Hz, 1H), 4.94 (dd, J� 9.3, 1.2 Hz, 1H), 4.90 (m,
1H), 6.64 (m, 1H), 1.60 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): ��
147.81, 145.33, 134.40, 131.29, 113.34, 111.36, 88.18, 46.04, 34.72, 29.67, 24.91,
15.73 ppm.


(1R*,3S*,4R*)- and (1R*,3R*,4S*)-1-Ethenyl-2-methylethenyl-1-methyl-
4-phenylsulfonylcyclohexane (21): A mixture of 20 (100 mg, 0.22 mmol)
and Na(Hg) (6%, 128 mg, 0.67 mmol) in 1:1 MeOH/MeCN (5 mL) was
stirred at 23 �C for approximately 30 min (until metallic Hg was observed).
The mixture was diluted with CH2Cl2, washed with water, dried (Na2SO4),
and evaporated. The residue was purified by chromatography (hexane/
EtOAc 9:1) to give 21 (37 mg, 54%; 74% based on recovered starting
material) as a colorless oil (3:2 mixture of C-4 epimers) and recovered 20
(25 mg). 1H NMR (200 MHz, CDCl3): �� 7.90 ± 7.85 (m, 2H), 7.70 ± 7.50 (m,
3H), 6.16 (dd, J� 17.2, 10.8 Hz, 1H; major isomer), 6.10 (dd, J� 17.7,
10.3 Hz, 1H; minor isomer), 5.11 ± 4.90 (m, 2H), 4.84 ± 4.78 (m, 1H), 4.69
(br s, 1H; minor isomer), 4.62 (br s, 1H; major isomer), 3.23 (quint, J�
5.9 Hz, 1H; minor isomer), 3.10 ± 2.95 (m, 2H; major isomer), 2.51 (dd, J�
8.6, 4.8 Hz, 1H; minor isomer), 2.02 ± 1.60 (m, 6H), 1.65 (br s, 3H), 1.05 (s,
3H; minor isomer), 0.99 ppm (s, 3H; major isomer); 13C NMR (50 MHz,
CDCl3): �� 145.37, 143.90, 140.85, 137.41, 133.57, 129.07, 128.84, 128.67,
113.83, 113.72, 112.03, 63.62, 59.47, 53.98, 48.39, 39.71, 38.69, 38.41, 33.27,
27.07, 26.85, 26.34, 25.49, 24.19, 22.45, 21.37, 20.42 ppm; elemental analysis
calcd (%) for C18H24O2S (304.5): C 71.01, H 7.95, S 10.53; found: C 70.89, H
8.03, S 10.92.


(1R*,3S*,4R*)-1-Ethanoyl-4-ethenyl-4-methyl-3-methylethenylcyclohex-
ane (24): A solution of nBuLi (0.31 mL, 2.3� in hexane, 0.72 mmol) was
slowly added to a solution of 21 (200 mg, 0.66 mmol) in THF (5 mL) at
�78 �C. Ac2O (201 mg, 1.97 mmol) was added to the resulting pale yellow
solution, and the mixture was stirred for 1 min. The mixture was diluted
with Et2O, washed with water, dried (Na2SO4), and evaporated. The residue
was purified by chromatography (hexane/EtOAc 9:1) to give an insepa-
rable mixture of acetylated derivatives and starting material 21. This
mixture was dissolved in 1:1 MeOH/MeCN (5 mL) in the presence of
Na(Hg) (6%, 18 mg, 0.79 mmol) and Na2HPO4 (226 mg, 1.59 mmol) and
was stirred at 23 �C for approximately 1 h. The mixture was diluted with
CH2Cl2, washed with water, dried (Na2SO4), and evaporated. The residue
was purified by chromatography (hexane/EtOAc 10:1) to give 24 (53 mg,
39%; 95% based on recovered starting material) as a 9:1 mixture of C-1
epimers (C-7 epimers, elemol numbering). 1H NMR (200 MHz, CDCl3):
(major isomer) �� 6.25 (dd, J� 17.4, 11.4 Hz, 1H), 5.03 (dd, J� 11.4,
1.6 Hz, 1H), 4.97 (dd, J� 17.4, 1.6 Hz, 1H), 4.80 (m, 1H), 4.65 (m, 1H),
2.54 ± 2.38 (m, 1H), 2.15 (s, 3H), 2.05 ± 1.90 (m, 1H), 1.85 ± 1.30 (m, 6H),
1.68 (br s, 3H), 1.02 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): �� 211.56,
146.61, 141.93, 113.04 (2C), 54.83, 52.00, 40.72, 38.92, 36.60, 29.67, 28.09,
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27.24, 24.25, 22.50 ppm; elemental analysis calcd (%) for C14H22O (206.3): C
81.50, H 10.75; found: C 81.49, H 10.87.


(�)-10-epi-Elemol (23): Methylmagnesium bromide (0.05 mL, 3� in THF,
0.15 mmol) was added to a solution of 24 (15 mg, 0.07 mmol) in THF
(5 mL) at 0 �C. The mixture was stirred at 23 �C for 1 h. The mixture was
treated with water (1 mL), diluted with Et2O, washed with water, dried
(MgSO4), and evaporated. The residue was purified by chromatography
(hexane/EtOAc 10:1) to give 23 (13 mg, 82%) as a colorless oil and as a 9:1
mixture of C-7 epimers. 1H NMR (200 MHz, CDCl3): (major isomer) ��
6.26 (dd, J� 17.5, 11.1 Hz, 1H), 5.02 (dd, J� 11.4, 1.6 Hz, 1H), 4.97 (dd, J�
17.4, 1.6 Hz, 1H), 4.77 (br s, 1H), 4.64 (br s, 1H), 1.97 (dd, J� 11.5, 3.5 Hz,
1H), 1.90 ± 1.20 (m, 7H), 1.68 (br s, 3H), 1.19 (s, 6H), 1.01 ppm (s, 3H);
13C NMR (75 MHz, CDCl3): �� 147.54, 142.71, 112.45, 112.42, 72.72, 55.52,
49.48, 41.55, 38.95, 28.76, 27.20, 27.05, 23.05, 22.56 ppm.


Computational methods : The calculations were performed with the
Gaussian 98 series of programs.[37] The geometries of all complexes were
optimized at the DFT level using the B3LYP hybrid functional.[38] The
standard 6 ± 31G(d) basis set was used for C, H, O, and Cl, and the
LANL2DZ relativistic pseudopotential was used for Pd. Harmonic
frequencies were calculated at the same level of theory to characterize
the stationary points and to determine the zero-point energies (ZPE).
Intrinsic reaction coordinate calculations (IRC) were performed from TS1,
TS2, and TS5 to ensure that the transition states found actually connect the
proposed reagents and products. Natural bonding orbital (NBO) analysis
was used to study transition states TS3 and TS4.
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Probing the Stereointegrity of Trˆger×s Base–A Dynamic Electrokinetic
Chromatographic Study


Oliver Trapp,[a] Gabriele Trapp,[a] Jingwu Kong,[a] Uwe Hahn,[b] Fritz Vˆgtle,*[b] and
Volker Schurig*[a]


Abstract: Under acidic conditions the
enantiomers of Trˆger×s base 1 (2,8-
dimethyl-6H,12H-5,11-methanodiben-
zo[b,f][1,5]diazozine) are subject to
enantiomerization. During enantiose-
lective dynamic electrokinetic chroma-
tography using 10 m� hydroxypropyl-�-
cyclodextrin as the chiral mobile phase
additive in 50 m� tris/phosphate buffer
at pH 2.2, enantiomerization of Trˆger×s
base gives rise to characteristic elution
profiles featuring plateau formation and
peak broadening. Introduction of a per-


manent positive charge attributed to
quaternization in the monobenzylated
derivative of Trˆger×s base 2 (5-benzyl-
2,8-dimethyl-6H,12H-5,11-methanodi-
benzo[b,f][1,5]diazozinium bromide) de-
creases the enantiomerization barrier
significantly. To determine the rate con-
stants of enantiomerization the exper-


imental chromatograms were evaluated
by a direct calculation method and by
using the computer simulation program
ChromWin. From temperature-depend-
ent measurements the Eyring activation
parameters for 1 and 2were determined:
1: �G� (298 K)� 100.9� 0.5 kJmol�1,
�H�� 89.5� 2.0 kJmol�1, �S���42�
10 JK�1mol�1; 2 : �G� (298 K)� 90.2�
0.5 kJmol�1, �H�� 91.4� 2.0 kJmol�1,
�S�� 9.8� 10 JK�1mol�1.


Keywords: chirotopic nitrogen ¥
ChromWin ¥ computer simulation ¥
electrophoresis ¥ kinetics


Introduction


For more than a century Trˆger×s base has been one of the
most fascinating and stimulating chiral molecules in organic
chemistry. Ever since its first synthesis by J. Trˆger in 1887[1, 2]


it has been a lucid subject of intensive analytical and synthetic
research. After several unsuccessful attempts to elucidate the
structure of Trˆger×s base, Spielman finally determined the
correct structure in 1935 by synthesis and elemental analysis.[3]


Contrary to Meisenheimer×s suggestion that chirotopic nitro-
gen compounds fail to display optical activity due to
pyramidal inversion, Prelog and Wieland achieved the
successful enantioseparation of constrained Trˆger×s base by
liquid chromatography on a 0.9 m column containing lactose
hydrate, followed by fractional crystallization in 1944.[4] This
separation not only constitutes the first separation of an
asymmetrically substituted compound containing trivalent
nitrogen but also represents the first reproducible chromato-


graphic separation of an enantiomeric pair. The relative
stability of Trˆger×s base against inversion lies in its molecular
architecture which contains trivalent nitrogen as bridgehead
atoms. Owing to the blocked configuration of the two
stereogenic nitrogen atoms and the C2 symmetry of the
molecule only one pair of enantiomers is observed.


In recent developments, the theoretical and practical
application of Trˆgers base as a chiral solvating agent,[5, 6] a
molecular receptor,[7] and an auxiliary in enantioselective
reactions was revisited. Trˆger×s base and its analogues are
mostly derived in a one-step synthesis from the reaction of
toluidines or substituted anilines with formaldehyde, but in
the past few years, new Trˆger×s base analogues derived from
heterocyclic compounds have been reported.[8, 9] Some of
these Trˆger×s base analogues have been shown to interact
with DNA.[10±12] One reason for the increasing popularity of
Trˆger×s base is the rigid concave structure of the molecule
which provides an ideal chiral molecular armature[13] for the
construction of chelating and biomimetic systems[8, 14±23] or for
the synthesis of chiral molecular tweezers.[24] However, the
utilization as chiral agent, receptor, or auxiliary requires
stereointegrity under the desired conditions. As already
reported by Prelog and Wieland,[4] Trˆger×s base is prone to
racemization in presence of an acidic medium. Greenberg and
Molinaro proposed an enantiomerization mechanism via an
iminium intermediate but were unable to prove its existence
by NMR spectroscopy.[25]


Several groups tried to enhance the chromatographic
enantioseparation of Trˆger×s base; Prelog and Wieland only
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obtained 5.5% of both enantiomers from the racemate.
Successful methods were developed by using cellulose triace-
tate[26, 27] or (�)-poly(triphenylmethylmethacrylate)[28, 29] as
chiral selectors in high-performance liquid chromatography
(HPLC) or capillary electrochromatography (CEC), respec-
tively. The application of supercritical fluid chromatographic
(SFC) and gas chromatographic (GC) separations using
modified cyclodextrins (Chirasil-�-Dex)[30, 31] or the simulated
moving bed (SMB) separation of Trˆger×s base on amylose
carbamate derivatives (Chiralpak-AS) have also been report-
ed.[32]


Herein, we describe the determination of rate constants
k1


app, enantiomerization barriers �G�(T), and activation
parameters �H� and �S� of Trˆger×s base 1 (2,8-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazozine) and its
N-monobenzylated derivative 2 (5-benzyl-2,8-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazozinium bromide;
Scheme 1). For the determination of these parameters an


Scheme 1. Enantiomeric pairs of Trˆger×s base 1 and its N-monobenzy-
lated derivative 2.


elektrokinetic chromatographic (EKC) separation method
was developed in which hydroxypropyl-�-cyclodextrin was
used as a chiral mobile phase additive. By dynamic measure-
ments in acidic buffer medium (tris/phosphate buffer, pH 2.2)
and subsequent analysis of the experimental chromatographic
data by direct calculation[33] or computer simulation,[34] the
rate constants k1


app of the enantiomerization reaction were
obtained. From temperature-dependent measurements the
activation parameters �H� and
�S� were calculated by using
the Eyring equation. The enan-
tiomerization mechanism was
then elucidated by comparison
of the enantiomerization barri-
er �G�(T) and the activation
parameters �H� and �S�of the
permanently charged and un-
charged compounds.


Results and Discussion


Molecular interconversion occurring during the time scale of
chromatographic separation gives rise to characteristic elu-
tion profiles featuring plateau formation and/or peak broad-
ening, evident in peak fronting of the first and peak tailing of
the second eluted enantiomer.[35±40] The application of peak
form analysis through iterative comparison of experimental
and simulated chromatographic elution profiles allows the
determination of kinetic data for the enantiomerization
process. Generally a sophisticated computer simulation pro-
gram such as ChromWin[34] is required for the analysis of these
dynamic elution profiles. An approximation function (AF)
that allows the direct calculation of enantiomerization rate
constants of racemic mixtures from chromatographic param-
eters has recently been described.[33]


The application of the principle of microscopic reversibility
requires that the rates of enantiomerization of the corre-
sponding enantiomers are different in the presence of the
chiral stationary or pseudo stationary phase (KB�� KA�), that
is k1


stat� k�1
stat. This phenomenon arises from the fact that the


stereoisomers are discriminated, and hence separated, due to
a different thermodynamic Gibbs energy of the diastereo-
meric analyte ± selector complexes (��B,A�G�RT ln(KB/
KA))) as shown in Scheme 2 for a series of consecutive
theoretical plates.


Thus, whereas the second eluted enantiomer B is enriched
during the chromatographic time scale of separation, because
in the presence of the chiral pseudo stationary phase, that is
hydroxypropyl-�-cyclodextrin, it is formed more rapidly than
the first eluted enantiomer A (k1


stat� k�1
stat), no displacement


of the equilibrium between A and B occurs at constant
temperature as the second eluted enantiomer B is depleted to
a greater extent due to its longer residence time in the column.


In dynamic chromatography individual rate constants in the
achiral mobile phase and in the chiral stationary or pseudo
stationary phase cannot be distinguished. Therefore the
apparent rate constants k1


app and k�1
app, a weighted mean of


the rate constants in the mobile phase k1
mob (with k1


mob�
k�1


mob for enantiomerization) and the different rate constants
in the chiral pseudo stationary phase (CPSP) k1


stat and k�1
stat ,


are determined. The apparent rate constants k1
app and k�1


app


are defined as in Equation (1), with the retention factor k�


Scheme 2. Equilibria in a series of theoretical plates: A is the first eluted enantiomer, B is the second eluted
enantiomer, k represents the rate constant and K the distribution constant.
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being k�� (tR� tM)/tM and tR as
the total retention time and tM as
the migration time of the neu-
tral marker dimethylformamide.


Provided that the rate con-
stant in the mobile phase is
accessible by an independent
method, that is stopped-flow
experiments or polarimetric
studies, it is possible to calculate
the rate constants in the sta-
tionary liquid phase and to
quantify the influence of the
chiral selector on the enantio-
merization process as previously
described.[31, 43±45]


A prerequisite for the suc-
cessful determination of rate
constants k1


app is the quantita-
tive on-column separation of the
enantiomers in the respective
chromatographic setup. The
enantiomeric pairs of 1 and 2
could be separated by enantio-
selective electrokinetic chroma-
tography[46] (EKC) in the pres-
ence of 10 m� hydroxypropyl-�-
cyclodextrin as the chiral mobile
phase additive. The use of
50 m� tris/phosphate buffer at
pH 2.2, which enhanced the
enantiomerization process de-
scribed by Prelog and Wie-
land,[4] was found to be suitable
for the separation. The elution
order of 1 was determined to be
(S,S) before (R,R) by coinjec-
tion of enantiomerically pure 1.


From Figure 1 it is evident
that 1 displays distinct plateau
formation between 30 and 60 �C,
whereas 2 demonstrates this
typical elution profile already
between 0 and 30 �C. Even
though plateau heights and
enantiomerization barriers can-
not be correlated directly,[47, 48]


the similar elution times at
30 �C and the dramatic differ-
ence in the elution profile (al-
most baseline separation for 1
and a single broadened peak for
2 suggests a lower enantiomeri-
zation barrier for 2.


Selected experimental data
and apparent rate constants of the forward reaction k1


app


obtained by the direct calculation with the approximation
function (AF) and computer simulation with the improved
stochastic model (SM� ) of ChromWin are given in Table 1.


For the calculation of the activation parameters �H� and
�S� the mean values of ln(k/T) from at least six experiments
per temperature were plotted as a function of T�1 according to
the Eyring equation (Figure 2).


Figure 1. Enantiomerization of 1 (a) and 2 (b) at different temperatures: experimental chromatograms (top)
versus simulated chromatograms (bottom).


Table 1. Selected experimental data and rate constants obtained by direct calculation (AF) and computer
simulation (SM� ) of Trˆger×s base 1 and the N-monobenzylated derivative 2.


Compound T tRA tRB NAeff. NBeff. hPlateau k1
app(SM� ) k1


app(AF)
[�C] [min] [min] [%] [s�1] [s�1]


1 30 50.5 52.5 331000 287000 2 2.3� 10�5 2.3� 10�5


1 35 44.0 45.6 130000 117000 5 4.9� 10�5 4.8� 10�5


1 40 40.0 41.5 186000 174000 6 6.8� 10�5 6.3� 10�5


1 45 35.7 36.9 286000 263000 9 1.3� 10�4 1.2� 10�4


1 50 34.1 35.3 282000 236000 15 2.2� 10�4 1.9� 10�4


1 55 33.7 34.9 290000 242000 30 3.8� 10�4 3.7� 10�4


1 60 33.1 34.4 267000 169000 67 7.0� 10�4 6.7� 10�4


2 0 76.2 82.5 58000 96000 4 3.6� 10�2 3.6� 10�2


2 5 59.9 63.0 80000 131000 6 7.4� 10�2 7.4� 10�2


2 10 53.3 56.8 201000 169000 9 1.4� 10�1 1.4� 10�1


2 15 50.6 53.9 415000 375000 17 3.1� 10�1 3.1� 10�1


2 20 42.5 44.9 143000 237000 47 5.6� 10�1 5.5� 10�1


2 25 41.4 43.6 ± ± ± ± ±
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Figure 2. Eyring plots for the determination of �H�and �S� for 1 (a) and 2
(b) from the DEKC experiment.


The activation parameters, evaluated by linear regression of
the Eyring plots (agreement factors: 1: r2� 0.9995, 2 : r2�
0.9994), are given in Table 2 and Table 3. Owing to the
imprecision of the peak width caused by the data acquisition
system, chromatograms expressing plateau heights of more
than 60% were not used for the calculation of the activation
parameters. As expected from the experimental chromato-
grams as well as from theoretical considerations, the perma-
nently charged, N-monobenzylated derivative of Trˆger×s
base 2, shows a significant decrease in its stereochemical
stability (�G� (298 K)� 90.2� 0.5 kJmol�1) as compared to
the parent compound Trˆger×s
base (�G� (298 K)� 100.9�
0.5 kJmol�1). Taking into ac-
count the yet unproved enan-
tiomerization mechanism of
Trˆger×s base via an iminium
intermediate (Scheme 3), as al-
ready proposed by Greenberg
and Molinaro,[25] a charge sepa-
ration requiring a higher acti-
vation energy would occur for
Trˆger×s base 1, whereas a
charge shift requiring less acti-
vation energy would apply for
the N-monobenzylated deriva-
tive 2. Taking the acidic envi-
ronment of the buffer medium
into account a protonated spe-
cies of Trˆger×s base is expect-
ed. In this case a pre-equilibri-
um of protonation can be as-
sumed.


Experimental Section


Materials : The racemate of Trˆgers base 1 was obtained from Aldrich
(Steinheim, Germany). The N-monobenzylated derivative 2 was prepared
by one of us (U.H.). Hydroxypropyl-�-cyclodextrin was obtained from
Fluka (Buchs, Switzerland), tris(hydroxymethyl)aminomethane (tris) from
ICN (Irvine, CA, USA), sodium dihydrogenphosphate (99%) from Sigma
(Deisenhofen, Germany). HPLC grade methanol was purchased from
Merck (Darmstadt, Germany) and 18.2 M� high purity water used to
prepare the buffer solutions was obtained from a Millipore-Q system
(Millipore, Marlborough, MA, USA). Before use, all buffer and sample
solutions were passed through a 0.45 �m disposable filter cartridge
(Chromafil, Machery and Nagel, D¸ren, Germany).


Synthesis of 5-benzyl-2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]-
diazozinium bromide (2): Benzyl bromide 3 (0.12 mL, 1 mmol) was added
dropwise under argon atmosphere to a solution of (�)-5,6,11,12-tetrahy-
dro-2,8-dimethyl-5,11-methanodibenzo[b,f][1,5]diazozine (1; 250.4 mg,
1 mmol) in benzene (4 mL). The mixture was stirred for 48 h, and the
resulting colorless solid filtered off, washed with small amounts of hot
benzene, and dried under high vacuum to give 2 (328.6 mg) as a colorless
solid in 78% yield; m.p. 176.5 �C; 1H NMR (400 MHz, CDCl3, 25 �C): ��
2.04 (s, 3H; CH3), 2.12 (s, 3H; CH3), 3.92 (d, 2JH,H� 17.0 Hz, 1H; Ar-
CHaHb-N), 4.49 (d, 2JH,H� 17.0 Hz, 1H; Ar-CHaHb-N), 5.06 (d, 2JH,H�
11.3 Hz, 1H; Ph-CHaHb-N�), 5.24 (d, 2JH,H� 11.3 Hz, 1H; Ph-CHaHb-N�),


Table 2. Eyring activation parameters obtained for Trˆger×s base 1 and its
N-monobenzylated derivative 2 by temperature dependent measurement
and computer simulation (SM� ) of the experimental chromatograms.


Compound �G� (298 K) �H� �S�


[kJmol�1] [kJmol�1] JK�1mol�1


1 100.9� 0.5 89.5� 2.0 � 42� 10
2 90.2� 0.5 91.4� 2.0 10� 10


Table 3. Activation parameters for Trˆger×s base described in literature.


Method/conditions T �G� k1
app Ref.


[�C] [kJmol�1] [s�1]


racemization/water 25 98.5� 2 8.4� 10�5 [4]
DGC, Chirasil-�-Dex 25 117.8� 0.5 7.6� 10�9* [31]
sfMDGC, gas phase 25 112.8� 0.5 5.4� 10�8* [31]


[a] Calculated from the Gibbs free energy given in literature.


Scheme 3. Proposed enantiomerization mechanism of Trˆger×s base via an iminium transition state.
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5.29 (d, 2JH,H� 15.5 Hz, 1H; N-CHaHb-N�), 5.75 (d, 2JH,H� 15.5 Hz, 1H;
N-CHaHb-N�), 6.05 (d, 2JH,H� 13.3 Hz, 1H; Ar-CHaHb-N�), 6.29 (d, 2JH,H�
13.3 Hz, 1H; Ar-CHaHb-N�), 6.55 (s, 1H; Har), 6.62 (s, 4JH,H� 1.0 Hz, 1H;
Har), 6.91 (s, 4JH,H� 1.0 Hz, 2H; Har), 7.15 ± 7.29 (m, 4H; Har), 7.58 (d,
3JH,H� 7.1 Hz, 2H; Har), 8.77 ppm (d, 3JH,H� 8.9 Hz, 1H; Har); 13C NMR
(100.6 MHz, CDCl3, 25 �C): �� 20.7 (CH3), 20.9 (CH3), 57.5 (N-CH2-Ar),
65.7, 66.3 (N�-CH2-Ar, N�-CH2-Ph), 74.6 (N�-CH2-N), 121.8, 123.9, 124.1,
127.4, 127.5, 128.1, 128.4, 128.9, 130.1, 130.3, 130.4, 133.6, 135.5, 136.2, 139.9,
140.8 ppm (Car); FAB-MS, m-NBA, m/z (%): 341.2 (100) [M]� .


Instrumentation: The separation of enantiomers was carried out with a
Prince Unicam Crystal 300/31 capillary electrophoresis system equipped
with on-column UV-detector (Bischoff Lambda 1000, Leonberg, Germany)
and a thermostated laboratory-built water-cooling system with integrated
temperature control (Haake D8-GH, Haake, Karlsruhe, Germany).[48, 49]


Peak integration was carried out with a Chromatopak C-R6A integrator
(Shimadzu, Kyoto, Japan).


Dynamic electrokinetic chromatography: Separation of racemic Trˆger×s
base 1 and its N-monobenzylated derivative 2 was performed by employing
a fused silica capillary (Microquartz, Munich, Germany). The effective
length of the capillary was 95 cm (total length 112 cm), the temperature
regulated length was 76 cm, and the inner diameter was 50 �m. For all
separations 50 m� tris/phosphate buffer of pH 2.2 and 10 m� (14 mgmL�1)
hydroxypropyl-�-cyclodextrin as chiral mobile phase additive were used.
The temperature of the thermostated zone ranged from 30 �C to 60 �C for
Trˆger×s base 1 and from 0 �C to 30 �C for the benzylated derivative 2. Both
compounds were dissolved in methanol and stored at 4 �C for a maximum
of 14 days. Sample concentration was adjusted to 0.1 mgmL�1.


Injection was performed hydrodynamically by applying a pressure of
70 mbar for 2 s at the anodic side. A voltage of 30 kV was used for
separation. UV detection was performed at 210 nm. Between runs, the
capillary was conditioned by flushing with 0.1� sodium hydroxide solution
(5 min, 1 bar) followed by buffer solution for 10 min at 1 bar.


Direct calculation (AF): For the direct calculation of the approximated
apparent rate constant of the forward reaction and the enantiomerization
barrier the recently described approximation function kapprox


1 � f(tAR ,tBR,wA
h ,


wB
h,hplateau,N) [Eq. (2)] was used.[34] The validation of the approximation


function (AF) for DEKC experiments is described in reference [49].


In Equation (2) �i �
wi


h
���������


8ln2
� with i� {A, B} and �tR� tBR � A


R .


Computer simulation (SM� ): Computer simulation was performed with
the stochastic model plus (SM� ) of ChromWin.[34] For the calculation of
the enantiomerization barrier and the apparent rate constants k1


app, the
plateau height hplateau, peak width at half height wh, the total retention times
tR of the enantiomers and the hold-up time tM (using dimethylformamide as
a marker) were used as experimental input parameters.


As the enantiomerization process is defined as a reversible first-order
reaction, a statistical transmission factor � of 0.5[31, 50, 51] was used in the
Eyring equation for calculation of the enantiomerization barrier (or Gibbs
activation energy) �G�(T). Enantiomerization studies were performed at
different temperatures and according to the Gibbs ± Helmholtz equation,
the activation enthalpy �H�was obtained from the slope and the activation
entropy �S� from the intercept of the Eyring plot (ln (k/T) as a function of
T �1 [Eq. (3)].


In Equation (3), R is thes gas constant (R� 8.31441 JK�1mol�1), T is the
enantiomerization temperature [K], k1


app is the apparent rate constant of
the forward reaction, h is the Planck constant (h� 6.626176� 10�34 J s), � is
the transmission factor (�� 0.5), and kB is the Boltzmann constant (kB�
1.380662� 10�23 JK�1).
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Radical para-Benzoic Acid Derivatives: Transmission of Ferromagnetic
Interactions through Hydrogen Bonds at Long Distances


Daniel Maspoch,[a] Laure Catala,[a] Philippe Gerbier,[b] Daniel Ruiz-Molina,[a]
Jose¬ Vidal-Gancedo,[a] Klaus Wurst,[c] Concepcio¬ Rovira,[a] and Jaume Veciana*[a]


Abstract: Investigation of the transmis-
sion of magnetic interactions through
hydrogen bonds has been carried out for
two different benzoic acid derivatives
which bear either a tert-butyl nitroxide
(NOA) or a poly(chloro)triphenylmeth-
yl (PTMA) radical moiety. In the solid
state, both radical acids formed dimer
aggregates by the complementary asso-
ciation of two carboxylic groups though
hydrogen bonding. This association en-
sured that atoms with most spin density
are separated from one another by more
than 15 ä. Thus, no competing through-
space magnetic exchange interactions
are expected in these dimers and, hence,
they provide good models to investigate
whether noncovalent hydrogen bonds
play a role in the long-range transmis-
sion of magnetic interactions. The na-


ture of the magnetic exchange interac-
tion and their strengths within similar
dimer aggregates in solution was as-
sessed by electron spin resonance (ESR)
spectroscopy. In the case of radical
NOA, low-temperature ESR experi-
ments showed a weak ferromagnetic
interaction between the two radicals in
the dimer aggregates (which have the
same geometry as in the solid state). In
contrast, the corresponding solution
ESR study performed with radical
PTMA did not lead to any conclusive
results, as aggregates were formed by
noncovalent interactions other than hy-


drogen bonds. However, the bulkiness of
the poly(chloro)triphenylmethyl radical
prevented interdimer contacts in the
solid state between regions of high spin
density. Hence, solid-state measure-
ments of the � phase of PTMA radical
provided evidence of the intradimer
interaction to confirm the transmission
of a weak ferromagnetic interaction
through the carboxylic acid bridges, as
found for the NOA radical. Moreover,
crystallization of the PTMA radical in
presence of ethanol to form the � phase
of PTMA radical prevented the dimer
formation; this resulted in the suppres-
sion of this interaction and provides
further evidence of the magnetic ex-
change mechanism through noncovalent
hydrogen bonds at long distances.


Keywords: dimerization ¥ EPR
spectroscopy ¥ hydrogen bonds ¥
radicals ¥ through-bond interactions


Introduction


During the last decade, great interest has been focused on
purely organic magnetic materials,[1] stimulated by the dis-
covery of bulk ferromagnetism in �-nitronyl nitroxide deriv-
atives at low temperatures.[2] Since ferromagnetism is a
cooperative property, intermolecular magnetic interactions
between the spin-bearing molecules must be controlled.


Consequently, a well-designed purely organic magnetic ma-
terial depends on two aspects: 1) the capacity to control the
structural arrangement in the crystal and 2) the ability to
predict the magnetic interactions that are associated with each
arrangement. Crystal engineering through hydrogen bonds is
a powerful method for achieving the first condition; that is,
controlling the relative positioning of the neighboring mole-
cules through the formation of well-defined supramolecular
patterns in the solid state.[3] Nevertheless the role hydrogen
bonds play in the transmission of magnetic interactions is still
not completely understood. Several groups have taken
advantage of this noncovalent approach in designing organic
ferromagnets.[4±14] Most reported examples are based on �-
nitronyl nitroxide, �-imino nitroxide, or tert-butyl nitroxide
derivatives because of their high stability and the ability of
their nitroxide (NO) groups to act as acceptors of hydrogen
bonds. A strategy that has been used with these radicals
combines the nitroxide radical with a diamagnetic compound
that bears an appropriate hydrogen-bond donor group for the
formation of hydrogen-bonded networks.[4, 5] Nevertheless,
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this strategy leads to a dilution of the magnetically active units
in the solid and, therefore, to an increase of their separation,
which in turn decreases the strength of intermolecular
magnetic interactions. To avoid such drawbacks, the hydro-
gen-bond donor groups can be directly introduced on the
molecule that bears the radical, so that self-assembled
patterns can be formed directly between the paramagnetic
molecules. An alternative approach is to use magnetically
active transition metal ions as hydrogen-bond acceptor
species and those radicals as ligands. These approaches have
been successfully applied to nitroxide radicals with various
substituents such as phenol,[6] boronic acid,[7] imidazole,[8]


benzimidazole,[8, 9] triazole,[10] uracil,[11] pyrazole,[12] phenyl
acetylene,[13] or benzoic acid.[14, 16±19] Besides their structural
control, hydrogen bonds have also been shown to favor
magnetic exchange interactions between bound radical mol-
ecules. Thus, in the solid state, a few examples have illustrated
the propagation of magnetic exchange through strong (OH ¥¥¥
O) and weak (CH3 ¥¥¥ O) hydrogen bonds.[4, 6] Furthermore,


polarized neutron diffraction experiments, which were per-
formed on an �-nitronyl nitroxide acetylenic derivative, have
provided an example in which spin density is transferred
through the covalent framework from the NO group to a H
atom on a ethynyl group, which is involved in a intermolecular
hydrogen bond.[13] With the design of radical molecules that
bear hydrogen-bond donor and acceptor groups, the struc-
tural dimensionality of the material may be controlled to
some extent and, hence, also the propagation of the magnetic
interactions through the supramolecular structure. However,
the difficulty lies in the determination of the strength and
nature of the magnetic interaction through this supramolec-
ular pathway, since many other intermolecular interactions
compete in the solid state. An interesting way to avoid this
complexity is to obtain oligomers (dimers, trimers, etc.) with
well-defined geometries in solution, since such supramolec-
ular entities are isolated from each other and, therefore, other
types of intermolecular interactions would not be pres-
ent.[6e, 11, 12, 17] The main problem in these supramolecular
aggregates is that NO groups are often involved in hydrogen
bonds and this gives rise to cyclic dimers or trimers with their
regions of radical spin density quite close to one another. To
find suitable radicals that form hydrogen-bonded supramo-
lecular aggregates in solution and in which the radicals centers
are far enough away for a direct through-space magnetic
interaction, we designed the two open-shell para-benzoic acid
derivatives that bear either a tert-butyl nitroxide group in the
case of the radical NOA (1) or a polychlorinated triphenyl-
methyl radicalin the case the radical PTMA (2), as open-shell
moieties. The general trend of carboxylic acids to form dimers,
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both in solution and in solid state,[15] suggested that both
radicals would be ideal systems to show whether the
propagation of the magnetic exchange is efficient at a long
distance. Indeed, the ring pattern that they may form through
the two complementary carboxylic groups could prevent the
atoms with most of the radical spin density from approaching
each other. These compounds provide a good model for the
study of the magnetic exchange interaction through non-
covalent hydrogen bonds without perturbations from direct


Abstract in Catalan: La investigacio¬ de les transmissions
d×interaccio¬ magnõtica s×ha portat a terme utilitzant dos
derivats diferents d×‡cid benzoic, mÿs concretament les espõcies
radical‡ries nitro¡xid tert-butÌlic (NOA) i policlorotrifenilmetil
(PTMA). En ambdo¬s radicals, s×han observat agregats dimõ-
rics en estat so¡lid, formats per l×associacio¬ complement‡ria dels
grups carboxÌlics mitjanÁant enllaÁos d×hidrogen. Aquesta
associacio¬ assegura que els ‡toms amb major densitat d×espÌ
estiguin allunyats amb dist‡ncies mÿs llargues que 15 ä els uns
respecte als altres. Aquest fet origina que en aquests dÌmers no
s×esperin altres interaccions d×intercanvi magnõtic a travÿs de
l×espai, essent bons models per observar quin paper juguen els
enllaÁos d×hidrogen en la transmissio¬ d×interaccions magnõti-
ques a dist‡ncies llargues. Un altre camÌ per determinar la
naturalesa i forÁa de les interaccions d×intercanvi magnõtic era
estudiar la mateixa classe d×agregats en solucio¬ mitjanÁant
l×espectrosco¡pia de RPE. En el cas del radical NOA, experi-
ments de RPE a temperatura baixa van evidenciar la presõncia
d×interaccions ferromagnõtiques dõbils entre els dos radicals
dels agregats dimõrics, els quals tenen la mateixa geometria que
en estat so¡lid. A diferõncia, estudis similars de RPE amb el
radical PTMA no van portar a cap conclusio¬, degut a que en
solucio¬ es formaven altres agregats no covalents a mÿs dels de
naturalesa d×enllaÁos d×hidrogen. No obstant, degut a la
grand‡ria dels radicals policlorotrifenilmetÌlics, es van negligir
els contactes entre regions on la densitat d×espÌ ÿs mÿs elevada
entre diferents dÌmers en estat so¡lid. AixÌ, les mesures del
radical PTMA (fase alfa) en estat so¡lid van aportar evidõncies
clares sobre la interaccio¬ a dins d×un dÌmer, la qual va
confirmar la transmissio¬ d×interaccions ferromagnõtiques dõ-
bils a travÿs de ponts d×‡cid carboxÌlic, a l×igual que en el
radical NOA. A mÿs, la cristallitzacio¬ del radical PTMA en
presõncia d×EtOH, que do¬na lloc a la fase � del radical PTMA,
preveu la formacio¬ dels dÌmers, suprimint aixÌ aquesta
interaccio¬ i donant mÿs evidõncies del mecanisme d×intercanvi
magnõtic mitjanÁant enllaÁos d×hidrogen no covalents a
dist‡ncies llargues.
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through-space interactions. We describe herein the synthesis
and extensive magnetic studies, both in solution and in the
solid state, of these two radicals and show that magnetic
exchange interactions are transmitted efficiently through
the hydrogen bonds that form between the two COOH
groups.


Results and Discussion


Synthesis : Radical NOA was synthesized by a three-step
procedure from 1-[N-tert-butyl-N-(tert-butyldimethylsilox-
y)amino]-4-bromobenzene (3),[20] as shown in Scheme 1. The
carboxylic acid function was introduced by the reaction of
the lithiated derivative 4 with CO2 and then the removal of
the protecting group with fluoride ions. The oxidation of the
hydroxylamine 5 by PbO2 afforded the NOA radical (1) as a
crystalline red-orange solid. Red-orange needle-shaped
crystals were obtained by crystallization from dichloro-
methane. PTMA (2) was synthesized according to the
procedure described in the literature.[20] The crystallization
of this radical was performed by diffusion of hexane into a
dichloromethane solution of the radical to form the � phase as
red thin plates. This crystalline phase is a clathrate compound
that contains two molecules of dichloromethane in the unit
cell. The � phase was formed as red needles by slow
evaporation of a solution of the radical from EtOH. This
phase is also a clathrate compound that contains three
molecules of ethanol to two radicals.


Crystal structures : Radical NOA crystallizes in the P21/n
monoclinic space group and the cell parameters are reported
in Table 1. The asymmetric unit (Figure 1a) has a conforma-
tion in which the torsion angle between the benzene ring and
the carboxylic group is 3.8�. The normal to the plane defined
by the CarNO atoms makes an angle of 18.3� with the normal
to the phenyl ring. This value is well within the range of
crystallographic values for related molecules. Thus, this
radical adopts a nearly planar conformation, which seems to
be favored by the weak intramolecular hydrogen bonds
between the aromatic H atoms and the O atoms of carboxylic
acid (O2 ¥¥¥ HC4, 2.51 ä; C4-H-O, 98�) and the NO groups
(O3 ¥¥ ¥HC3, 2.37 ä; C3-H-O, 99�). In most of dimers pre-
viously reported for other carboxylic acids, the C�O and
C�OH atoms are often disordered,[22] and this gives rise to
apparent equivalent C�O bond lengths. However, in this case,
two nonequivalent C�O bonds are found (C8�O2, 1.237(2) ä
and C8�O3, 1.302(2) ä). These bond lengths correspond to
the C�O and C�OH bonds, respectively. Again, this feature


seems to be due to the weak intramolecular hydrogen bonds
which lock the oxygen of the C�O group in the O2 rather than
the O3 position.
Complementary hydrogen bonding between the two car-


boxylic groups of neighboring radicals (O2 ¥¥ ¥HO3, 1.64 ä;
O2-H-O3, 176�) generated, as the primary crystalline pattern,
the hydrogen-bonded dimers shown in Figure 2a. The eight-
membered ring formed by the hydrogen-bonded carboxylic
acid fragments lies in the plane of the benzene rings as the


torsion angle between the car-
boxylic group and the benzene
ring is small. Themolecules that
are related by the inversion
center of the unit cell are � ±�
stacked with a distance of
3.66 ä between the aromatic
rings. Furthermore, the mole-
cules are also related along the
a axis by two sets of weak
hydrogen bonds that involve


an aromatic H atom of one molecule and the NO (O1 ¥¥¥
HC3, 2.65 ä; C3-H-O, 134�) and carboxylic groups (O3 ¥¥ ¥
HC6, 2.57 ä; C6-H-O, 135�) of neighboring molecules. These
contacts connect the dimers together into distinct layers, A
and A�, within the ab plane; this constitutes the secondary
crystalline pattern (Figure 2b). Layers A and A� are further
connected along the c direction by two weak hydrogen bonds
between the tert-butyl and carboxylic groups of one molecule
(O2 ¥¥ ¥HC12, 2.60 ä; C12-H-O2, 170�) and the NO group
(O1 ¥¥ ¥HC13, 2.81 ä; C13-H-O1, 160�) of the neighboring
molecule. Finally, the long separation of the two NO groups
within the dimers is notable (15.15 ä), while the shortest
contact between NO groups is 6.08 ä between the N atoms of
the � ±� stacked molecules.
As already mentioned, radical PTMA crystallizes in two


polymorphs, � and �, which depend on the crystallization
conditions. The � phase crystallizes in the P1≈ triclinic space
group and the cell parameters are reported in Table 1. A
molecule of dichloromethane is included in the cell with the
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Scheme 1. Synthesis of the NOA radical.


Table 1. Crystallographic parameters of NOA and PTMA radicals.


NOA PTMA (� phase) PTMA (� phase)


formula C11H14N O3 C20.5H2Cl15O2 C23H10Cl14O3.50


Mr 208.23 811.97 838.61
lattice type monoclinic Triclinic Triclinic
space group P21/n P1≈ P1≈


a [ä] 6.8949(5) 8.8400(3) 8.816(2)
b [ä] 8.7147(3) 12.8188(5) 13.840(4)
c [ä] 18.377(1) 14.3719(6) 14.379(5)
� [�] 90 96.461(2) 66.645(8)
� [�] 92.427(2) 97.378(2) 79.87(2)
� [�] 90 98.607(2) 88.20(2)
V [ä3] 1103.23(11) 1582.44(11) 1584.2(8)
Z 4 2 2
�calcd [gcm�3] 1.254 1.704 1.758
T [K] 218 223 223
reflections measured 1626 4665 2138
reflections observed [I� 2�(I)] 1355 4058 1474
R1 [I� 2�(I)] 0.0374 0.0494 0.0743
R1 (all data) 0.0466 0.0605 0.1159
wR2 (all data) 0.1023 0.1852 0.1846
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Figure 1. ORTEP representations of molecules found in a) radical NOA,
b) the � phase of radical PTMA, and c) the � phase of radical PTMA in
which the two carboxylic groups are present with a probability factor of 0.5.


PTMA radical in a 2:1 ratio. This clathrate compound is
stabilized by a short Cl ¥¥ ¥ Cl contact (Cl15 ¥¥¥ Cl9, 3.44 ä). In
contrast to the NOA radical, the carboxylic group is
disordered as two equivalent C�O bond lengths (C�O1,
1.218(6) ä and C�O2, 1.230(6) ä) are found. The absence of
any stabilization of the C�O bond in one position by the weak
hydrogen bonds accounts for this difference. The torsion
angles between the mean planes of the three polychlorinated
aromatic rings and that of the three bridgehead and one
methyl C atoms (the reference plane) are 46, 51, and 55�.
These angles generate the propeller-shape conformation
which is usually found in this family of radicals (Figure 3a).[23]


Due to the steric hindrance from the chlorine atoms ortho to
the carboxylic group, the carboxylate is twisted by 88� with
respect to the phenyl plane to which it is bonded. The primary
crystalline pattern of the � phase is also a hydrogen-bonded


Figure 2. a) View of the hydrogen-bonded dimer formed by radical NOA
in the solid state b) View along the b axis of the primary and the secondary
crystalline patterns.


Figure 3. a) View of hydrogen-bonded dimer in the � phase of radical
PTMA. b) Representation along the a axis of the shortest contacts in the
molecular packing of � phase of PTMA.
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dimer formed through the two carboxylic groups (O1 ¥¥ ¥H-
O2, 1.955 ä; O1-H-O2, 144�), as shown in Figure 3a. These
dimers are connected to each other through short Cl ¥ ¥ ¥ Cl
contacts, as shown in Figure 3b. In the a direction there are
two such contacts (1 and 1�: Cl(9) ¥¥ ¥ Cl(1), 3.35 ä; Cl(10) ¥¥¥
Cl(13), 3.40 ä, respectively), whereas only one contact is
present in the b direction (2: Cl(4) ¥ ¥ ¥ Cl(7), 3.46 ä) and two
further contacts in the c direction are observed (3 and 3�:
Cl(2) ¥ ¥ ¥ Cl(8), 3.33 ä; Cl(5) ¥¥ ¥ Cl(5), 3.22 ä, respectively).
The shortest distance between the methyl C atoms of
neighboring radicals is found within the dimers at a length
of 15.36 ä.
In the � phase of radical PTMA, molecules crystallize in the


P1≈ triclinic space group and cell parameters are given in
Table 1. The PTMA molecules also adopt a propeller-shape
conformation with torsion angles of 45, 51, and 54� between
the mean planes of the aromatic rings and the reference plane.
The carboxylic acid group in this phase has an angle of around
89� with respect to the aromatic plane and is disordered with a
0.5 occupancy factor for the C12 and C2 atoms. This is shown
on the ORTEP view (Figure 1c). There are ethanol molecules
in the unit cell in a 1.5:1 ratio with PTMA and these form
three different hydrogen bonds with the carboxylic acid
(hydrogen bond 1: O2 ¥¥¥ H-O5, 2.39 ä; O2-H-O5, 109� ;
hydrogen bond 2: O1 ¥¥¥ H-O6, 2.52 ä; O1-H-O6, 124� ; and
hydrogen bond 3: O6 ¥¥ ¥ H-O1, 2.37 ä; O6-H-O1, 139�). There
is also an additional hydrogen bond between two of the EtOH
molecules (hydrogen bond 4 : O5 ¥¥ ¥ H-O6, 2.12 ä; O5-H-O6
142�). By bonding to the carboxylic group, EtOH prevents the
formation of the dimer aggregates of PTMA that are found in
the � phase. Thus, the primary crystalline pattern of the �


phase consists of two molecules of PTMA with three
molecules of EtOH in between them, as shown in Figure 4a.
These patterns are related to each other by short Cl ¥ ¥ ¥ Cl
contacts. In the a direction, two of such contacts are present (1
and 1�: Cl5 ¥¥ ¥ Cl4, 3.43 ä; Cl10 ¥¥¥ Cl13, 3.42 ä), whereas only
one such contacts is present in the b direction (2: Cl2 ¥¥ ¥ Cl11,
3.46 ä) and two others in the c direction (3 and 3�: Cl14 ¥¥¥ Cl8,
3.39 ä; Cl5 ¥ ¥ ¥ Cl5, 3.22 ä).


Magnetic characterization–ESR solution studies : To get an
overview of the unpaired electron delocalization on NOA and
PTMA radicals, as well as to study the supramolecular
aggregation they undergo in solution, X-band ESR spectra
of dilute fluid and rigid (frozen) solutions were recorded
under different experimental conditions.


Radical NOA : The room-temperature spectrum of NOA at a
concentration of 1.0� 10�4� in dichloromethane consists of
three overlapped groups of lines with 1:1:1 intensities, due to
the hyperfine coupling of the unpaired electron with the
nuclear spin of the N atom (Figure 5). The further splitting of
each of these groups of lines arises from the additional
coupling of the unpaired spin with the four H nuclei from the
aromatic ring (two equivalent ortho H and two equivalent
meta H nuclei). The coupling with the nine equivalent H
atoms of the tBu group is unresolved under these conditions.
The whole spectrum can be simulated with the isotropic
hyperfine coupling constants shown in Table 2; the simulated


Figure 4. a) View of hydrogen-bonded dimer in the � phase of radical
PTMA. The central EtOH molecules are disordered in the two depicted
positions. b) Representation along the a axis of the shortest contacts in the
molecular packing of � phase of PTMA.


Figure 5. ESR spectra of NOA in a dilute dichloromethane solution at
room temperature. Bottom: experimental spectrum: frequency:
9.392353 GHz; power: 5.090 W; modulation amplitude 0.2 G. The inten-
sities of the two starred lines change with temperature and concentration
(see text). Top: simulation of the spectrum, parameters in Table 2.


Table 2. Hyperfine coupling constants from simulation of ESR spectra of dilute
solutions of radicals NOA and PTMA.


Concentration aN aH-ortho aH-meta aC-methyl aC-ortho aC-bridgehead
[�] [Gauss] [Gauss] [Gauss] [Gauss] [Gauss] [Gauss]


NOA[a] 1.0� 10�4 11.57 2.13 0.92 ± ± ±
NOA[b,d] 5.3� 10�3 11.00 2.30 0.92 ± ± ±


5.50 1.15 0.46
NOtBu[b] 5.3� 10�3 12.50 2.14 0.92 ± ± ±
PTMA[c] 1.0� 10�4 ± ± ± 30.0 13.1 10.7
PTMA[b] 1.0� 10�4 ± ± ± 29.5 12.9 10.6
PTMCl[b] 5.3� 10�3 ± ± ± 29.5 12.9 10.5


[a] Performed in CH2Cl2 at room temperature. [b] Performed in CH2Cl2/toluene
(1:1) at 200 K. [c] Performed in CH2Cl2/toluene (1:1) at room temperature.
[d] Biradical:radical molar ratio was of 3.1:1.0.
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spectrum is shown on the top of Figure 5. An interesting
observation is the slight decrease in the hyperfine coupling of
the N atom in radical NOA with respect to that of the para
tert-butyl benzene derivative, NOtBu, which was obtained
under similar experimental conditions. This indicates that the
unpaired electron is somewhat more delocalized on the
aromatic ring of the radical NOA than in NOtBu, due to the
conjugation effect of the carboxylic group.[24, 25] The spectrum
of radical NOA varies significantly as the radical concentra-
tion and the temperature are changed; additional lines appear
at intermediate positions (starred in Figure 6) and increase in


Figure 6. ESR spectrum of dilute solution of NOA in toluene/dichloro-
methane at 180 K. Concentration: 5.3� 10�3 � ; frequency: 9.395658 GHz;
power: 1.016� 10�1 mW; modulation amplitude: 0.403 G.


intensity as the temperature is lowered or the concentration is
increased. These changes are reversible and indicate the
formation of other paramagnetic species due to an aggrega-
tion phenomenon; that is, the establishment of equilibrium
between radical molecules and supramolecular aggregates
that can be shifted towards the aggregates when temperature
is lowered or the concentration increased. The nature of these
aggregates was investigated with a 5.3� 10�3� solution of
NOA in dichloromethane/toluene (1:1 v/v). As shown in
Figure 6, the experimental spectrum at 180 K is reproduced
by the addition of the simulated spectrum of the monoradical
with that of a dimer in a molar ratio of 1:3. For the simulation
of the dimer, half the values of hyperfine coupling constants,
aN and aH, of the monoradical and its g factor were used.
Besides the dimeric nature of the aggregates, this result
suggested that the two unpaired electrons of the dimer
interact magnetically within the so-called ™strong exchange
limit∫ so that the exchange coupling constant J is much
greater than aN.[25b, 26] The dimeric nature of aggregates was
further confirmed by the spectrum of the frozen solution,
since both the fine structure and the half-field signal
characteristic of a triplet species (S� 1) were observed (vide
infra).
In principle, dimers of NOA may have several different


geometries that depend on the nature and strength of the
different interactions (� ±�, strong and weak hydrogen bonds,
etc.) which join the two radical moieties. Regardless of the
nature and strength of these interactions, aggregates must be
favored by increased radical concentration, so that above a
certain concentration level, several kinds of aggregates may
coexist. To exclude all aggregates formed by weak interac-
tions and to limit the study only to those linked by strong
hydrogen bonds, that is, aggregates formed by strong ni-
troxide/acid or acid/acid hydrogen bonds (see Scheme 2), it


Scheme 2. Schematic representation of potential dimer aggregates which
may form in solutions of NOA and PTMA radicals.


was important to determine the critical concentration below
which only strong hydrogen bonds occur. We used the radical
NOtBu,[24] as a reference molecule, as it cannot be involved in
any strong hydrogen-bond interactions and undergoes aggre-
gation through other weak interactions. The spectrum of a
5.3� 10�2� solution of radical NOtBu in dichloromethane/
toluene (1:1 v/v) did not show any intermediate lines at room
temperature; this suggested the unique presence of mono-
meric radicals. However, the frozen solution exhibited a half-
field signal, which revealed that other kinds of aggregates
form in solution. The solution was diluted to a value of 5.3�
10�3�, which ensured the absence of the half-field signal even
at low temperatures and showed that aggregation phenom-
enon did not take place. Consequently, this concentration was
adopted as the higher concentration limit for the study of the
hydrogen-bonded dimers of NOA. Figure 7 shows the ESR
spectrum of a frozen solution of NOA at 106 K at a
concentration of 5.3� 10�3� in dichloromethane/toluene
(1:1 v/v), in which the fine structure and half-field signal,
which correspond to the �mS�� 1 and �mS�� 2 transitions
of a triplet species (S� 1), respectively, are clearly observed.
The presence of hydrogen bonds in such triplet species was
confirmed by adding EtOH to the solution, which suppressed
the half-field signal and gave a completely different �mS�� 1
signal, which was simulated with the parameters from Table 3,
and which corresponds to a randomly oriented ensemble of
monomeric radicals.
As shown in Scheme 2, dimer aggregates which are linked


by strong hydrogen bonds may have either a linear or a cyclic
geometry. In the first case the two radical moieties could be
joined either by a single nitroxide/acid hydrogen bond
(aggregate a) or by two complementary acid/acid hydrogen
bonds (aggregate b), whereas in the cyclic case the radicals
would be joined by two complementary nitroxide/acid hydro-
gen bonds (aggregate c). At first glance, aggregate a seems
improbable, since the two other alternatives are energetically
more favored by the formation of two hydrogen bonds instead
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Figure 7. a) Experimental �mS�� 1 signal of NOA at 109 K (bottom).
Concentration: 5.3� 10�3� ; frequency: 9.405598 GHz; power: 1.016�
10�1 mW; modulation amplitude: 0.403 G. Simulated signal (top), param-
eters in Table 3. b) Temperature dependence of the peak ± peak intensity,
Ipp, plotted as IppT product versus T, which corresponds to the �mS�� 2
transition. The solid line is the best fit of the experimental data to the
Bleaney ±Bowers equation. Inset: Observed �mS�� 2 signal at 109 K.


of one. The most probable aggregates, diradicals b and c, can
be distinguished by their zero-field-splitting (ZFS) parame-
ters D� and E�.D� is related to the effective interspin distance,
r, which can be calculated from the distance between the spin-
bearing sites in the point dipole approximation byD�� 27887/
r3, in which D� is given in Gauss and r in ä. In contrast, the E�
parameter simply relates to the symmetry of the diradical.
Assuming that the spin density of aggregates b and c is mostly
localized in two points around the two NO groups, r will be
approximately twice the length for linear aggregate b than for
cyclic c ; therefore, the value of D� will be very different in
both types of aggregates.


Hence, from the D� value, obtained from the simulation of
experimental spectrum (see Table 3), a value of r� 16.2 ä was
determined for the dimer aggregates present in solution. This
value is close to the separation of the N and O atoms (rN�N�
15.1 ä and rO�O� 16.4 ä) determined in the solid state for the
b-type dimers. Alternatively, if type c aggregates were formed,
the separation would be less than 8 ä; hence this hypothesis
must be discarded. Another estimate of r of the of NOA
radical aggregates can be obtained from the relative intensity
of the signal of the half-field transition, I(�ms�� 2), to the
signal, I(�ms�� 1), of the allowed transition, since such a
relative intensity is directly proportional to r�6.[27] The
proportionality constant depends on the nature of radical
center, but in the case of the nitroxyl radical, which has an r
value of 9 ± 12 ä, it has been determined by Dubinskii et al.[28]


to be 38 ä6. Hence, the relative intensity, I(�ms�� 2)/
I(�ms�� 1), is obtained by the integration of the signal after
correction for the content of free monomer radical, and a
distance of 14.9 ä was determined. This result confirmed that
radical NOA forms aggregates of type b in solution.
Another important aim of this study was to determine the


nature and the strength of the magnetic exchange interactions
that propagate within the aggregates through the hydrogen
bonds at a long distance. To do so, the temperature depend-
ence of the peak-to-peak intensity (Ipp) of the half-field signal
was determined in the 4 ± 100 K temperature range. The IppT
product plotted against temperature (Figure 7b) revealed the
presence of ferromagnetic interactions within the dimers and
demonstrated that the triplet is the ground state. Finally, the
strength of the interactions within the dimer was determined
by fitting the temperature dependence of Ipp to the Bleaney ±
Bowers equation,[29] which gave a value for the exchange
coupling constant J/kB� 2.0� 0.5 K (using the Hamiltonian
� ��2J(SA ¥ SB)). This result demonstrates the efficiency of
the coupling through a hydrogen bond even at long distances
by using strongly delocalized radicals. The mechanism of
ferromagnetic interaction is not clear, but it could be
explained by the spin polarization mechanism (Scheme 3) if
a regular alternation of the spin density on all the nuclei of the
dimer with a significant value on the two H nuclei of
hydrogen-bonded CO2H groups is assumed.


N
O


C
O


O
N


O
C


O


OH


H


Scheme 3. Schematic representation of alternating spin densities in the
hydrogen-bonded dimers of radical NOA.


Radical PTMA : The room-temperature ESR spectrum of
radical PTMA in dichloromethane/hexane (1:1 v/v) shows one
central main line surrounded by few weak satellite lines
(Figure 8). These satellite lines originate from the hyperfine
coupling of the unpaired electron with magnetically active 13C
nuclei in natural abundance at the �, bridgehead, and ortho
positions. The experimental spectrum can be simulated by
using the isotropic hyperfine coupling constants reported in


Table 3. ESR parameters used for the simulation of �mS�� 1 signals of
monoradical and diradical aggregates of NOA in solution at 106 K.


Species Components Components D� E� Bpp


of g tensor of A tensor[c] [Gauss] [Gauss] [Gauss]


monoradical[a] gxx� 2.0070 Axx� 4.2 ± ± Bx� 8
gyy� 2.0070 Ayy� 4.2 By� 8
gzz� 2.0022 Azz� 26.3 Bz� 9


diradical[b] gxx� 2.0070 Axx� 2.1 6.5� 1 0.0 Bx� 15
gyy� 2.0070 Ayy� 2.1 By� 15
gzz� 2.0022 Azz� 13.0 Bz� 3.5


[a] In a 1:1 dichloromethane/toluene mixture with 3% of EtOH. [b] In a
1:1 dichloromethane/toluene mixture. [c] Components of the hyperfine
coupling tensor with the N nuclei, assuming that A and g tensors are
colinear.
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Figure 8. Experimental ESR spectrum (bottom) of a dilute solution of
PTMA in toluene/dichloromethane (1:1 v/v) at room temperature. Con-
centration: 1� 10�4 � ; frequency: 9.756698 GHz; power: 5.090� 10�1 mW;
modulation amplitude: 1.0 G. Experimental spectrum (middle) in which
the central line has been enlarged in order to observe the satellite lines.
Simulated spectrum (top), parameters in Table 2.


Table 2; the simulated spectrum is shown in Figure 8. No
significant differences were seen between the hyperfine
coupling constants of this radical and that of radical
PTMCl,[30] under similar experimental conditions; this indi-
cates that the replacement of a Cl atom by a COOH group
does not produce any noticeable change of the spin-density
distribution.
To study the hydrogen-bonding aggregation phenomenon


of radical PTMA in solution, the effect of concentration and
temperature on the ESR spectra were studied for this radical
and for reference radical PTMCl,[31] . ESR spectra, which were
obtained at 111 K for solutions of the PTMCl radical of
concentration 5.3� 10�3 and 2.7� 10�3� in a dichlorometh-
ane/toluene (1:1 v/v), contained a significant half-field signal
indicative of aggregate formation by interactions other than
hydrogen-bonding. This tendency is specific to this family of
compounds,[29] and may be explained by Cl ¥¥¥ Cl and � ¥ ¥ ¥�
interactions between aromatic rings of neighboring radicals,
as these interactions are always present in their crystal
structures. When the concentration of PTMCl was further
lowered to 1.0� 10�3�, no half-field signals were detected;
this suggests that at this critical concentration no aggregates
were formed. This limiting concentration was thus used to
study the aggregation of radical PTMA. However, at this
concentration the spectrum of PTMA did not exhibit a half-
field signal either, indicating that this concentration is also too
low to induce hydrogen-bonded dimers. In contrast with
NOA, no critical concentration was found in which only
hydrogen-bonded dimers of PTMA were formed without the
presence of other parasite aggregates.
To see if other information could be extracted about the


size and nature of the aggregates, the ESR spectra of a
concentrated solution of PTMA at 5.3� 10�2� was examined.
The ESR spectrum in isotropic conditions (fluid solution)
only showed the typical features of the monomer, although it
is possible that the presence of exchange narrowed lines from
dimers are hidden under the broad lines of monomer. In
frozen solution (Figure 9), a signal from �mS�� 1 was
observed as one weakly resolved line and there were no
significant changes in comparison to the spectrum from dilute
1.0� 10�3� solution. Interestingly, a �mS�� 2 half-field
signal was observed in the spectrum of the concentrated
solution as a broad unresolved line. As a consequence, we may


Figure 9. a) Experimental ESR �mS�� 1 signal of PTMA at 106 K.
Concentration: 5.3� 10�3� in CH2Cl2/toluene; frequency: 9.406904 GHz;
power: 3.212� 10�2 mW; modulation amplitude: 0.5 G. b) Temperature
dependence of the peak ± peak intensity, Ipp, plotted as IppT product versus
T, which corresponds to the �mS�� 2 transition. The solid line is the best
fit of the experimental data to the Bleaney ±Bowers equation. Inset:
Observed �mS�� 2 signal at 106 K.


confirm the presence of aggregates in concentrated solutions
of radical PTMA, but this result does not permitan assessment
of either the nature or the size of such aggregates due to the
poorly resolved spectra.


Solid-state studies: The static magnetic susceptibility, �, of
polycrystalline samples of both � and � phases of PTMA as
well as of radical NOA, was measured between 5 and 300 K
with a SQUID susceptometer. At room temperature, the �T
product values for all three samples agree with the theoretical
value of 0.375 emuK�1mol�1 for uncorrelated S� 1/2 moi-
eties. The paramagnetic susceptibility � of NOA, which is
plotted as �T product in Figure 10, decreases when the


Figure 10. Temperature dependence of the magnetic susceptibility � of
polycrystalline sample of NOAwhich is plotted as �T versus T. Solid line is
the best fit of the experimental data.


temperature is lowered below 50 K. This reveals the presence
of dominant antiferromagnetic interactions at low temper-
ature in the solid state. In the crystal structure, through-space
contacts between NO groups that bear most of the spin
density are longer than 6 ä; this suggests that the major
interactions are intradimeric. As described before, the ESR
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studies showed the propagation of weak ferromagnetic
interactions within the hydrogen-bonded dimers. Conse-
quently, an additional antiferromagnetic interaction, due to
interdimer interactions, competes with the ferromagnetic
intradimer interaction, giving rise to the resulting magnetic
behavior. Surprisingly, this additional interaction is stronger
than the intradimer interaction even when the centers are
far apart, and the behavior fitted well to a Curie ±Weiss law
with ���4.1 K. Examination of the crystal structure suggests
that the � ¥ ¥ ¥� stacking present between head ± tail dimers
may be responsible for this strong antiferromagnetic inter-
action.
The � phase of PTMA exhibits a paramagnetic behavior in


the 6 ± 200 K temperature range, and the onset of weak
ferromagnetic interactions below 6 K (Figure 11). To confirm


Figure 11. Temperature dependences of the magnetic susceptibility, �, of
polycrystalline samples of � (�) and � (�) phases of radical PTMAwhich is
plotted as �T versus T. Solid lines are the best fit of the experimental data.


this behavior, ESR measurements were performed on an
oriented single crystal of the � phase and revealed the same
trend. Hence, weak dominant ferromagnetic interactions are
present in this phase. The hydrogen-bonded dimers could be
responsible, as in the case of NOA, for the appearance of the
ferromagnetic interaction within the dimers. As only Cl ¥¥¥ Cl
contacts are present between the dimers and the distances
between them are quite large, it is possible that the dimers
behave as magnetically independent species. Therefore, the
Bleaney ±Bowers equation was used to fit the magnetic data
and gave the following exchange coupling constant, J/kB�
�0.5� 0.1 K. This value was later confirmed by fitting single-
crystal ESR data which gave a similar value, J/kB��1.6�
0.2 K. In order to validate the ferromagnetic nature of the
intradimer interaction, which could not be assessed by ESR
measurements in solution, the magnetic data of the � phase
was obtained and compared to those of the � phase. Indeed,
the � phase differs mainly from the � phase by the absence of
such hydrogen-bonded dimers. If these patterns were respon-
sible for the ferromagnetic interaction of the � phase, this
ferromagnetic interaction should not be present in the �


phase.
The �T product of the � phase of PTMA is plotted against


temperature in Figure 11, and shows a continuous decrease as
the temperature is lowered. This behavior was fitted to the
Curie ±Weiss law with a Weiss constant of � � � 0.80 K and
indicates of the presence of dominant antiferromagnetic


interactions. Cl ¥¥ ¥ Cl contacts may be responsible for this
weak antiferromagnetic interaction, as seen in other chlori-
nated triphenylmethyl radical derivatives.[23] Hence, the
comparison of the solid-state magnetic data of both phases
clearly showed that the propagation of a ferromagnetic
interaction occurs through the hydrogen bond that joins the
radicals.


Conclusion


The two open-shell benzoic acid derivatives PTMA and NOA
have been used to generate well-defined dimer aggregates in
solution, with the aim of investigating whether magnetic
exchange occurs at distances longer than 15 ä through
noncovalent hydrogen bonds. Such aggregates were found to
be present in solution for the NOA radical, and these
provided a direct assessment of the resulting ferromagnetic
magnetic exchange value. In the case of radical PTMA,
aggregates formed through other Cl ¥¥ ¥ Cl and � ¥ ¥ ¥� inter-
actions in solution, as shown by comparison with a reference
compound. Indeed, special care must be taken in the study of
aggregation and proper reference compounds must be used
for each type of radical to ensure that the working concen-
tration does not involve other types of aggregates than those
formed through hydrogen bonding. Despite this problem, the
exchange interactions were assessed by the consideration of
solid-state magnetic behavior. Indeed, the bulkiness of the
PTMA radical formed nearly isolated hydrogen-bonded
dimers in its � phase. Thus, the exchange interaction through
the long-range noncovalent pathway was investigated through
solid-state magnetic data and was shown to be ferromagnetic
as for NOA. Suppression of this interaction in the � phase, in
which dimers were not formed, gave further evidence that the
hydrogen-bonded dimers are the species uniquely responsible
for this interaction. This magnetic exchange interaction at a
long distance is more surprising in this case, since the COOH
groups are strongly twisted. Therefore, we have demonstrated
that exchange through hydrogen-bonded bridges can occur at
a long distance even in the cases of well-delocalized radicals.
Even if these noncovalent interactions remain weak, they can
play a role in the establishment of ordered magnetic materials
when two- and three-dimensional hydrogen-bonded networks
are present.


Experimental Section


Materials and methods : Solvents were distilled before use. In particular,
THF was dried over sodium/benzophenone, and distilled under Argon.
CO2 gas was dried over concentrated H2SO4 and molecular sieves (3 ä).
All the reagents were used as received and they were purchased from
Aldrich. Thin-layer chromatography (TLC) was performed on aluminum
plates coated with Merck Silica gel 60F254. Microanalyses were performed
by the Servei d×Analisi of the Universitat Auto¡noma de Barcelona. 1H and
13C NMR spectra were recorded on a Bruker ARX300 spectrometer, FT-
IR spectra on a Perkin ±Elmer Spectrum One spectrometer, UV-visible
spectra on a VARIAN Cary 5 instrument, and the MS spectra on a Jeol
JMS-DX300 instrument. The ESR spectra were recorded on X-band
Bruker spectrometer (ESP-300E). Temperature was measured by a
thermocouple introduced inside the tube, 1.5 cm from the bottom.
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Magnetic susceptibility measurements were obtained with a Quantum
Design SQUID magnetometer. Crystals were measured on a Nonius
KappaCCD diffractometer with an area detector and graphite-mono-
chromized MoK� radiation.


CCDC 175393 (radical NOA), 175394 (� phase, radical PTMA), and
175395 (� phase, radical PTMA) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk)..
1-[N-tert-Butyl-N-(tert-butyldimethylsiloxy)amino]-4-benzoic acid : A sol-
ution of tert-butyllithium (8.8 mL of a 1.7� solution, 15.0 mmol) was added
dropwise to 1-[N-tert-butyl-N-(tert-butyldimethylsiloxy)amino]-4-bromo-
benzene[21] (4.88g, 13.7 mmol) in THF (100 mL) at �80 �C. The resulting
yellow-orange mixture was stirred at this temperature for 1h and then
allowed to warm slowly to room temperature. The mixture was then cooled
to�30 �C, and CO2 was bubbled into the vigorously stirred solution until its
consumption ceased. The mixture was then acidified with a 2� HCl
solution until pH� 2. After the usual treatment, removal of the solvents
yielded 4.1 g of a cream semisolid which was purified by silica column
chromatography (dichloromethane) to give 3.8 g of a white microcrystal-
line solid. Yield: 85%; 1H NMR (250 MHz, CDCl3): �� 8.02 (d, 2H), 7.37
(d, 2H), 1.12 (s, 9H), 0.92 (s, 9H), �0.09 ppm (br s, 6H); MS FAB�
(NBA): m/z (%): 324 (30) [M��H]; elemental analysis calcd (%) for
C17H29NO3Si: C 63.12, H 9.04, N 4.33, Si 8.68; found C 63.16, H 9.10, N 4.29,
Si 8.81.


1-[N-tert-Butyl-N-(hydroxyl)amino]-4-benzoic acid : Hydrofluoric acid
(0.17 mL, 22�) was added to a solution of 1-[N-tert-butyl-N-(tert-butyldi-
methylsiloxy)amino]-4-benzoic acid (1.00 g, 3.0 mmol) in THF (10 mL).
The mixture was stirred under inert atmosphere for 1h and then
evaporated under vacuum to give 0.60 g of a white powder. Yield
92%; m.p.: 170 �C (decomp); 1H NMR (250 MHz, CD3COCD3) �� 7.97
(d, 2H), 7.37 (d, 2H), 1.22 ppm (s, 9H); MS FAB� (NBA): m/z (%): 210
[M��H]; IR (KBr) 	
 � 3246 (s, br, OH), 2971 (s, CH,tBu), 2650 (s, br, OH),
1686, 1606 (s, s, C�O), 1581 cm�1 (m, C�CAr); elemental analysis calcd
(%) for C11H15NO3: C 63.14, H 7.23, N 6.69; found C 63.11, H 7.15,
N 6.78.


1-[N-tert-Butyl-N-(oxyl)amino]-4-benzoic acid : Lead dioxide (1 g) was
added to a solution of 1-[N-tert-butyl-N-(hydroxy)amino]-4-benzoic acid
(0.5 g, 2.4 mmol) in ethanol (10 mL). The mixture was vigorously stirred for
1h and then filtered on a glass frit. Evaporation of the solvent gave 0.55 g of
a red solid, which was purified by silica chromatography (dichloromethane/
ethylacetate 50:50) to give 0.42 g of a red crystalline powder. Yield 84%;
m.p.: 162 ± 167 �C (decomp); MS FAB� (NBA):m/z (%): 207 (100) [M��
H]; IR (KBr) 	
 � 3116 (w, CH,Ar), 2978 (m, CH,tBu), 2667, 2558 (m, m,
OH), 1675, 1588 (s, s, C�O), 1563 (m, C�CAr), 1430 (s, �tBu); elemental
analysis calcd (%) for C11H14NO3: C 63.45, H 7.78, N 6.73; found C 63.57, H
6.42, N 6.45.
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A Novel One-Step Approach for the Preparation of �-Amino Acids,
�-Amino Amides, and Dipeptides from Azetidine-2,3-diones


Benito Alcaide,* Pedro Almendros, and Cristina Aragoncillo[a]


Abstract: A remarkable reaction of azetidine-2,3-diones with primary as well as
secondary amines, and water is presented. Simply by varying the nucleophile, an
unprecedented one-step synthesis of �-amino acids, �-amino amides, and dipeptides,
was developed in both the racemic and optically pure forms. The current mechanistic
hypothesis invokes a concerted process involving CO extrusion. However, a stepwise
pathway can also account for these novel transformations.


Keywords: amino acids ¥ asymmet-
ric synthesis ¥ cleavage reactions ¥
�-lactams ¥ peptides


Introduction


�-Amino acids play a central role in chemistry and biology. �-
Amino amides, like �-amino acids, are of medicinal value.[1] �-
Amino acids can be found almost anywhere in nature, most
evident as the building blocks of peptides and proteins, but
also extensively in other natural products.[2] The unusual
structures are mainly produced by microorganisms and have
evolved to interfere with biochemical pathways of other
organisms. In close analogy, a large number of unusual man-
designed amino acids have pharmaceutical applications or are
used to control plant growth and plant diseases. In addition,
the use of both natural and unnatural �-amino acids and their
derivatives as chiral reagents, auxiliaries, catalyst and ligands
for asymmetric synthesis is widely spread.[3] As a consequence
of their application to the fine chemical, agrochemical, and
pharmaceutical business sectors, the development of new
synthetic methods for the preparation of amino acids and
their derivatives in enantiomerically pure form has attracted
much attention.[4]


Recently, a number of investigations has been centered on
the preparation and reactivity of monocyclic azetidine-2,3-
diones, because of their use as building blocks in the synthesis
of biologically important �-lactam products.[5] In this context,
the antibiotics nocardicin A and sulphazecin, as well as
enzyme inhibitors, such as tabtoxin, are representative


examples. In addition to their interest in �-lactam antibiotics
synthesis, azetidine-2,3-diones are important starting materi-
als for the preparation of amino-acid derivatives. However,
little was known about their application in synthesis of the
C2 ±C3 bond cleavage of the �-lactam nucleus until Palomo
and colleagues elegantly merged into this field; they utilized
an azetidine-2,3-dione approach to �-amino acids.[6] This two-
step route starts with the Baeyer ±Villiger oxidation of
azetidine-2,3-diones to give N-carboxy anhydrides (NCA),
which, after coupling with amines or alcohols, produced �-
amino acid derivatives (Scheme 1).
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Scheme 1. Palomo×s two-step route from azetidine-2,3-diones to �-amino
acids. a) mCPBA, dichloromethane, �40 �C. b) MeOH, room temperature
or R3NH2, room temperature.


As part of our ongoing project on the synthesis of natural
products and derivatives of 2-azetidinones,[7] we decided to
pursue approaches to 3-substituted 3-amino-�-lactams be-
cause of their importance both as substrates for the ™�-lactam
synthon method∫ and for studies of biological activity. In
connection with this work, we wish to report here the
unexpected manner in which azetidine-2,3-diones and a
variety of primary as well as secondary amines undergo
reaction to give �-amino amides and dipeptides.[8] In addition,
a one-step metal-promoted synthesis of �-amino acids from
azetidine-2,3-diones is also described. The concise and con-
vergent approach described herein presents a practical
opportunity to connect the rapidly expanding fields of �-
lactam chemistry with �-amino acids and peptides.[9]


[a] Prof. Dr. B. Alcaide, Dr. P. Almendros, Dipl.-Chem. C. Aragoncillo
Departamento de QuÌmica Orga¬nica I
Facultad de QuÌmica
Universidad Complutense de Madrid, 28040 Madrid (Spain)
Fax: (�34)91-3944103
E-mail : alcaideb@quim.ucm.es


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author. It contains spectroscopic
and analytical data for compounds (�)-2a, (�)-2c, (�)-2d, (�)-2 f, (�)-
2 i, (�)-2n, (�)-8a, (�)-8b, (�)-10a, and (�)-10c ; as well as exper-
imental procedures for compound (�)-10b.
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Results and Discussion


Starting substrates, azetidine-2,3-diones 1, were prepared
both in racemic and in optically pure forms following our
previously reported methods. Racemic compound 1a was
obtained from 3-methylidene-4-phenyl-2-azetidinone by di-
hydroxylation followed by oxidative cleavage with NaIO4.[10]


Azetidine-2,3-diones 1b ± e were efficiently prepared in the
optically pure form from imines of (R)-2,3-O-isopropylidene-
glyceraldehyde, by a Staudinger reaction with acetoxyacetyl
chloride in the presence of Et3N, followed by sequential
transesterification and Swern oxidation (Scheme 2).[7e]
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Scheme 2. Preparation of azetidine-2,3-diones 1a ± d. a) OsO4, Me3NO,
acetone/water, RT. b) NaIO4, NaHCO3, dichloromethane, RT. c) Et3N,
AcOCH2COCl, dichloromethane, RT. d) NaOCH3, CH3OH, 0 �C.
e) i) (CO)2Cl2, DMSO, dichloromethane, �78 �C, 2 h, ii) Et3N.


Our initial aim was to explore the reactivity of azetidine-
2,3-diones 1 with various primary amines in order to obtain
the corresponding imines. However, to our surprise, under the
usual conditions utilized for imine formation, the reaction of
azetidine-2,3-dione (�)-1b with benzylamine provided the
enantiomerically pure �-amino acid derivative (�)-2e in a
reasonable yield (50%), instead of the expected imino-�-
lactam. When azetidine-2,3-dione (�)-1c was used instead of
the �-keto lactam (�)-1b, the reaction proceeded in the same
manner, giving �-amino amide (�)-2m in good yield (58%).
Similar results to those observed for the coupling of benzyl-
amine with azetidine-2,3-diones (�)-1b and (�)-1c were
obtained in the amine-mediated reaction of different sub-
stituted azetidine-2,3-diones 1 with allylamine as well as
propargylamine and p-anisidine (Table 1, Scheme 3).
Preliminary experiments were carried out under the usual


anhydrous conditions utilized for the formation of imines,
namely with MgSO4, but we then realized that this was not
necessary. Also, initial experiments with the most volatile
amines were carried out in a large excess (10 equiv). However,


we later performed the reaction with equimolecular amounts
of amine/substrate and obtained the same results as previ-
ously. Additionally, we carried out the experiments either
with or without argon and with or without rigorously dry and
degassed THF, obtaining similar results in all cases. This result
is in sharp contrast with the smooth reaction of related
indoline-2,3-diones with primary amines to afford imino-�-
lactams.[11] The different behavior of azetidine-2,3-diones and
pyrroline-2,3-diones may be caused by differences in the
carbinolamine presumably involved in the reaction, perhaps
the more strained four-membered ring has a greater tendency
to open.[12] Of particular interest was the reaction of azetidine-
2,3-diones with �-amino esters, such as glycine methyl ester,
alanine methyl ester, phenylglycine methyl ester, or �-alanine
methyl ester, showing the utility of this approach in the rapid
synthesis of optically pure dipeptides (Table 1, entries 8 ± 11
and 16). As a good example, the treatment of azetidine-2,3-
dione (�)-1b with (S)-phenylglycine methyl ester affords a
65% yield of peptide (�)-2k (entry 11) that has three chiral
centers. Compound (�)-2k showed a single set of signals in
the 1H NMR spectrum, thus proving that this transformation
proceeded without diminishing the stereochemical integrity.
In this way, �-amino amides and dipeptides can be smoothly
prepared in both the racemic and enantiopure forms (Table 1,
Scheme 3). The optical purities of the compounds 2 were
confirmed by the use of [Eu(hcf)3] in CDCl3 according to the
literature procedure.[13] Notably, the incorporation of func-
tionality into the ketone or the amine substrates does not
retard the reaction. In addition, both aryl and alkyl amines
can be employed. Thus, it now appears that the initial
Baeyer ±Villager oxidation of the azetidine-2,3-dione moiety
in the Palomo×s two-step route to amino acids is super-
fluous.[14]


From a mechanistic point of view, our results could be
explained as illustrated in Scheme 4 (stepwise process) or
Scheme 5 (concerted process). According to Scheme 4, this
transformation could be rationalized through an initial
nucleophilic addition of the amine to the ketone moiety of
the azetidine-2,3-dione 1 to form an intermediate carbinol-
amine 3. This intermediate 3 may react through two different
pathways to give the expected 3-imino-�-lactam 4 or the
intermediate 5, but presumably evolves to the fused aziridine-
�-lactam 5. We believe that the N1 ±C2 bond of intermediate
5 should be very labile, evolving to aziridinone 6. Under the
reaction conditions employed, compound 6 furnishes the N-
formyl-amide 7. Intermediate 7 appears as the final, not
isolable product, in the reaction. It is well-known that N-
formyl amides that are related to 7 smoothly loose CO under
basic conditions to give the corresponding NH amides.[15]


We thought that the reaction could proceed with rate
enhancement by heating in a sealed tube at 90 �C. Indeed, we
found that in most of the tested cases the thermal process
proceeded faster than the reaction at room temperature,
which may well favor a concerted CO extrusion (Scheme 5).
However, as the temperature increased there was concom-
itant formation of unidentified side products.
In order to obtain more information about the correct


mechanism, we decided to carried out the reaction between
azetidine-2,3-diones 1 and secondary amines. Indeed, we


Abstract in Spanish: Se describe una notable reaccio¬n de
azetidin-2,3-dionas con aminas primarias o secundarias, o con
agua. Con un simple cambio del nucleo¬filo se puede conseguir
una sÌntesis sin antecedentes de derivados de �-aminoa¬cidos en
una etapa. Se pueden preparar �-aminoa¬cidos, �-aminoamidas
y dipe¬ptidos, tanto en forma race¬mica como o¬pticamente pura.
El mecanismo ma¬s probable debe ser un proceso concertado
con extrusio¬n de CO. Sin embargo, un camino de reaccio¬n por
etapas tambie¬n podrÌa justificar esta novedosa transformacio¬n.
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Scheme 3. One-step preparation of �-amino amides and dipeptides from
azetidine-2,3-diones and primary amines. a) R3NH2, THF, room temper-
ature. b) R3NH2, THF, sealed tube, 90 �C.


observed disappearance of the �-keto lactam moiety and
appearance of tertiary �-amino amides 8 (Scheme 6). As
before, this new transformation that involves secondary


amines was amenable to the preparation of enantiomerically
pure �-amino amides (8a ± c) and dipeptides (8d). Thus,
proving again that this reaction proceeded without detectable
racemization. If the corresponding tertiary �-amino amides
were formed by a stepwise pathway, quaternary ammonium
salt intermediates (compound types 5 ± 7 in Scheme 4) should
be involved. This is hard to believe, and points to the
concerted process (Scheme 5) as the more likely pathway.
We sought to explore the reactivity of �-keto lactams 1 with


different nucleophiles, taking into account the smooth reac-
tion between azetidine-2,3-diones and primary and secondary


Table 1. One-step synthesis of �-amino amides and dipeptides 2 from azetidine-2,3-diones 1.[a]


Entry Substrate R1 R2 R3 Product Yield [%][b]


1 (�)-1a PMP Ph PhCH2 (�)-2a 45


2 (�)-1a PMP Ph (�)-2b 77


3 (�)-1a PMP Ph (�)-2c 49


4 (�)-1a PMP Ph MeO2C (�)-2d 60


5 (�)-1b PMP OO PhCH2 (�)-2e 50


6 (�)-1b PMP OO (�)-2 f 45


7 (�)-1b PMP OO (�)-2g 48


8 (�)-1b PMP OO MeO2C (�)-2h 50


9 (�)-1b PMP OO MeO2C


MeH
(�)-2 i 55


10 (�)-1b PMP OO
MeO2C (�)-2 j 48


11 (�)-1b PMP OO MeO2C


PhH
(�)-2k 65


12 (�)-1b PMP OO MeO (�)-2 l 59


13 (�)-1c 2-propenyl OO PhCH2 (�)-2m 58


14 (�)-1c 2-propenyl OO (�)-2n 42


15 (�)-1d 2-propynyl OO PhCH2 (�)-2o 50


16 (�)-1e benzyl OO MeO2C


MeH
(�)-2p 43


[a] PMP� 4-MeOC6H4. [b] Yield of pure, isolated product with correct analytical and spectral data.
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Scheme 4. Mechanistic explanation for the formation of �-amino acids
derivatives by a stepwise process.
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Scheme 5. Mechanistic explanation for the formation of �-amino acids
derivatives by a concerted process.
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Scheme 6. One-step preparation of tertiary �-amino amides and dipep-
tides from azetidine-2,3-diones and secondary amines. a) R2R3NH, THF,
RT. b) R2R3NH, THF, sealed tube, 90 �C.


amines. This is not the case for the use of alcohols or water.
Fortunately, the treatment of azetidine-2,3-dione (�)-1b with
sodiummethoxide/methanol led to the clean coupling of these
fragments into the �-amino ester (�)-9 (Scheme 7). However,
analysis of the crude by 1H NMR spectrum revealed
concurrent partial epimerization (5%) in compound (�)-9.
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Scheme 7. One-step preparation of �-amino ester 9 from azetidine-2,3-
dione 1a and sodium methoxide/methanol. a) MeONa, MeOH, RT.


From the variety of synthetic transformations mediated by
transition metals, processes involving cleavage of C�C single
bonds are among the most difficult to achieve.[16] Hence, their
development remains an important challenge in organic
chemistry. We attempted the reaction with water in the
presence of some transition metals because the substrates 1
presently employed benefit from relief of the structural strain.
Among the various metals and conditions studied, the best
combination seemed to be cadmium/ammonium chloride in
wet methanol (5% water). Addition of metal is essential to
obtain compounds 10. In the absence of metallic promoter, no
�-amino acid was formed. Increasing the reaction temper-
ature from 20 to 65 �C lowered the conversion of azetidine-
2,3-diones 1 to �-amino acids 10, because a high proportion of
reduction product of the ketone moiety was obtained. The
presence of ammonium chloride is crucial; this may be
attributed to changes in the ionic strength of the solvent.[17]


The azetidine-2,3-dione moiety then reacts with water to form
the corresponding �-amino acids 10 (Table 2, Scheme 8).
Other examples of the metal-promoted �-amino acid forma-
tion are listed in Table 2. Indium and manganese gave erratic
results because sometimes the reaction proceeded efficiently,
but complex mixtures of unidentified products were obtained
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Scheme 8. Metal-promoted one-step preparation of �-amino acids 10
from azetidine-2,3-diones 1. a) Metal, NH4Cl, MeOH (containing 5%
water), RT.


Table 2. Metal-promoted one-step synthesis of �-amino acids 10 from
azetidine-2,3-diones 1.[a]


Entry Substrate R1 R2 Metal Product Yield
[%][b]


1 (�)-1a PMP Ph Cd (�)-10a 45


2 (�)-1b PMP OO Cd (�)-10b 58


3 (�)-1b PMP OO In (�)-10b 42


4 (�)-1b PMP OO Mn (�)-10b 33


4 (�)-1d 2-propynyl OO Cd (�)-10c 35


5 (�)-1e benzyl OO Cd (�)-10d 57


[a] PMP� 4-MeOC6H4. [b] Yield of pure, isolated product with correct
analytical and spectral data.
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in the majority of the tested cases. When zinc was used instead
of cadmium, reduction products of the ketone moiety were
always isolated. Tin and bismuth failed to produce any desired
product when they were used as metal promoters.
Because water is an economical solvent, we decided to


increase the amount of water in the coupling reaction by the
use of a MeOH/NH4Cl (aq. satd.) (1:5) or THF/NH4Cl (aq.
satd.) (1:5) mixed solvents. Although complete conversion
was observed by TLC and 1H NMR analysis of the crude
reaction mixtures, the isolated yields (12 ± 18% yield) were
not as good as before. The high polarity of �-amino acids 10
and subsequent high water solubility may be responsible for
the modest isolated yields in the aqueous reaction media. A
plausible rationale for this azetidine-2,3-dione behavior is that
chelation of the ketone and amide moieties in the metal
presence activates the ketone group as effectively as required
for water attack. Concerted CO extrusion produces the �-
amino acids 10 (Scheme 9).
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Scheme 9. Mechanistic explanation for the formation of �-amino acids 10
by a concerted process.


Conclusion


In conclusion, the reaction of azetidine-2,3-diones with
primary as well as secondary amines, and water is a novel
method for the one-step production of �-amino acids, �-
amino amides, and dipeptides from azetidine-2,3-diones. This
unprecedented transformation allows variability of the struc-
ture and facile incorporation of functional groups. The
coupling reaction into an amino-acid unit is extremely simple
in execution and workup, and is of considerable potential for
the synthesis of �-amino acid derivatives, in both the racemic
and optically pure forms.


Experimental Section


General methods : 1H NMR and 13C NMR spectra were recorded on a
Bruker AMX-500, Bruker Avance-300, Varian VRX-300S or Bruker AC-
200. NMR spectra were recorded in CDCl3 solutions, unless otherwise
stated. Chemical shifts are given in ppm relative to TMS (1H, �� 0.0), or
CDCl3 (13C, �� 76.9). Low- and high-resolution mass spectra were
recorded on a HP5989A spectrometer operating in the chemical ionization
mode (CI) unless otherwise stated. Specific rotation [�]D is given in � at
20 �C, and the concentration (c) is expressed in g100 mL�1. All commer-
cially available compounds were used without further purification.


Reactions between primary amines and azetidine-2,3-diones 1. General
procedure for the synthesis of �-amino amides and dipeptides 2 :


Method A : A solution of the appropriate amine (0.5 mmol) in THF
(0.1 mL) was added to a solution of the corresponding azetidine-2,3-dione 1


(0.5 mmol) in THF (5 mL) and the solution was stirred at room temper-
ature for 2 ± 24 h. Compounds (�)-2b and (�)-2m required a longer
reaction time (3 and 4 d, respectively). The solvent was removed under
reduced pressure and the residue was purified by flash chromatography
(hexanes/ethyl acetate or dichloromethane/ethyl acetate) to give analyti-
cally pure 2. Spectroscopic and analytical data for some representative pure
forms of 2 are given below.[18]


Method B : A solution of the appropriate amine (0.5 mmol) in THF (1 mL)
was added to a solution of the azetidine-2,3-dione 1 (0.5 mmol) in THF
(5 mL) and the solution was heated in a sealed tube at 90 �C for 2 ± 6 h. The
reaction mixture was allowed to cool to room temperature, the solvent was
removed under reduced pressure, and the residue was purified by flash
chromatography (hexanes/ethyl acetate or dichloromethane/ethyl acetate)
to give analytically pure 2.


(SR)-2-(4-Methoxyphenylamino)-2-phenyl-N-allyl-methanecarboxamide
[(�)-2b]: Method B : The reaction of azetidine-2,3-dione [(�)-1a, 44 mg,
0.17 mmol] gave (�)-2b (39 mg, 77%) as a colorless oil after purification
by flash chromatography (hexanes/ethyl acetate 2:1). 1H NMR (200 MHz,
CDCl3, 25 �C): �� 7.24 (m, 5H), 6.91/6.79 (dd, J� 6.6, 2.2 Hz, each 2H),
5.75 (m, 1H), 5.15 (m, 2H), 4.89 (s, 1H), 3.81 (t, J� 1.2 Hz, 1H), 3.77 (s,
3H), 3.75 (br s, 1H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 162.3, 158.8,
136.1, 134.6, 133.1, 128.9, 128.4, 127.9, 127.7, 116.9, 114.1, 55.2, 54.9, 41.6; IR
(CHCl3): �� � 3350, 3202, 1651 cm�1; MS (CI): m/z (%): 297 (100) [M�H]� ,
296 (17) [M]� ; elemental analysis calcd (%) for C18H20N2O2 (346.4): C
72.95, H 6.80, N 9.45; found: C 72.87, H 6.82, N 9.48.


Method A : Azetidine-2,3-dione [(�)-1a, 44 mg, 0.17 mmol] and chroma-
tography of the residue (hexanes/ethyl acetate 2:1) gave (�)-2a (37 mg,
73%) as a colorless oil.


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]-N-benzyl-methanecarboxamide [(�)-2e]: Method A : Azetidine-2,3-
dione [(�)-1b, 183 mg, 0.624 mmol] and purification by flash chromatog-
raphy (hexanes/ethyl acetate 6:4) gave (�)-2e as a colorless solid (112 mg,
50%). M.p. 111 ± 112 �C (hexanes/ethyl acetate). [�]D��41.7 (c� 1.0 in
CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.39 (br s, 1H), 7.26 (m,
5H), 6.79/6.59 (d, J� 9.0 Hz, each 2H), 4.62 (dd, J� 11.1, 5.7 Hz, 1H), 4.53
(dd, J� 15.1, 5.7 Hz, 1H), 4.43 (dd, J� 15.1, 5.7 Hz, 1H), 4.31 (br s, 1H),
4.13 (dd, J� 8.8, 6.7 Hz, 1H), 4.01 (dd, J� 8.8, 5.7 Hz, 1H), 3.74 (s, 3H),
3.70 (d, J� 4.4 Hz, 1H), 1.47/1.38 (s, each 3H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 171.1, 153.3, 140.9, 137.9, 128.5, 127.4, 127.3, 115.1, 114.9, 109.8,
75.7, 66.8, 62.4, 55.7, 43.1, 26.5, 24.7; IR (KBr): �� � 3350, 3200, 1650 cm�1;
MS (CI): m/z (%): 371 (100) [M�H]� , 300 (29) [M]� ; elemental analysis
calcd (%) for C21H26N2O4 (370.5): C 68.09, H 7.07, N 7.56; found: C 68.17, H
7.09, N 7.58.


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]-N-propargyl-methanecarboxamide [(�)-2g]:Method B : Azetidine-2,3-
dione [(�)-1b, 65 mg, 0.22 mmol] gave (�)-2g as a colorless oil (34 mg,
48%) after purification by flash chromatography (hexanes/ethyl acetate
2:1). [�]D��8.5 (c� 0.8 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 6.60/6.81 (dd, J� 6.6, 2.2 Hz, each 2H), 4.58 (dd, J� 10.9, 5.6 Hz, 1H),
4.31 (d, J� 3.4 Hz, 1H), 4.09 (m, 2H), 4.07 (dd, J� 5.6, 2.7 Hz, 1H), 3.96
(dd, J� 8.8, 5.6 Hz, 1H), 3.76 (s, 3H), 3.65 (t, J� 4.1 Hz, 1H), 2.19 (t, J�
2.7 Hz, 1H), 1.48/1.37 (s, each 3H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
171.0, 153.5, 140.9, 115.3, 115.0, 109.9, 75.4, 71.6, 66.8, 62.3, 55.7, 26.6, 26.1,
24.8; IR (CHCl3): �� � 3345, 3202, 1655 cm�1; MS (CI): m/z (%): 319 (100)
[M�H]� , 318 (23) [M]� ; elemental analysis calcd (%) for C17H22N2O4


(318.4): C 64.13, H 6.97, N 8.80; found: C 64.20, H 6.96, N 8.82.


Peptide (�)-2h : Method A : from of azetidine-2,3-dione [(�)-1b, 61 mg,
0.21 mmol] gave (�)-2h as a colorless oil (37 mg, 50%) after purification
by flash chromatography (hexanes/ethyl acetate 1:1). [�]D��2.5 (c� 0.8
in CHCl3); 1H NMR (500 MHz, CDCl3, 25 �C): �� 7.56 (t, J� 5.4 Hz, 1H),
6.79/6.65 (dd, J� 6.6, 2.2 Hz, each 2H), 4.58 (q, J� 5.6 Hz, 1H), 4.34 (d, J�
3.4 Hz, 1H), 4.09 (dd, J� 8.8, 6.6 Hz, 1H), 4.05 (m, 2H), 3.99 (dd, J� 8.8,
5.6 Hz, 1H), 3.75 (s, 3H), 3.73 (s, 3H), 3.67 (t, J� 4.1 Hz, 1H), 1.47/1.36 (s,
each 3H); 13C NMR (125 MHz, CDCl3, 25 �C): �� 171.7, 169.8, 153.4,
140.9, 115.4, 114.9, 109.9, 75.5, 66.8, 62.4, 55.7, 52.2, 41.0, 26.6, 24.8; IR
(CHCl3): �� � 3342, 3208, 1738, 1656 cm�1; MS (CI): m/z (%): 353 (100)
[M�H]� , 352 (25) [M]� ; elemental analysis calcd (%) for C17H24N2O6


(352.4): C 57.94, H 6.86, N 7.95; found: C 57.87, H 6.87, N 7.97.


Peptide (�)-2 j : Method A : Azetidine-2,3-dione [(�)-1b, 54 mg,
0.18 mmol] gave (�)-2j as a colorless oil (48 mg, 48%) after purification
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by flash chromatography (hexanes/ethyl acetate 1:1). [�]D��17.3 (c� 0.7
in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.48 (m, 1H), 6.76/6.56
(dd, J� 6.6, 2.2 Hz, each 2H), 4.52 (q, J� 5.6 Hz, 1H), 4.04 (m, 3H), 4.01
(d, J� 7.1 Hz, 1H), 3.74 (s, 3H), 3.52 (m, 3H), 2.49 (t, J� 6.1 Hz, 2H), 1.46/
1.35 (s, each 3H), 1.17 (t, J� 7.3 Hz, 1H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 171.8, 171.2, 153.3, 140.8, 115.0, 114.9, 109.8, 75.5, 66.8, 62.3, 60.6,
55.7, 34.7, 34.1, 26.5, 24.8, 14.0; IR (CHCl3): �� � 3340, 3205, 1742, 1658 cm�1;
MS (CI): m/z (%): 381 (100) [M�H]� , 380 (36) [M]� ; elemental analysis
calcd (%) for C19H28N2O6 (380.4): C 59.99, H 7.42, N 7.36; found: C 60.07, H
7.44, N 7.35.


Peptide (�)-2k : Method A : Azetidine-2,3-dione [(�)-1b, 48 mg,
0.164 mmol] gave (�)-2k as a colorless oil (45 mg, 65%) after purification
by flash chromatography (hexanes/ethyl acetate 3:1). [�]D��11.0 (c� 0.6
in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.94 (d, J� 6.8 Hz, 1H),
7.34 (m, 5H), 6.83/6.69 (dd, J� 6.6, 2.4 Hz, each 2H), 5.53 (d, J� 7.1 Hz,
1H), 4.53 (m, 1H), 4.30 (br s, 1H), 4.01 (m, 2H), 3.78 (m, 1H), 3.77 (s, 3H),
3.69 (s, 3H), 1.46/1.34 (s, each 3H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
171.1, 170.7, 153.5, 141.1, 135.8, 128.9, 128.5, 127.1, 115.7, 114.9, 109.8, 75.5,
66.7, 62.6, 56.6, 55.7, 52.6, 26.5, 24.8; IR (CHCl3): �� � 3338, 3204, 1740,
1657 cm�1; MS (CI):m/z (%): 429 (100) [M�H]� , 428 (44) [M]� ; elemental
analysis calcd (%) for C23H28N2O6 (428.5): C 64.47, H 6.59, N 6.54; found: C
64.40, H 6.60, N 6.52.


Peptide (�)-2 l : Method A : Azetidine-2,3-dione [(�)-1b, 46 mg,
0.16 mmol] gave (�)-2 l as a colorless solid (36 mg, 59%) after purification
by flash chromatography (dichloromethane/ethyl acetate 8:1). M.p. 117 ±
118 �C (hexanes/ethyl acetate). [�]D��53.1 (c� 0.7 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 8.87 (br s, 1H), 6.86/6.81 (d, J� 7.1 Hz, each
2H), 7.46/6.68 (dd, J� 6.6, 2.4 Hz, each 2H), 4.66 (dd, J� 11.2, 5.4 Hz, 1H),
4.14 (dd, J� 8.8, 6.4 Hz, 1H), 4.02 (dd, J� 8.8, 5.6 Hz, 1H), 3.79/3.76 (s,
each 3H), 3.71 (d, J� 4.9 Hz, 1H), 1.49/1.38 (s, each 3H); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 169.0, 156.5, 153.7, 140.7, 130.2, 121.4, 115.6,
115.1, 114.1, 109.9, 75.5, 66.9, 63.2, 55.7, 55.5, 26.6, 24.8; IR (KBr): �� � 3344,
3203, 1743, 1670 cm�1; MS (CI): m/z (%): 387 (100) [M�H]� , 386 (48)
[M]� ; elemental analysis calcd (%) for C21H26N2O5 (386.5): C 65.27, H 6.78,
N 7.25; found: C 65.21, H 6.76, N 7.26.


(�)-(2S)-2-(Allylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]-N-benzyl-
methanecarboxamide [(�)-2m]: Method A : Azetidine-2,3-dione [(�)-1c,
58 mg, 0.257 mmol] gave (�)-2m as a colorless oil (45 mg, 58%) after
purification by flash chromatography (hexanes/ethyl acetate 2:1). [�]D�
�34.0 (c� 0.8 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.78 (br s,
1H), 7.29 (m, 5H), 5.80 (m, 1H), 5.11 (m, 2H), 4.45 (d, J� 6.1 Hz, 1H), 4.21
(m, 1H), 4.09 (br s, 1H), 4.08 (d, J� 6.6 Hz, 1H), 3.21 (m, 2H), 3.19 (d, J�
6.8 Hz, 1H), 1.84 (br s, 1H), 1.42/1.34 (s, each 3H); 13C NMR (75 MHz,
CDCl3, 25�C): �� 171.3, 138.3, 135.7, 128.6, 127.5, 127.4, 116.7, 109.4, 76.2, 67.1,
64.8, 51.2, 42.9, 26.6, 25.2; IR (CHCl3): �� � 3344, 3208, 1652 cm�1; MS (CI):
m/z (%): 305 (100) [M�H]� , 304 (28) [M]� ; elemental analysis calcd (%)
for C17H24N2O3 (304.4): C 67.08, H 7.95, N 9.20; found: C 67.16, H 7.93, N 9.21.


(�)-(2S)-2-[(S)-2,2-Dimethyl-1,3-dioxolan-4-yl]-2-(propargylamino)-N-
benzyl-methanecarboxamide [(�)-2o]: Method A : Azetidine-2,3-dione
[(�)-1d, 40 mg, 0.18 mmol] gave (�)-2o as a colorless oil (28 mg, 50%)
after purification by flash chromatography (hexanes/ethyl acetate 1:1).
[�]D��38.1 (c� 1.8 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
7.65 (m, 1H), 7.31 (m, 5H), 4.46 (d, J� 6.1 Hz, 2H), 4.25 (m, 1H), 4.10 (m,
2H), 3.49/3.30 (td, J� 17.3, 2.4 Hz, each 1H), 2.20 (t, J� 2.4 Hz, 1H), 1.44/
1.34 (s, each 3H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 170.8, 138.2,
128.6, 127.5, 127.4, 109.6, 80.9, 76.1, 72.2, 66.9, 64.0, 43.0, 37.2, 26.6, 25.0; IR
(CHCl3): �� � 3338, 3204, 1654 cm�1; MS (CI): m/z (%): 303 (100) [M�H]� ,
302 (19) [M]� ; elemental analysis calcd (%) for C17H22N2O3 (302.4): C 67.53,
H 7.33, N 9.26; found: C 67.60, H 7.32, N 9.25.


Peptide (�)-2p : Method A : Azetidine-2,3-dione [(�)-1e, 96 mg,
0.43 mmol] gave (�)-2p as a colorless solid (69 mg, 43%) after purification
by flash chromatography (hexanes/ethyl acetate 1:1). [�]D��34.3 (c� 0.6
in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 8.04 (d, J� 8.5 Hz, 1H),
7.31 (m, 5H), 4.59 (m, 1H), 4.00 (m, 5H), 3.76 (s, 3H), 3.20 (d, J� 7.6 Hz,
1H), 2.48 (br s, 1H), 1.42 (d, J� 7.3 Hz, 3H), 1.35/1.32 (s, each 3H);
13C NMR (75 MHz, CDCl3, 25 �C): �� 173.1, 170.7, 128.5, 128.4, 127.4,
109.5, 76.0, 66.9, 64.9, 52.5, 52.4, 47.4, 26.7, 25.3, 18.3; IR (CHCl3): �� � 3344,
3202, 1742, 1654 cm�1; MS (CI): m/z (%): 351 (100) [M�H]� , 350 (15)
[M]� ; elemental analysis calcd (%) for C18H26N2O5 (350.4): C 61.70, H 7.48,
N 7.99; found: C 61.78, H 7.47, N 8.00.


Reactions between secondary amines and azetidine-2,3-dione [(�)-1b] .
General procedure for the synthesis of �-amino amides and dipeptides 8 :


Method A : A solution of the appropriate amine (0.5 mmol) in THF
(0.1 mL) was added to a solution of the azetidine-2,3-dione (�)-1b
(0.5 mmol) in THF (5 mL) and the solution was stirred at room temper-
ature for 20 ± 72 h. The solvent was removed under reduced pressure and
after flash chromatography (hexanes/ethyl acetate or dichloromethane/
ethyl acetate), compounds 8 were obtained in analytically pure form.
Spectroscopic and analytical data for some representative pure forms of 8
are given below.


Method B : A solution of the appropriate amine (0.5 mmol) in THF (1 mL)
was added to a solution of the azetidine-2,3-dione (�)-1b (0.5 mmol) in
THF (5 mL) and the solution was heated in a sealed tube at 90 �C for 2 h.
The reaction mixture was allowed to cool to room temperature, the solvent
was removed under reduced pressure and after flash chromatography
(hexanes/ethyl acetate or dichloromethane/ethyl acetate), compounds 8
were obtained in analytically pure form.


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]-N-morpholinyl-methanecarboxamide [(�)-8c]: Method A : Azetidine-
2,3-dione [(�)-1b, 49 mg, 0.167 mmol] gave (�)-8c as a colorless oil
(37 mg, 64%) after purification by flash chromatography (hexanes/ethyl
acetate 1:1). [�]D��13.8 (c� 0.8 in CHCl3); 1H NMR (200 MHz, CDCl3,
25 �C): �� 6.97 (br s, 1H), 6.76/6.51 (dd, J� 6.6, 2.4 Hz, each 2H), 4.44 (m,
1H), 4.32 (d, J� 5.1 Hz, 1H), 4.18 (dd, J� 8.3, 7.1 Hz, 1H), 3.97 (dd, J� 8.3,
6.6 Hz, 1H), 3.36 (m, 2H), 3.35 (s, 3H), 3.19 (m, 5H), 2.92 (m, 1H), 1.31/
1.23 (s, each 3H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 169.2, 153.0,
140.6, 115.5, 114.9, 109.8, 75.9, 66.7, 65.9, 56.4, 55.7, 46.5, 42.6, 26.6, 25.1; IR
(CHCl3): �� � 3337, 1660 cm�1; MS (CI): m/z (%): 351 (100) [M�H]� , 350
(25) [M]� ; elemental analysis calcd (%) for C18H26N2O5 (350.4): C 61.70, H
7.48, N 7.99; found: C 61.78, H 7.47, N 8.01.


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]-N-(L-prolinyl methyl ester)-methanecarboxamide [(�)-8d]:Method A :
Azetidine-2,3-dione [(�)-1b, 121 mg, 0.414 mmol] gave (�)-8d as a
colorless oil (75 mg, 46%) after purification by flash chromatography
(hexanes/ethyl acetate 1:1). [�]D��60.6 (c� 0.8 in CHCl3); 1H NMR
(500 MHz, CDCl3, 25 �C): �� 6.76/6.64 (dd, J� 6.6, 2.4 Hz, each 2H), 4.45
(m, 1H), 4.26 (d, J� 5.4 Hz, 1H), 4.08 (td, J� 6.3, 1.7 Hz, 1H), 3.96 (dd,
J� 8.5, 6.3 Hz, 1H), 3.73/3.72 (s, each 3H), 2.16 (m, 2H), 1.98 (m, 3H), 1.51/
1.37 (s, each 3H); 13C NMR 125 MHz, CDCl3, 25 �C): �� 172.1, 169.9,
152.9, 140.8, 115.7, 114.9, 109.6, 76.7, 66.1, 59.2, 59.1, 55.7, 52.1, 47.3, 28.8,
26.4, 25.2, 24.9; IR (CHCl3): �� � 3337, 1735, 1660 cm�1; MS (CI): m/z (%):
393 (100) [M�H]� , 392 (31) [M]� ; elemental analysis calcd (%) for
C20H28N2O6 (392.5): C 61.21, H 7.19, N 7.14; found: C 61.13, H 7.18, N 7.16.


Reaction between sodium methoxide and azetidine-2,3-dione (�)-1b.
Preparation of �-amino ester [(�)-9]: Sodium methoxide (12 mg,
0.22 mmol) was added in portions at room temperature to a solution of
the azetidine-2,3-dione (�)-1b (43 mg, 0.15 mmol) in methanol (5 mL),
and the solution was heated at reflux temperature for 1 h. The reaction
mixture was allowed to cool to room temperature and then water was
added (2 mL). The methanol was removed under reduced pressure, the
aqueous residue was extracted with ethyl acetate (3� 10 mL), and the
organic layer was dried (MgSO4). The solvent was removed under reduced
pressure to give (�)-9 (which contained �5% of its (1S)-epimer) as a
colorless oil (22 mg, 50%) after purification by flash chromatography
(dichloromethane/ethyl acetate 9:1).


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl] methyl acetate [(�)-9]: [�]D��11.0 (c� 0.6 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 6.78/6.60 (dd, J� 6.6, 2.4 Hz, each 2H), 4.54
(td, J� 6.3, 3.2 Hz, 1H), 4.12 (dd, J� 8.3, 6.6 Hz, 1H), 3.99 (m, 3H), 3.76/
3.75 (s, each 3H), 1.49/1.38 (s, each 3H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 172.4, 153.0, 140.8, 115.3, 114.8, 110.1, 75.9, 66.3, 58.9, 55.7, 52.4, 26.3,
25.1; IR (CHCl3): �� � 3332, 1738 cm�1; MS (CI): m/z (%): 280 (100)
[M�H]� , 279 (21) [M]� ; elemental analysis calcd (%) for C15H21NO4


(279.3): C 64.50, H 7.58, N 5.01; found: C 64.58, H 7.56, N 5.00.


Cadmium-promoted reaction between azetidine-2,3-diones 1 and water.
General procedure for the synthesis of �-amino acids 10 : A suspension of
the appropriate azetidine-2,3-dione 1 (0.5 mmol), granulated cadmium
(5 mmol), and solid ammonium chloride (3 mmol) in wet methanol (10 mL,
5% water) was stirred at room temperature for 2 ± 4 d. The solvent was
removed under reduced pressure and after flash chromatography (hexanes/
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ethyl acetate), compounds 10 were obtained in analytically pure form.
Spectroscopic and analytical data for some representative pure forms of 10
are given below.


(�)-(2S)-2-(4-Methoxyphenylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-
yl]-acetic acid [(�)-10b]: Azetidine-2,3-dione [(�)-1b, 44 mg, 0.15 mmol]
gave (�)-10b as a colorless solid (24 mg, 48%) after purification by flash
chromatography (hexanes/ethyl acetate 1:1). M.p. 185 ± 186 �C (hexanes/
ethyl acetate). [�]D��34.8 (c� 1.1 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C): �� 6.93 (br s, 1H), 6.80/6.62 (d, J� 8.9 Hz, each 2H), 5.63
(brs, 1H), 4.59 (m, 1H), 4.11 (dd, J� 8.6, 6.6 Hz, 1H), 3.97 (dd, J� 8.6,
5.6 Hz, 1H), 3.76 (s, 3H), 3.64 (d, J� 4.1 Hz, 1H), 1.49/1.38 (s, each 3H);
13C NMR (75 MHz, CDCl3, 25�C): �� 174.2, 153.4, 140.9, 115.1, 109.9, 75.5,
66.8, 61.9, 55.8, 26.6, 24.8; IR (CHCl3): ��� 3345, 3130, 1710 cm�1; MS (CI):
m/z (%): 282 (100) [M�H]� , 281 (14) [M]� ; elemental analysis calcd (%) for
C14H19NO5 (281.3): C 59.78, H 6.81, N 4.98; found: C 59.85, H 6.79, N 5.00.


(�)-(2S)-2-(Benzylamino)-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]-acetic
acid [(�)-10d]: From of azetidine-2,3-dione [(�)-1e, 46 mg, 0.17 mmol]
gave (�)-10d as a colorless oil (25 mg, 57%) after purification by flash
chromatography (hexanes/ethyl acetate 1:2). [�]D��77.8 (c� 1.0 in
CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.33 (m, 5H), 5.72 (br s,
1H), 4.24 (m, 1H), 4.03 (dd, J� 5.9, 3.2 Hz, 1H), 3.91/3.74 (d, J� 13.4 Hz,
each 1H), 3.20 (d, J� 7.3 Hz, 1H), 1.37/1.33 (s, each 3H); 13C NMR
(75 MHz, CDCl3, 25�C): �� 174.2, 139.1, 128.6, 128.1, 127.4, 109.5, 75.9, 66.9,
64.8, 52.6, 26.6, 25.2; IR (CHCl3): ��� 3342, 3122, 1708 cm�1; MS (CI): m/z
(%): 266 (100) [M�H]� , 265 (17) [M]� ; elemental analysis calcd (%) for
C14H19NO4 (265.3): C 63.38, H 7.22, N 5.28; found: C 63.47, H 7.21, N 5.27.
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Formation of O3
� upon Ionization of O2: The Role of Isomeric O4


� Complexes


Fulvio Cacace,*[a] Giulia de Petris,[a] Marzio Rosi,[b] and Anna Troiani[a]


Abstract: The course of the reaction of electronically and vibronically excited
metastable O2


�(4�u, ��) ions with O2, known to produce O3
�, was examined by the


joint application of computational and mass spectrometric methods. The results show
that the reaction does not proceed by a direct mechanism and that it involves instead
the intermediacy of the [O2


�(4�u) ¥ ¥ ¥ O2] and [O3
�(4A2) ¥ ¥ ¥ O] complexes, both


theoretically characterized, and the latter one positively identified by structurally
diagnostic mass spectrometric techniques. The reaction is a potential source of
stratospheric ozone, in that O3


� ions are known to undergo efficient charge exchange
with oxygen to yield neutral O3.


Keywords: density functional
calculations ¥ gas-phase reactions ¥
mass spectrometry ¥ ozone


Introduction


The gas-phase reaction [Eq. (1)] is an example of a process,
which is endothermic for the ground state of the reagents, but


O2
��O2��O3


��O (1)


is known to occur when promoted by excited ions. Reac-
tion (1) has long been studied using O2


� ions formed in
excited states by electron ionization (EI)[1±6] and photoioniza-
tion (PI)[7, 8] of O2, and in experiments based on the molecular
beam technique, which involves the PI of (O2)n clusters.[9, 10] A
related study, focused on the analysis of isotope effects, has
utilized O2


� ions generated by EI ionization of O2.[11] As a
result of the above studies, it appears to be firmly established
that reaction (1), promoted primarily by O2


� (4�u, ��) ions
interacting with ground-state O2 (3��


g � molecules, displays a
threshold at ��� 5 and the highest efficiency at ��� 9. In
addition to this fundamental piece of information, no detailed
mechanistic studies of reaction (1) have been reported. No
information is available on the role of its conceivable
intermediates, that is, some O4


� complexes, nor has it been


established whether ionization of O2 can represent an ionic
route to neutral ozone, a process potentially relevant to
atmospheric chemistry, especially in view of the debated
question of the ozone deficit.[12] In this study, motivated by our
interest in oxygen allotropes and simple species relevant to
the chemistry of the atmosphere, such as O4, HO3, [H2O� O2


�],
and so on,[13] we examine the mechanism of process (1) by the
joint application of theoretical and mass spectrometric
techniques.


Methods


The experimental approach utilized well-established mass
spectrometric techniques, that is, electron (EI) and chemical
ionization (CI) to generate the charged species of interest and
collisionally activated dissociation (CAD) spectrometry for
their structural characterization. Neutralization ± reionization
(NR) mass spectrometry[14] was used as an additional tool to
gather further structural insight from the examination of the
charged species from the reionization of the uncharged
species obtained upon vertical neutralization of the ions
probed.


As to the theoretical methods, density functional theory,
using the hybrid B3LYP functional,[15] was used to localize the
stationary points of the investigated systems and to evaluate
the vibrational frequencies. Although it is well known that
density functional methods using nonhybrid functionals
sometimes tend to overestimate bond lengths, hybrid func-
tionals as B3LYP usually provide geometrical parameters in
excellent agreement with experiments.[16] Single-point-energy
calculations at the optimized geometries were performed
using the coupled-cluster single and double excitation meth-
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od[17] with a perturbational estimate of the triple excitations
(CCSD(T) approach[18]) in order to include extensive corre-
lation contributions.[19] Transition states were located using
the synchronous transit-guided quasi-Newton method of
Schlegel and co-workers.[20] The 6-311�G(3df) basis set[21]


was used. Zero-point-energy corrections evaluated at the
B3LYP/6-311�G(3df) level were added to the CCSD(T)
energies. The 0 K total energies of the species of interest were
corrected to 298 K by adding translational, rotational, and
vibrational contributions. The absolute entropies were calcu-
lated by using standard statistical ± mechanistic procedures
from scaled harmonic frequencies and moments of inertia
relative to B3LYP/6-311�G(3df) optimized geometries.


Selected geometry optimization was performed at the
CCSD(T) level. Zero-point-energy corrections evaluated at
the CCSD(T)/6-311�G(3df) level were added to the
CCSD(T) energies. The 0 K total energies of the species of
interest were corrected to 298 K by adding translational,
rotational, and vibrational contributions. In this case, the
absolute entropies were calculated by using standard statis-
tical ± mechanistic procedures from scaled harmonic frequen-
cies and moments of inertia relative to CCSD(T)/6-311�
G(3df) optimized geometries. All calculations were per-
formed using Gaussian 98.[22]


Results


Computational results : We focused our attention on the
rectangular and trans-planar structures of O4


�, that were
previously computed to be the most stable ones.[23] Both the
optimization of the geometry and the calculation of the
vibrational frequencies were performed at CCSD(T) level in
order to minimize the well-known symmetry-breaking ef-
fects.[24] The optimized geometries of O4


� are shown in
Figure 1. The 4B3g state, corresponding to the rectangular
structure, was computed to be slightly more stable than the
4Bu state, corresponding to the trans-planar geometry, by
0.4 kcal mol�1 at 298 K. The binding energy of O4


� in its 4B3g


ground state, computed with respect to O2 (3��
g � and O2


�


(2�g), is 8.9 kcal mol�1 at 298 K with inclusion of zero-point
energy. This value is in very good agreement with the most
recent experimental estimate of 9.15� 0.5 kcal mol�1,[23, 25, 26]


and with the best computed value so far available,
11.0 kcal mol�1.[23] The endothermicity of the formation of
separated O3


�(2A1) and O(3P) from O4
�(4B3g) is computed to


be 113.9 kcal mol�1 at 298 K.
We performed calculations also on O4


� in its first excited
sextet state. The optimized geometry of the 6Bu state of O4


� is
shown in Figure 1. The �H� change for the dissociation of
O4


�(6Bu) into O2 in its ground state (3��
g � and O2


� in its first
excited quartet state (4�u) is computed to be 21.8 kcal mol�1 at
the CCSD(T) level of theory. The energy of O2


� in the 4�u


state has been estimated taking into account the experimental
separation between the ground and the first excited 6Bu state
of O2


�.[29] The 6Bu state of O4
� is computed to be


80.7 kcal mol�1 higher in energy with respect to the ground
state at 298 K. This value suggests that the dissociation of O4


�,
even in its excited 6Bu state, into O3


� and O(3P) is still
endothermic, and the computed �H� change of this reaction is
33.2 kcal mol�1 at 298 K. Therefore this reaction could occur
only if O4


�(6Bu) is also vibrationally excited, in agreement
with the evidence from experimental studies.[1±8]


In Figure 2 we report the geometries optimized at the
B3LYP level of the minima localized in the quartet ground
state and the sextet excited state potential energy surfaces of
O4


�. In Table 1 we report the �H� values at 298 K for selected
reactions. We notice that these values are clearly overesti-
mated at the B3LYP level. However, we can also notice that
the CCSD(T) values are reasonable even when utilizing the
B3LYP optimized geometries, which supports the idea of
optimizing the geometries at the B3LYP level and computing
the energetics at CCSD(T) level. Using the B3LYP method,
we were able to localize the saddle points reported in Figure 3
for the dissociation of O4


� into O3
��O both on the quartet


and the sextet potential energy surfaces. Since the difference
between the cis and trans isomers is small, we focused our
attention on the trans isomer. On the quartet surface, the
conversion of the O4


�(4B3g) complex into the 4A�� complex


Figure 1. Optimized CCSD(T) geometries and B3LYP energies
[kcal mol�1] of relevant O4


� species, see text. Data in parentheses include
thermal correction at 298 K.


Abstract in Italian: E¡ noto che ioni metastabili O2
�(4�u, ��),


elettronicamente e vibrazionalmente eccitati, reagiscono con
l×ossigeno producendo O3


�. Il meccanismo della reazione e¡
stato esaminato con una combinazione di metodi teorici e
spettrometrici di massa. I risultati mostrano che non si tratta di
una reazione diretta ma che, al contrario, essa procede
attraverso due intermedi, i complessi [O2


�(4�u) ¥ ¥ ¥O2] e
[O3


�(4A2) ¥ ¥ ¥O]. Entrambi sono stati caratterizzati dal punto
di vista teorico ed il secondo e¡ stato identificato con certezza
mediante l×analisi della sua struttura con tecniche spettrome-
triche di massa. La reazione e¡ una possibile fonte di ozono
nella stratosfera, in quanto e¡ noto che gli ioni O3


� scambiano
efficacemente la carica con l×ossigeno, producendo O3 neutro.
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formed by O3
�(2A1) and O(3P) is computed to be endothermic


by 99.9 kcal mol�1 and to have, in addition, a kinetic barrier of
4.6 kcal mol�1, so that the TS is located 104.5 kcal mol�1 over
the reagent. Dissociation of the 4A�� complex into O3


�(2A1)
and O(3P) is endothermic by 13.1 kcal mol�1, also at the
CCSD(T) level of theory.


Passing to the sextet surface, the conversion of the O4
�(6Bu)


complex into the 6A� complex formed by O3
�(4A2) and O(3P)


is computed to be endothermic
by 41.0 kcal mol�1 at the
CCSD(T) level of theory and
to have a kinetic barrier of
2.6 kcal mol�1, so that the TS
state is located 43.6 kcal mol�1


above the reagent. Dissociation
of the 6A� complex into
O3


�(4A2) and O(3P) is endother-
mic by 15.6 kcal mol�1, also at
the CCSD(T) level of theory.
Note that the O3


� cations from
the 4A�� and the 6A� complexes,
namely from the reactions oc-
curring on the quartet and the
sextet surfaces, are in different
electronic states, that is, the
ground 2A1 and the excited 4A2


state, respectively.


Mass spectrometric results : The
species of interest were pro-
duced by ionization of O2 by
20 eV electrons, as suggested by
previous results showing that
O3


�, the formation of which is
promoted by O2


� (4�u, ��), has
an appearance potential of
16.7 eV,[4] and its relative inten-
sity levels off at approximately
20 eV.[11] In all cases, O2


� is by
far the most abundant ion,
accompanied by O3


� and O4
�,


the intensities of which depend
on the O2 pressure, as apparent


Figure 3. Optimized B3LYP geometries and energies of the saddle point
for the dissociation of O4


� into O3
��O, see text. CCSD(T) energies in


parentheses.


Figure 2. Optimized B3LYP geometries and energies of relevant O4
� species, see text. CCSD(T) energies in


parentheses.


Table 1. Energy changes and barrier heights [kcal mol�1, 298 K] computed
at the B3LYP (CCSD(T)) level of theory for selected dissociation reactions.


Process �H� Barrier height


geometries optimized at CCSD(T) level
O4


� (4B3g)�O2
� (2�g)�O2 (3��


g � (8.9)
O4


� (4B3g)�O3
� (2A1)�O (3P) (113.9)


O4
� (6Bu)�O2


� (4�u)�O2 (3��
g � (21.8)


geometries optimized at B3LYP level
O4


� (4B3g)�O2
� (2�g)�O2 (3��


g � 29.0 (7.5)
O4


� (4B3g)�O3
� (2A1)�O (3P) 136.7 (113.0)


O4
� (4B3g)� [O3


� ¥ ¥ ¥ O](4A��) 107.8 (99.9) 111.2 (104.5)
[O3


� ¥ ¥ ¥ O](4A��)�O3
�(2A1)�O (3P) 28.9 (13.1)


O4
� (6Bu)�O2


� (4�u)�O2 (3��
g � 40.2 (21.8)


O4
� (6Bu)� [O3


� ¥ ¥ ¥ O](6A�) 41.7 (41.0) 50.6 (43.6)
[O3


� ¥ ¥ ¥ O](6A�)�O3
�(4A2)�O (3P) 19.0 (15.6)
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from the typical spectra illus-
trated in Figure 4. Whereas the
quantitative study of the pres-
sure dependence of the ionic
species formation is outside the
scope of the present work, the
pronounced decrease of the O3


�


and O4
� intensities at lower


pressures is clearly apparent
on inspection of the spectra of
Figures 4a ± c, recorded at pres-
sures of �0.1, 0.02, and 1	
10�3 Torr, respectively. Struc-
tural analysis of the O3


� and
O4


� populations was performed
by CAD and NR mass spec-
trometry.[30] The structural fea-
tures of the O3


� population
from the ion source are unaf-
fected by changes of the O2


pressure, although its intensity
decreases at low pressure.
Based on its CAD and NR
spectra, that correspond to
those of O3


� from the ioniza-
tion of O3, the species probed
can be assigned as the molec-
ular cation of ozone; no evi-
dence emerges for other con-
ceivable isomers of m/z 48, for
example, [O2 ¥ ¥ ¥ O�] ion ± mole-
cule complexes, that would not
be amenable to neutralization
to the bound O3 molecule ob-
served in the NR experiments
(Figure 5). By contrast, the
CAD spectra of the O4


� pop-
ulations denote the presence of
isomeric ions, the proportions
of which change with the pres-
sure in the source. At the high-
est pressure, �0.1 Torr, the
CAD spectrum displays only
the O2


� fragment, which de-
notes a O2 ± O2 connectivity. A
tenfold pressure decrease
strongly reduces the O4


� intensity, whose CAD spectrum
changes displaying, in addition to the O2


� fragment, also an
O3


� fragment. These trends are enhanced by a further
decrease of the pressure, to the point that O3


� becomes the
major fragment at the lowest pressure investigated (Figure 6).
The observed changes of the CAD spectra indicate the
presence of an isomeric [O3


� ± O] complex, the abundance of
which increases as the pressure is lowered. Strong support for
such an inference is provided by the results of the following
MS3 experiments. First, the O4


� ions, generated in the source
in the low-pressure regime, were collisionally decomposed in
a cell located in the second field free region (FFR), and the
O3


� fragment obtained was then structurally analyzed in the


cell located in the TOF mass spectrometer, and this gave a
CAD spectrum indistinguishable from that of O3


� from the
ionization of ozone (Figure 7a). Similar experiments were
performed by using O2/18O2 gaseous mixtures. The O2


18O2
�


ions thus obtained gave both the O18O2
� and O2


18O� frag-
ments, the CAD-TOF spectra of which confirm the above
result. Secondly, the O4


� ions from the source, operated at the
same pressure, were dissociated by collision with He in a gas
cell located in the first FFR, and the O3


� fragment obtained is
mass/energy selected and neutralized in the cell pair located
in the second FFR. The resulting NR spectrum corresponds to
that of the model O3


� ion from the ionization of ozone
(Figure 7b).


Figure 4. Relative intensities of the O2
�, m/z 32, O3


�, m/z 48, and O4
�, m/z 64 from the ionization of oxygen by


electrons of 20 eV nominal energy at various pressures, see text.


Figure 5. �NR� spectra of the O3
� ions: a) from reaction (1); b) from the ionization of ozone.
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Figure 7. a) B/E-CAD-TOF; b) B/E-NR spectra of O3
� ions from O4


�,
see text.


Discussion


The question addressed in this
study is whether reaction (1) pro-
ceeds by a direct mechanism,
namely it is a fast process, promptly
following the bimolecular collision
of the reagents, or the ionization of
(O2)2 van der Waals clusters, rather
than a stepwise process involving
intermediate O4


� complexes.
The theoretical analysis of the


deceptively simple O4
� system is


notoriously difficult, especially
when electronically excited species


are involved, owing to the prob-
lems arising from their multirefer-
enced wave functions. This is clear-
ly illustrated by the B3LYP and
CCSD(T) energy profiles com-
pared in Figures 8 and 9. Indeed,
the latter method gives a �H�
change of 8.9 kcal mol�1 for the
association of ground-state O2


�


(2�g) and O2 (3��
g � into a (4B3g)


ground-state [O2
� ¥ ¥ ¥ O2] complex,


a result in excellent agree-
ment with the experimental
9.2 kcal mol�1 value.[27, 28] Note
that in this case ground-state
species are involved. By contrast,
the CCSD(T) �H� change,
34.8 kcal mol�1, considerably ex-
ceeds the 9.9 kcal mol�1 value de-
rived from the available thermo-
chemical and spectroscopic data[31]


for the process [Eq. (2)].


O2
� (4�u)�O2 (3��


g ���O3
�(4A2)�O(3P) (2)


that involves electronically excited ions. The B3LYP �H�
change, 20.5 kcal mol�1, is closer to the experimentally derived
value, but the method considerably overestimates the stability
of O4


� complexes, as apparent from the �H� change
computed for the dissociation of the (4B3g) ground-state
[O2


� ¥ ¥ ¥ O2] complex into the monomers, namely
29.0 kcal mol�1, a result that largely exceeds both the
CCSD(T) and the experimental values.


The theoretical analysis is nevertheless useful in order to
evaluate the mechanistic role of intermediate O4


� complexes
in reaction (1). First, both theoretical methods (see complex 1
and complex 2)


[O2
�(2�g) ¥ ¥ ¥ O2 (3��


g �] 1 (4B3g)


[O2
� (a4�u) ¥ ¥ ¥ O2(3��


g �] 2 (6Bu)


Figure 6. CAD spectra of O4
� ions formed at different pressures, see text.


Figure 8. Energy profiles [�H�, kcal mol�1] of reaction (1) computed at the B3LYP level of theory.
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point to the considerably higher stability of complex 2
relative to that of complex 1, consistent with the higher
clustering ability of the excited O2


�(4�u) ion than of the
ground-state O2


� (2�g) ion, established by previous exper-
imental results.[11] Even more important, both theoretical
methods predict that complex 3 is sufficiently


[O3
� ¥ ¥ ¥ O] 3 (6A�) (3)


stable to allow its detection, since the �H� change for its
dissociation into O3


� (4A2) and O(3P) is computed to range
from 15.6 to 19.0 kcal mol�1, a prediction fully consistent with
the experimental results reported in the previous section.


By combining the theoretical results with the mass spec-
trometric evidence on the nature, the abundance, and the
structure of the charged species formed upon ionization of O2,
one can derive a consistent mechanistic picture of reaction (1)
that points to the role of intermediate O4


� complexes.
Ionization of O2 by 20 eV electrons is known to yield
vibronically excited O2


� (4�u , ��) ions, together with
ground-state O2


�(2�g) ions.[11] The radiative lifetime of the
O2


� excited ions, over 1 ms,[31, 32] exceeds the mean time
between collisions within the source in the pressure range of
interest. Hence, those electronically excited ions that contain,
in addition, excess vibrational energy (��� 5) can promote the
following reaction sequence.


It can be noted that the reaction channel (2) is tantamount
to collisional relaxation of the metastable O2


�(4�u) ions to
ground-state O2


� ions, that, in addition to those directly
formed in the primary ionization, can reversibly associate with
O2 molecules yielding the ground-state (4B3g) complex 1.


The above scheme, that rests heavily on the experimental
results, accounts for the nature of the charged species leaving
the source, that is, the O2


�, O3
�, and O4


� cations, and for the


dependence of their relative intensity on
the source pressure. Indeed, the relative-
ly weakly bound complex 1 is expected to
undergo increasing dissociation as the
pressure is lowered. The same applies to
complex 2, and hence to its product O3


�,
consistent with the experimentally ob-
served trend. Passing to the structural
analysis of the ionic populations, the
paramount experimental result is the
compelling evidence, in particular from
the CAD-TOF and B/E-NR spectra of
O4


�, showing that the O3
� fragment,


to be assigned as ionized ozone, is formed
from the dissociation of the partic-
ular O4


� isomer that becomes pre-
dominant in the low-pressure range.
Hence, this isomer is characterized as


the [O3
� ¥ ¥ ¥ O] complex 3, which establishes its intermediacy in


process (1).
The presence of the other intermediate, complex 2, cannot


be experimentally demonstrated, since its CAD spectrum
would be indistinguishable from that of complex 1, which is
characterized by the same O2 ¥ ¥ ¥ O2 connectivity. Moreover, it
is doubtful whether 2 can be present at all in the population of
O4


� ions that exit from the source. Indeed, albeit radiatively
long-lived, O2


�(4�u) ions are known to undergo fast relaxation
to ground-state O2


�(2�g) ions upon collision with O2. The
relaxation rate is unlikely to be significantly affected by the
perturbation of the O2


�(4�u) ion caused by relatively weak
interaction with the O2 molecule in complex 2. As a conse-
quence, unless 2 undergoes fast intracomplex conversion into
3 by overcoming the relative barrier, it is bound to be
collisionally quenched to 1 before leaving the source, which is
very likely the fate of the fraction of complexes formed by
O2


�(4�u, ��) in its lower vibrational levels (��� 5).


Conclusion


The results of the present study support a mechanistic
interpretation of reaction (1) involving the intermediacy of
the O4


� isomeric complexes 2 and 3. Both have been
theoretically characterized, and the latter one positively
identified by molecular mass, elemental composition, and
structural analysis by several mass spectrometric techniques.
Reaction (1) is of potential interest to atmospheric chemistry
as an ionic route to ozone in the stratosphere, especially since
a previous ICR study has shown that O3


� undergoes efficient
charge exchange with oxygen to yield neutral O3.[33]


Experimental Section


The experiments were performed using a modi-
fied ZABSpec oa-TOF instrument (VG Micro-
mass) of EBE-TOF configuration, where E and B
stand for electric and magnetic sectors, and TOF
for orthogonal time-of-flight mass spectrometer.
The instrument was fitted with EI and CI ion


Figure 9. Energy profiles of reaction (1) computed at the CCSD(T) level of theory.
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sources, a gas cell located in the first field free region, and two pairs of gas-
collision cells located after the magnet along the beam path. Typical
operating conditions of the CI source were as follows: source temperature:
373 K; repeller voltage: 0 V; emission current: 1 mA; nominal electron
energy: 20 eV. Typical EI source conditions were: source temperature:
373 K; trap current: 200 �A; electron energy: 20 eV. The ions from the
source were accelerated to 8 kV, and their CAD and NR spectra recorded
by utilizing the first of the collision cell pair, located between the magnet
and the second E sector. The target gas utilized in the CAD experiments
was He, admitted into the first cell at a pressure adjusted to achieve a 80%
transmittance. In the NR experiments CH4, used as the neutralizing gas,
was also admitted into the first of the cell pair at such a pressure to achieve
a beam transmittance of 80 %. All ions were then removed by a pair of high
voltage (1 kV) deflecting electrodes, and the beam of fast neutral species
entered the second cell, in which reionization was achieved utilizing O2 as
the stationary collider. The NR spectra were averaged over 100 acquisitions
to improve the signal-to-noise ratio. The following MS3 (multistage mass
spectrometry) experiments were performed: i) the selected precursor ion
underwent decomposition by collision with He in the first of the cell pairs
located in the second field free region, and an energy-selected daughter ion
was structurally analyzed by CAD-TOF in the cell located in the TOF mass
spectrometer; ii) the selected precursor ion underwent decomposition by
collision with He in the cell located in the first field free region and a
daughter ion, mass/energy-selected by a linked scan, was subjected to NR
in the cell pair located in the second field free region (B/E-NR mass
spectrometry).
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Electronic Structure and Nature of the Ground State of the Mixed-Valence
Binuclear Tetra(�-1,8-naphthyridine-N,N�)-bis(halogenonickel)
Tetraphenylborate Complexes: Experimental and DFT Characterization


Alessandro Bencini,* Elisabetta Berti, Andrea Caneschi, Dante Gatteschi, Elisa Giannasi,
and Ivana Invernizzi[a]


Abstract: The ground state electronic
structure of the mixed-valence systems
[Ni2(napy)4X2](BPh4) (napy� 1,8-naph-
thyridine; X�Cl, Br, I) was studied with
combined experimental (X-ray diffrac-
tion, temperature dependence of the
magnetic susceptibility, and high-field
EPR spectroscopy) and theoretical
(DFT) methods. The zero-field splitting
(zfs) ground S� 3/2 spin state is axial
with �D �� 3 cm�1. The iodide derivative


was found to be isostructural with the
previously reported bromide complex,
but not isomorphous. The compound
crystallizes in the monoclinic system,
space group P21/n, with a� 17.240(5),


b� 26.200(5), c� 11.340(5) ä, ��
101.320(5)�. DFT calculations were per-
formed on the S� 3/2 state to character-
ize the ground state potential energy
surface as a function of the nuclear
displacements. The molecules can thus
be classified as Class III mixed-valence
compounds with a computed delocaliza-
tion parameter, B� 3716, 3583, and
3261 cm�1 for the Cl, Br, and I deriva-
tives, respectively.


Keywords: density functional calcu-
lations ¥ double exchange interac-
tion ¥ mixed-valent compounds ¥
X-ray diffraction


Introduction


Mixed-valence transition metal complexes, that is, systems in
which metal ions have at least two different oxidation states,
have been, and are currently, investigated because they
exhibit a number of peculiar properties of relevance in
different fields of science including chemistry, biology, and
physics.[1±3] Mixed-valence species can be regarded as being
formed by two or more transition metal centers bearing
fractional formal charges, or, better, by integer valence-
localized centers and ™extra∫ electron(s) that can hop from
one center to the other.[4] External perturbations, like electric
fields, can lead to a localization of the unpaired electron, and
nuclear reorganization may also stabilize a localized system,
that is, can trap the electron on one site. Electron delocaliza-
tion can be effective only in symmetric geometries, and the
interplay between electronic and nuclear motions (vibronic
coupling) is an important characteristic of the mixed-valence
systems.[5]


Among the appealing properties of mixed-valence com-
pounds, magnetism is a particularly relevant one. In particular


it is now well established that when the two oxidation states
are magnetic, if the electron can hop quickly from one center
to the other it stabilizes a ferromagnetic ground state, due to
the so-called spin-dependent delocalization or double ex-
change.[6] Double-exchange effects have now been observed
in such diverse materials as the manganite perovskites, which
show the phenomenon of colossal magneto resistance[7] and
the iron ± sulfur proteins.[8]


In the last few years much progress has been made, from the
theoretical point of view, in the understanding of the nature of
the double exchange in mixed-valence compounds, and
certainly the simple binuclear cation [Ni2(napy)4X2]�


(napy� 1,8-naphthyridine; X�Cl, Br, I)[9] has provided much
insight into the double-exchange phenomenon. The bromide
derivative showed a structure[9a] reminiscent of that of
copper(��) acetate,[10] with four napy molecules bridging two
nickel ions, and two halides in the axial position (Scheme 1).
The two nickel ions bear a formal charge of 3� , therefore
they can be formally considered as one nickel(��) and one
nickel(�). In the X-ray crystal structure the two metal ions
showed practically identical bond lengths and angles, suggest-
ing that also this compound corresponds to Class III of the
classification of Robin and Day[11] of mixed-valence com-
pounds. The magnetic properties of [Ni2(napy)4Br2]� revealed
that the ground spin state of the system is a quartet state, with
no evidence of thermally populated doublets.[9] Since
nickel(��), 3d8, has S� 1 and nickel(�), 3d9, has S� 1/2, it was
suggested that the origin of the strong ferromagnetic ex-
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Scheme 1.


change is the double exchange allowed by the fast electron
hopping of one unpaired electron between the two sites.[9c, 11]


Although the physical properties of [Ni2(napy)4Br2]� have
been extensively studied,[6c, 9, 11] several points remain obscure
in the exact mechanism responsible for the double exchange,
for example the assignment of the visible spectrum and, in the
magnetic properties, in particular the zero-field splitting (zfs)
of the quartet spin state. In recent years it has become possible
to analyze in much more detail the magnetic properties of
mixed-valence compounds both experimentally and theoret-
ically. For the former it has become possible to routinely use
extremely low temperatures and high field EPR and HF-EPR
spectroscopies,[13] to fully characterize the magnetic proper-
ties of the ground state. For the latter, DFT now allows one to
calculate exchange and double-exchange contributions.[14] In
particular, DFT was found of invaluable help to characterize
the nature of the potential energy surface (PES) of the ground
and next excited states and to allow the classification of
several mixed valence systems.[15]


We therefore decided to undertake a full program of deep
characterization of the [Ni2(napy)4X2]� ions to shed light on
the mechanism responsible for double exchange in simple
magnetic compounds. For this purpose, we determined the
X-ray crystal structure of the iodide derivative, in order to
have additional experimental evidence of the Class III nature
of the [Ni2(napy)4X2]� ions; we measured the magnetic
susceptibility of the compounds with X�Cl, Br, I down to
2 K to obtain information on the zero-field splitting of the
ground quartet state, and with the same goal we recorded
their HF-EPR spectra. Finally we performed DFT calcula-
tions to gain quantitative information on the double-exchange
mechanism.


Results and Discussion


A common qualitative explanation, based on the localized
description of the electronic structure of mixed-valence


complexes, introduces the concept of the transfer integral
tab, also called Hab, or �, in electron transfer models, which
determines the kinetic constant of the electron transfer.[4, 5]


The energy level scheme for d8 and d9 ions in square
pyramidal coordination environments are shown in Scheme 2
in the active electron approximation, that is, neglecting all the
doubly occupied orbitals. The magnetic orbitals are indicated
as dz2 and dx2�y2 , and have � and � symmetry, respectively, in a
diatomic Ni2 molecule. If one electron of the originally d9 ion
hops from the dz2 orbital to the analogous one of the d8 site it
must keep its spin antiparallel to that of the other electron in
the dz2 orbital, thus stabilizing a quartet spin state like an
effective ferromagnetic coupling between localized d8 and d9


ions. An easier picture is drawn in term of holes (Scheme 2,
upper right) in which only the hole localized in the � orbital
can hop between the two centers. The transfer integral can
therefore be written tab� 2� �A �H � �B� .[12] More informa-
tion about the electron transfer mechanism can be obtained
using a molecular orbital picture of the electronic structure of
the mixed-valence systems, which in the simplest model of
three active electrons is shown in the bottom of Scheme 2. The
bonding interaction is large for the �-type orbitals that give
rise to the �g and �u MOs. In the hole formalism two quartet
states are obtained [Eq. (1)], the energy difference of which is
exactly 2 tab.


�u���1
g�


1
u�


1
g � ;�g�� �1


g�
1
u�


1
u � (1)


Hence, considering only one electron term in the inter-
action Hamiltonian, this is the energy difference between the
�g and �u MOs. This energy difference can be generally
measured, in Class ��� systems, from an intense transition in
the visible region, which is responsible for the intense color of
these compounds. An equivalent description can be obtained,
at the same level of approximation, applying the common
Wolfsberg-Helmholtz approximation[16] since the transfer
integral can be written as Equation (2) where Sab is the
overlap integral between the localized ��A� and ��B�
orbitals with energies �a and �b respectively.


tab� kSab
�a � �b


2
(2)


Using the MO approach one can relate the magnitude of
the transfer integral to the chemical concept of bonding
interactions. It is also apparent that electron transfer between
magnetic ions includes two types of bonding interactions: a
rather weak one between the � magnetic orbitals and a
stronger one between the � orbitals. The first interaction can
tune the magnetic exchange while the second one can give rise
to electron delocalization. It is a well-known result for
binuclear species that the highest spin state of the molecule
can be the ground state even in the presence of antiferro-
magnetic interactions between the magnetic centers when
these interactions are overcome by a strong transfer integral,
that is, by strong bonding between a couple of magnetic
orbitals. The above treatment neglects electron correlation,
except that included in the antisymmetrization of the wave
function, and can be considered only as a first-order approach
to the electron transfer phenomenon.[17] Any theoretical
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model that has to be applied to characterize mixed-valence
compounds must therefore handle electron correlation at a
reasonable level of accuracy and be able to calculate large
molecular aggregates.
Experimentally, it is customary to write the energies of the


spin states arising from the double-exchange interaction[18] as
in Equation (3), where � and � indicates the two spin states
arising from the interaction (for example, the states in Eq. 1),
J is the magnetic exchange coupling constant, and B is the
double-exchange parameter [Eq. (4)], where S0 is the spin of
the magnetic center in the absence of the ™extra∫ electron.[19]


E��
J


2
S(S� 1)�B


�
S� 1


2


�
(3)


B� tab
2 S0 � 1


(4)


In the present case, S� 3/2, 1/2. It must be stressed at this
point that the measurement of the temperature dependence
of the magnetic susceptibility alone does not permit, in the
general case, the independent estimation of J and B, since
when B� J, one can measure the energy difference between
the ground state and a few of the low-lying excited states,
sharing the same symmetry (� or � ): therefore J and B are
strongly correlated. The independent measurement of B from
the electronic spectra requires an assignment, which can be
performed only using adequate MO theories.


X-ray crystal structure of [Ni2-
(napy)4I2]B(C6H5)4 : The com-
pound is not isomorphous with
the bromide derivative, the
structure of which was previ-
ously reported (a� 9.931(3),
b� 32.311(8), c� 16.535(9) ä,
�� 101.5(3)�),[9a] but the molec-
ular structures of the two com-
pounds are very similar to each
other. The structure of the bi-
nuclear [Ni2(napy)4I2]� ion is
shown in Figure 1 and some
relevant bond lengths and an-
gles are given in Table 1, where
they are compared to the cor-
responding data of the bromide
derivative. The coordination
environments of the nickel ions
are close to each other, with a
rather short nickel ± nickel dis-
tance, 2.405(1) and 2.421(5) ä
for I and Br, respectively. Con-
trary to the bromide derivative,
the two nickel ± iodide distan-
ces show some asymmetry
(2.884(1) versus 2.972(1) ä),
but the average nickel ± nitro-
gen distances are identical with-
in error for Ni1 and Ni2
(2.097(5) and 2.090(5) ä re-
spectively). These values com-
pare well with those observed
in the bromide derivative


(2.09(2) and 2.12(3) ä), although the nickel-nickel distance
is shorter than in nickel metal (2.49 ä), indicating some direct
metal ±metal interaction. The coordination of each Ni ion is a


Figure 1. Structure of the [Ni2(napy)4I2]� ion (ORTEP view).


Scheme 2. The energy level scheme for d8 and d9 ions in square-pyramidal coordination environments.
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distorted square pyramid with the average I-Ni-N angle of 94�
equal to that observed in the bromide derivative. The overall
geometry of the coordination polyhedron is a bicapped
tetragonal antiprism, the average twist angle, �, between the
two tetragonal pyramids is 28�, close to the value of 25�
observed in the bromide derivative.


Magnetic measurements : The temperature dependence of the
magnetic susceptibility of polycrystalline powder samples of
the iodide and chloride derivatives was measured in the
temperature range 150 ± 2.4 K (Figure 2). For both com-


Figure 2. Temperature dependence of the magnetic susceptibility of
[Ni2(napy)4Cl2]� (top) and [Ni2(napy)4I2]� (bottom) in the form of �T
versus T plots. Solid lines are the computed curves with the procedure and
parameters described in the text.


pounds �T remains essentially constant at approximately
2.19 emumol�1K in the temperature range 150 ± 20 K. The
value of the effective magnetic moment, �eff� 4.18 �B, agrees
with a ground S� 3/2 state with g� 2.16. Below 20 K a rapid
decrease of �T was measured, which was attributed to the
zero-field splitting (zfs) of the quartet spin state. Assuming an


axial zfs Hamiltonian, D
�
S2z �


S�S� 1�
3


�
, the ground quartet


state is split into two Kramers doublets separated in energy by
2 D, and the magnetic susceptibilities are expected to be
anisotropic and should follow Equation (5), where the
symbols have their usual meaning.[20]


�	 �
Ng2	� 2


B�1� 9e�2D�kT�
4kT�1� e�2D�kT� ; �
�


Ng2
� 2
B


kT


�
1� 3kT


4D
�1� e�2D�kT�


�


�1� e�2D�kT� (5)


The powder magnetic susceptibility was computed as ��
�	 � 2 �



3
. With these equations, the temperature dependence


of �T was satisfactorily fitted with g� 2.156(8), D�
�3.600(1) cm�1 for the chloride and g� 2.171(6), D�
�3.392(3) cm�1 for the iodide derivative. The results of this
fit are shown in Figure 3 as a solid line. The temperature
dependence of the magnetic susceptibility is independent of
the sign of the zfs parameterD. The negative sign was derived
by the single-crystal measurements and HF-EPR spectra
(vide infra).


Figure 3. Temperature dependence of the magnetic susceptibility of a
single crystal of [Ni2(napy)4Br2]� in the form of a �T versus T plot. The
computed curve is represented as a solid line.


For the bromide derivative it was possible to measure the
magnetic susceptibility of a small single crystal. The external
magnetic field was close to the perpendicular of the Ni1�Ni2
bond direction. The temperature dependence of �T in the
range 2.4 ± 30 K is shown in Figure 3. It gradually decreases
from 2.2 emumol�1K at 30 K to 0.8 emumol�1K at 2.4 K. The
data were fitted using Equation (5) for �
 with g
� 2.26, D�
�3.3 cm�1. The results of the fit are shown in Figure 3 as a
solid line. The fit is acceptable but not perfect. This can be due
to the non-perfect alignment of the crystal along the x-y axis,
or to the presence of in-plane anisotropy and/or weak
interdimer interactions.


Table 1. Selected bond lengths [ä] and angles [�] for [Ni2(napy)4X2](BPh4).


I1�Ni1 2.885(1)
I2�Ni2 2.972(1) Ni1�Ni2 2.405(1) Ni1�N1 2.115(5)
Ni1�N2 2.083(5) Ni1�N3 2.107(5) Ni1�N4 2.082(5)
Ni2�N5 2.098(5) Ni2�N6 2.084(5) Ni2�N7 2.095(5)
Ni2�N8 2.086(5) N4-Ni1-N2 89.4(2) N4-Ni1-N3 92.1(2)
N2-Ni1-N3 171.4(2) N4-Ni1-N1 171.0(2) N2-Ni1-N1 88.4(2)
N3-Ni1-N1 88.7(2) N4-Ni1-Ni2 85.3(1) N2-Ni1-Ni2 85.4(1)
N3-Ni1-Ni2 86.3(1) N1-Ni1-Ni2 85.8(1) N4-Ni1-I1 96.1(1)
N2-Ni1-I1 93.0(1) N3-Ni1-I1 95.3(1) N1-Ni1-I1 92.7(1)
Ni2-Ni1-I1 177.8(4) N6-Ni2-N8 88.6(2)
N6-Ni2-N7 171.6(2) N8-Ni2-N7 90.6(2) N6-Ni2-N5 89.1(2)
N8-Ni2-N5 171.6(2) N7-Ni2-N5 90.6(2) N6-Ni2-Ni1 85.7(1)
N8-Ni2-Ni1 86.6(2) N7-Ni2-Ni1 85.8(1) N5-Ni2-Ni1 85.2(1)
N6-Ni2-I2 93.6(1) N8-Ni2-I2 94.4(1) N7-Ni2-I2 94.9(1)
N5-Ni2-I2 93.8(1)
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EPR spectra : The X- and Q-band EPR spectra of
[Ni2(napy)4Br2]� , recorded at 4.2 K, were previously repor-
ted.[9c] They were interpreted with an effective S� 1/2 spin
Hamiltonian with g	 � 2.20 ± 2.22 and g
� 4.30 ± 4.27 for the
X- and Q-band, respectively. These values originate from the
ground S� 3/2 state with a zero-field splitting larger than the
microwave quantum of �1 cm�1 at Q-band. The 4.2 K
polycrystalline powder X-band spectra of the chloride and
iodide derivatives looks similar with g	 � 2.10, g
� 4.20 for
the chloride, and g	 � 2.20 and g
� 4.13 for the iodide.
The polycrystalline powder spectra of the chloride and of


the iodide derivative recorded at 245 GHz are much more
informative, in accordance with the fact that at the high
frequency, which corresponds to approximately 8.2 cm�1, the
transitions between the two split Kramers doublets of the
ground S� 3/2 state are observed. The measured temperature
dependence of the HF-EPR spectra of [Ni2(napy)4I2]� is
shown in Figure 4. This dependence is consistent with a
negative value ofD as shown in Figure 5, where the computed


Figure 4. Measured temperature dependence of the polycrystalline pow-
der HF-EPR (245 GHz) spectra of [Ni2(napy)4I2]� .


Figure 5. Temperature dependence of polycrystalline powder HF-EPR
(245 GHz) spectra of [Ni2(napy)4I2]� computed by using a S� 3/2 spin
Hamiltonian with g	 � 2.18, g
� 2.12, �D �� 2.7 cm�1. A Lorentzian line-
shape was assumed with a linewidth of 400 Gauss. Top: spectra computed
with D��2.7cm�1. Bottom: spectra computed with D� 2.7cm�1.


temperature dependence of the spectra is shown for
D�� 2.7 cm�1. The spectra at 20 K of the chloride and the
iodide derivatives were fitted with an S� 3/2 spin Hamilto-
nian with g	 � 2.18, g
� 2.12, D��2.7 cm�1, for both com-
pounds, in reasonable agreement with the magnetic data.
Using these parameters to simulate the polycrystalline
powder spectrum at the X-band (9.3 GHz) we obtained an
axial spectrum which could be interpreted with an effective
S�� 1/2 spin Hamiltonian with g	 � 2.18, g
� 4.18 in reason-
able agreement with the experimental data.
In Figure 6, the measured and computed spectrum of


[Ni2(napy)4I2]� is shown together with the computed depend-
ence of the transition fields and the assignment of the
transitions at �� 0�. The spectra were simulated by using
the computer program developed by Weihe et al.[21] with a
Lorentzian line shape with an isotropic line width of
400 Gauss. The angular dependence of the transition fields
was computed using the eigenfield formalism.[22]


Figure 6. Polycrystalline powder HF-EPR (245 GHz) spectra of
[Ni2(napy)4I2]� recorded at 4.2 K. Top: Experimental spectrum (solid line)
and simulated spectrum (dashed line) with a S� 3/2 spin Hamiltonian with
g	 � 2.18, g
� 2.12 and D��2.7 cm�1. Bottom: Computed angular de-
pendence of the transition fields in the xz plane. The assignment of the
transitions along z (�� 0�) is also shown.


Electronic structure and magnetic properties of
[Ni2(napy)4X2]� (X�Cl,Br,I): The geometry of the
[Ni2(napy)4X2]� (X�Cl, Br, I) complexes was optimized in
the idealized D2 symmetry on the high-spin state (S� 3/2).
The most relevant geometrical parameters are reported in
Table 2 where they are also compared to the available
experimental data. The agreement with the experimental
data is good. The geometry of the iodide derivative was also
optimized using the gradient-corrected BLYP functional
(Table 2). The computed bond lengths are significantly longer
than the experimental ones, and we therefore keep the LDA
geometries in the rest of the paper.
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The computed molecular orbitals close to the Fermi level
for [Ni2(napy)4I2]� are shown in Figure 7. In Figure 7 the 	 and
� counterpart of the molecular orbitals are connected with
broken lines. The ground configuration is 28b1129b1129a1


corresponding to the spin state S� 3/2. The computed average


Figure 7. Relative spacing of the molecular orbitals near the Fermi level
computed for [Ni2(napy)4I2]� by using an unrestricted LDA calculation.
Spin up (	) orbitals are grouped on the left hand side. Broken lines connect
	 and � counterparts.


values of S2, �S2� , are 3.78, 3.78, and 3.77 for the Cl�, Br�,
and I� derivatives, respectively.[23] These values are very close
to S(S� 1) indicating a negligible contamination of excited
states into the ground state Slater determinant. The compo-
sition of the SOMOs, and of the �-LUMOs is shown in
Figure 8 as isosurfaces corresponding to a value of the
wavefunction � of 0.05 a.u. These orbitals correspond to our
qualitative picture of Scheme 2 and can be labeled as �u


Figure 8. Isosurface representation of the most relevant molecular orbitals
discussed in the text. The surfaces correspond to ��� 0.05 a.u.


(28b1), �u (29b1), and �g (29a). The �u shows a significant
antibonding contribution from the pz orbitals of the halogen.
Two low-lying doubly occupied orbitals (25a and 28a) show
significant contribution from the dz2 orbitals of Ni and can be


Table 2. Relevant geometrical parameters[a] computed for [Ni2(napy)4X2]�


(X�Cl, Br, I) in D2 symmetry.


Parameter X�Cl X�Br X� I X� I[b]


Ni�Ni 2.42 2.41(2.41) 2.41(2.40) 2.49
Ni�X 2.36 2.56(2.64) 2.83(2.92) 3.07
Ni�N 2.06 2.06(2.10) 2.06(2.09) 2.18
(N-Ni-N)cis 90 90(90) 89(90) 89
(N-Ni-N)trans 171 171(172) 169(171) 170
N-Ni-X 95 95(94) 95(94) 94
N-Ni-Ni 85 85(86) 84(86) 85
�[c] 29 28(25) 31(28) 25


[a] Distances in ä, angles in deg (�). Experimental values are shown in
parenthesis. The values are averaged over nonequivalent atoms. [b] Ge-
ometry optimized using the BLYP functional. [c] Twist angle between the
two tetragonal pyramids.
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assigned as the �g-type orbital of Scheme 2. Their composition
is also shown in Figure 8 and indicates some metal ±metal
bonding interactions between the nickel atoms. The 28a
orbital shows a relevant contribution of the pz orbitals of the
halogen and is closer in composition to the 29b1 orbital (�u-
type orbital). The orbital 26b1 is essentially a Ni�I bonding
orbital. The orbitals 27b1 and the 27a are, respectively, the in-
phase and out-of-phase linear combinations of the dxy orbitals
of Ni. The degenerate b2 and b3 pairs of orbitals are linear
combinations of dxz or dyz orbitals of the Ni atoms, with some
contributions from the px or the py orbitals of iodine. A similar
energy scheme was computed for the Cl and Br derivatives
with the exceptions that the order of the 28b1 and 29b1 �


orbitals was reversed.
The electronic transitions were computed in D2 symmetry


using the Slater×s transition state theory performing one-
electron excitations from relevant occupied � orbitals to the
empty � orbitals 28b1 and 31a. Within this formalism it is not
possible to compute the oscillator strength of the transitions.
The results of the calculations performed on [Ni2(napy)4I2]�


are compared with the experimental spectrum in Table 3. The


28a� �u and 26a� �u transitions originate from the bonding
combination of the dz2 of Ni that interact with the correspond-
ing linear combination of pz orbitals of iodine. The Ni�I
antibonding interaction shifts the 28a orbital to higher energy.
These two transitions were computed also for the Cl and Br
derivatives yielding: 26a� �u at 33753 and 31053 and 28a�
�u at 14865 and 14331 for Cl and Br, respectively. The value of
the electron transfer parameter B can be computed by using
Equation 3 from the 28a��u transition as 3716, 3583, and
3261 cm�1 for the Cl, Br, and I derivatives, respectively.
The complete modeling of mixed-valence systems requires


the knowledge of the potential energy surface of the system as
a function of the position of the atomic nuclei. Only in this
way it is possible to estimate the degree of delocalization of
the ™extra∫ electron. In the simplest model of the valence
trapping, that is, two uncoupled harmonic oscillators centered
on the two metal centers, the localization of the ™extra∫
electron is bound to the antisymmetrical breathing vibration,
Q, of the whole molecule, which can be viewed as an


expansion of one of the two chromophores and a contraction
of the other. In previous papers[13, 14] we showed that this Q
coordinate could be nicely modeled by following the geo-
metrical rearrangements of the molecules upon displacement
of the bridging groups from the equilibrium geometry, the
variation of the position of the other ligands being very small.
Since in the present complex the bridging ligands are quite
rigid we performed a series of geometrical optimizations on
[Ni2(napy)4I2]� by displacing the terminal iodine ligands by
their equilibrium positions as shown in Scheme 3, with fixed


Scheme 3.


Ni�Ni distance at 2.41 ä. All the other geometrical param-
eters were free of variation. This geometrical variation was
represented by the coordinateQI , computed as the difference
between adjacent geometries in mass-weighted coordinates.
In this way we constructed an adiabatic potential energy
surface (PES). The computed PES, plotted in Figure 9, is very


Figure 9. Computed potential energy surfaces (PES) along the QI and QN


nuclear displacements shown in Scheme 3. The harmonic frequencies (
)
and the anharmonic correction (
�) are indicated together with the spatial
extension of the low-lying vibrational levels.


Table 3. Computed one-electron transitions (cm�1) for [Ni2(napy)4I2]�.


One-electron Description[a] Calcd Exptl
excitations


28b2� �u �dxz ± px� � 10034 9300
28b2� �g �dxz ± px� � 12389
28a� �u �dz2 ± pz� � 13042 15600
27b1� �g �dxy� � 21398 22200
25b2� �g �dxz� � 23020
26a� �u


b �dz2� pz� � 25680 29000


[a] The principal atomic orbitals forming the starting one-electron molec-
ular orbitals are shown. The notations � �� and � �� indicate in-phase and
out-of-phase linear combinations of the orbitals centered on the Ni atoms;
the signs � and � in the bracket indicate in-phase and out-of-phase
combinations of the orbitals of iodine. [b] Short hand notation for 28b1 and
31a (see text). Transition 26a� 29b1 (�u) differs by only �400 cm�1 from
the 26a� 28b1. Only the transitions to 28b1 have been therefore computed.
Also the transitions involving the b2 and b3 states are almost degenerate
and only one of them is indicated.
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close to a parabola and the systems can achieve complete
delocalization through this motion. The computed overall
displacements of the nitrogen atoms of the naphtyridine
ligands (see Scheme 3) is only 0.002 ä, showing that QI is
almost independent of the vibrations of the nitrogen atoms.
We have also computed the PES obtained by varying the
position of the nitrogen ligands by a fluctuation of the
naphtyridine ring around the center of the central C�C bond,
with Ni�Ni fixed at 2.41 ä. This movement, also schemati-
cally shown in Scheme 3, causes a basal contraction of the four
N atoms on one center and the consequent elongation on the
other. The computed deviation of the I atoms from their
equilibrium position is now relevant, �0.1 versus �0.15 ä of
the N atoms, since from a contraction of the basal atoms an
elongation of the axial iodine atoms follows. Also this PES
(Figure 8) is very close to a parabola and also this coordinate,
QN, is active for the determination of the complete delocal-
ization of the ™extra∫ electron. From this PES, effective one-
dimensional Schrˆdinger equations for the motion of a
particle with a unitary mass can be computed.[24] This equation
can be numerically solved to give anharmonic frequencies
associated to this motion. Of course, the structures issuing
from electronic calculations must be properly oriented in
order to eliminate spurious rotational components.[25] All
these steps are fully automated in the program package
DiNa.[26] The vibrational frequencies computed by the above
approach are also shown in Figure 3. The motion is very close
to a harmonic oscillation (the anharmonicity is less than
3.5%) and the force constants corresponding to the harmonic
component are kI� 220 cm�1ä�2, and kN� 1040 cm�1ä�2 for
QI and QN respectively.
The exchange parameter J can be computed as J� 2[E(3/2)�


E(1/2)]/3. The energy of the S� 3/2 state can be computed
using Equation (3) and the calculated B values. The calcu-
lation of the doublet state can be performed by using a
number of different techniques[13] and a comparison between
the various formalisms is in progress. Using the direct
calculation of the doublet state through spin unrestricted
calculations the following values of J were obtained: 2316,
2116, and 952 cm�1 for the Cl, Br and I derivatives,
respectively. From Equation (3), the quartet E(3/2) state is
the ground state with the next excited state, E(1/2), at 242,
408, and 1832 cm�1, for Cl, Br, and I, respectively.
In transition metal compounds, the spin-orbit coupling


interaction, by admixing states with different spin multiplicity,
effectively removes the degeneracy of the spin multiplets in
zero field, leading to the zero-field splitting.[27] Although other
factors can influence the magnitude of the zfs parameter D,
such as spin ± spin interactions, they are generally negligible
with respect to the spin ± orbit coupling contribution. In DFT,
spin ± orbit coupling can be included by using the relativistic
Hamiltonian, which can be approximately solved, for exam-
ple, with the ZORA method.[28] The resulting one-electron
states represent mixed spin states according to the double
group symmetry of the molecule. While, in principle, these
wavefunctions may be used to solve the multiplet structure of
a many electron system, in atomic cases, a precision of 0.2 eV
was estimated for these methods, which seems to be far from
the accuracy required in our case.[29] A rationalization of the


sign and the magnitude of D can be achieved, however, by
vector-coupling arguments using simpler ligand field[26] (LF)
arguments. In the vector-coupling formalism[12, 13, 30 , 31] the
spin vectors, �SM�, of a mixed valence dimer can be written in
a general form as given in Equation (6), where �SiSjSM�i
indicates the spin vectors obtained by the coupling of Si with
Sj with the ™extra∫ electron localized on the I center.


� SM�� cA � SASBSM�A� cB � SASBSM�B (6)


In the present case when the ™extra∫ electron is localized on
center i we have: Si� 1, Sj� 1/2, and S� 3/2 for the ground
state. Using the formalism already developed one can obtain
from Equation (6), Equation (7) in which where DS is the zfs
tensor of the S state and Di


s is the zfs tensor of the same state
when the ™extra∫ electron is localized on i.


Ds� c2ADA
S � c2BDB


S (7)


For a Class I dimer CA�Cb� 1/

2 and Equation (7)


becomes Equation (8).


DS�
1


2
(DA


S �DB
S � (8)


In the present case Di
s can be rewritten as Equation (9),


where Dsi is the local zfs of the Si� 1 center and Dan is the
anisotropic part of the exchange interaction between A and B.


Di
S �


1


3
(DSi�Dan) (9)


Since the two centers are equivalent, DsA�DsB, Equation
(8) takes the simpler form given in Equation (10).


DS�
1


3
(D1�Dan)


The anisotropic contribution to DS can be conveniently
decomposed into exchange, Dex, and dipolar, Dd, contribu-
tions.[13] Due to the r�3 dependence of the dipolar term, Dd is
expected to be close to zero and, assuming two dipoles with
g� 2 and 4.1 ä apart, it is computed as 0.04 cm�1. The
exchange contribution to the zfs is related to the exchange
interaction between the ground state on one ion and the
excited states of the other, admixed by spin-orbit coupling.[32]


This term can be sizeable and negative since the states
involved in the exchange interactions are almost orthogonal.
The magnitude of D1 is surely more difficult to evaluate a
priori since it is linked to the geometrical environment of the
NiII center and can vary from 0 cm�1 to a few tens of
wavenumbers. To estimate this contributions, we performed
LF calculations[33] on a chromophore NiN4IX (where X is a
ligand) that mimics the NiI center. Since the largest inter-
action between the Ni atoms is the � antibonding interaction
between the dz2 orbitals, the X ligand was taken as a � donor
with variable e� parameters using the angular overlap model
of the ligand field.[34] Calculations were performed[35] using
reasonable parameters and values taken from literature
data,[36] that is, e�N��4000 cm�1, e�N/e�N� 0.05, e�I�
�2500 cm�1, and e�I/e�I� 0.25. The parameters of the nitrogen
ligands are appropriate for pyridine and the � interactions
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were assumed to be perpendicular to the aromatic rings, while
an isotropic � interaction was assigned to I. The computed
values of the zfs parameters D are shown in Figure 10 in the
form D versus e�X/e�I. For e�X/e�I� 2, D becomes negative and
rapidly increases. It can be concluded that the observed D
value (�2.7 cm�1) can be attributed to a sizeable contribution
of the zfs of the NiII center. For e�X/e�I� 3 the NiII ion already
contributes 40% of the zfs of the ground S� 3/2 spin state.
Since the iodide ligand is a weak ligand (at the extreme left of
the spectrochemical series) this can be considered a lower
limit for the single ion contribution.


Figure 10. Computed dependence of the single ion zero-field splitting
parameter D on e�X/e�I (see text).


Conclusion


DFT has allowed a meaningful comparison of the
exchange and double-exchange contributions to
the energy separation between the ground S� 3/2
and the first excited S� 1/2 of the mixed-valence
NiII ±NiI species in [Ni2(napy)4X2]� (X�Cl, Br, I)
cations. The use of high-frequency EPR spectro-
scopy together with low-temperature magnetic
measurements provided an unambiguous descrip-
tion of the zero-field splitting of the ground S� 3/2
state, both in terms of the absolute value and sign,
which was successfully related to ligand field
parameters. The present investigation shows how
the combination of DFT calculations and spectro-
scopic methods may yield important information
in mixed-valence compounds. In particular, the
characterization of the electron delocalization
mechanism can be extracted from the calculation
of the adiabatic potential energy surfaces associ-
ated to vibrational motions.


Experimental Section


Synthesis of [Ni(napy)4X2]B(C6H5)4 (X�Cl,Br,I): The complexes were
prepared as previously described.[9a, 9b] Single crystals of [Ni(na-
py)4I2]B(C6H5)4 suitable for X-ray analysis were obtained by slow diffusion
of an acetone solution of the complex with ethanol as precipitating agent.


Elemental analysis calcd (%) for C56H44N8BCl2Ni2: C 65.31, H 4.40, N 10.7,
Ni 10.9; found: C 65.41, H 4.31, N 10.89, Ni 11.41.


Elemental analysis calcd (%) for C56H44N8BBr2Ni2: C 60.13, H 4.28, N 9.56,
Ni 9.80; found: C 60.21, H 3.97, N 10.03, Ni 10.50.


Elemental analysis calcd (%) for C56H44N8BI2Ni2: C 55.41, H 3.60, N 9.01,
Ni 9.60; found: C 55.53, H 3.66, N 9.25, Ni 9.69.


Only crystals of the I� derivative were found to be of a quality appropriate
for X-ray analysis.


XRD data collection and structure determination : Crystals of [Ni(na-
py)4I2]B(C6H5)4 were found to be shiny black monoclinic prisms. A crystal
of approximate dimensions 0.06� 0.4� 0.5 mm was mounted on a glass
fiber and transferred to an Enraf ±Nonius CAD-4 diffractometer equipped
with a graphite-monochromated MoK	 X-ray source (�� 0.71073 ä). The
unit cell parameters were determined following the method of short vectors
followed by least-squares refinement of 25 well-centered reflections. These
reflections were also used for monitoring the orientation matrix after every
500 reflections. Data were collected at 293 K using 
� 2� scan technique.
The orientation matrix was recalculated after collecting 500 reflections at a
time by centering the same 25 reflections used to start the data collection.
Intensities of three standard reflections monitored every 1 h showed no
systematic variation. Details concerning crystallographic data collection
and structure refinement are summarized in Table 4. Lorentz polarization
and empirical (� scan) absorption corrections[37] were applied to intensity
data. The structure was solved by direct methods and refined by the full-
matrix least-squares method on all F 2 data, using the SIR92[38] and the
SHELXL97[39] programs. All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were included in
calculated positions and refined with isotropic thermal parameters equal
to 1.5 those of the parent carbon atoms.


CCDC-175919 contains the supplementary crystallographic data (exclud-
ing structure factors) for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).


Table 4. Crystal data and structure refinement for [Ni2(napy)4I2]B(C6H5)4.


empirical formula C56 H44 B I2 N8 Ni2
formula weight 1211.02
temperature [K] 293(2)
wavelength [ä] 0.71069
crystal system, space group monoclinic, P21/n
unit cell dimensions
a [ä] 17.340(5)
b [ä] 26.200(5)
c [ä] 11.340(5)
� [�] 101.320(5)�
volume [ä3] 5052(3)
Z 4
calcd [mgm�3] 1.592
� [mm�1] 2.014
F(000) 2412
crystal size 0.06� 0.4� 0.5 mm
� range [�] 2.50 ± 25.49
limiting indices 0� h� 20, 0� k� 31, �13� l� 13
reflections collected/unique 9686/9367 [R(int)� 0.0305]
completeness to theta� 25.49 99.7%
refinement method full-matrix least-squares on F 2


data/restraints/parameters 9367/0/604
goodness-of-fit on F 2 1.121
final R indices [I� 2�(I)] R1� 0.0445, wR2� 0.1308
R indices (all data) R1� 0.0711, wR2� 0.1731
largest difference peak and hole [eä�3] 0.684 and �0.977
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Electronic spectra : UV/Vis spectra of [Ni(napy)4X2]B(C6H5)4 (X�Cl, Br,
I) were measured in a dichloromethane solution at room temperature by
using a Lambda-9 Perkin ±Elmer spectrometer. The molar concentration
(molL�1) of the solutions was 1.9� 10�4, 3.0� 10�4, and 3.9� 10�4 for the
Cl, Br, and I derivative, respectively. The absorption maxima (cm�1) with �


(��1 cm�1) in parenthesis were: [Ni(napy)4Cl2]B(C6H5)4: 9.9 (100), 16.6
(2900), 24.1 (3900), 25.3 (3950); [Ni(napy)4Br2]B(C6H5)4: 9.7 (105), 16.4
(2250), 24.7 (sh), 25.8 (2900); [Ni(napy)4I2]B(C6H5)4: 9.3 (100), 15.6 (4500),
22.2 (sh), 29.0 (6800).


Magnetic measurements : Temperature dependence of the magnetic
susceptibility for [Ni(napy)4X2]B(C6H5)4 (X�Cl, Br, I) was measured on
polycrystalline powders in the temperature range 2.5 ± 150 K with a
SQUID magnetometer from Metronique Ingegnerie MS02 with a constant
magnetic field of 1 T. Magnetic susceptibilities were corrected for
diamagnetism using Pascal×s constants.[40] The temperature dependence
of [Ni(napy)4Br2]B(C6H5)4 in the range 2.4 ± 22 K was also measured on a
single crystal of 0.85 mg with the static magnetic field of 0.1 T perpendic-
ular to the [0 �1 0] crystallographic face, that is, almost perpendicular to
the Ni�Ni direction.
EPR spectra : X-band (9.3 GHz) electron paramagnetic resonance spectra
were recorded on polycrystalline powders of [Ni(napy)4X2]B(C6H5)4 (X�
Cl, Br, I) with a Varian E-9 spectrometer equipped with an Oxford
Instruments continuous flow cryostat. High-field EPR (HF-EPR) spectra
were recorded at 245 GHz on polycrystalline powders of [Ni(na-
py)4X2]B(C6H5)4 (X�Cl, I) in the temperature range 4 ± 50 K with an
EPR spectrometer built by the Service national des Champs Intenses,
CNRS, Grenoble, France.


Computational methods : All the calculations were performed using the
Amsterdam Density Fuctional (ADF) program package.[41] Calculations
were performed using the local density approximation (LDA) and the
generalized gradient approximation (GGA). In the LDA calculations the
X	 functional[42] was used for the exchange, the local Vosko, Wilk and
Nusair[43] functional was used for the correlation part and the Stoll
correlation correction[44] was always applied. GGA calculations were
performed by using the nonlocal correction of Becke[45] to the X	 exchange
functional and the correlation corrections by Lee, Yang, and Parr[46]


(BLYP). The standard basis sets provided within the ADF2000.02
distribution were used throughout. The Frozen Core (FC) approximation
for the inner core electrons was adopted. The orbitals up to 1s for carbon
and nitrogen, 2p for chlorine, 3p for nickel, 3d for bromine, and 4d for
iodine were kept frozen. Hydrogen atoms were treated with a double-�
basis. Valence electrons on carbon and nitrogen atoms were treated with
double-� functions. Valence electrons on nickel and halide atoms were
treated with triple-� functions. The valence shells of carbon, nitrogen,
chlorine, and bromine atoms were expanded with single-� d polarization
functions. Electronic transitions were computed by applying Slater×s
transition-state theory.[42] The anharmonic frequencies needed for the
estimation of vibronic couplings were computed with the DiNa package.[47]
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Preparation and Characterization of New Room Temperature Ionic Liquids


LuÌs C. Branco,[a] Joaƒo N. Rosa,[a] Joaquim J. Moura Ramos,[b] and Carlos A. M. Afonso*[a]


Abstract: A new series [CnOmmim][X]
of imidazolium cation-based room tem-
perature ionic liquids (RTILs), with
ether and alcohol functional groups on
the alkyl side-chain has been prepared.
Some physical properties of these RTILs
were measured, namely solubility in
common solvents, viscosity and density.
The solubility of LiCl, HgCl2 and LaCl3
in room temperature ionic liquids was
also determined. The features of the


solid ± liquid phase transition were ana-
lysed, namely the glass transition tem-
perature and the heat capacity jump
associated with the transition from the
non-equilibrium glass to the metastable
supercooled liquid. These properties


were compared with those reported for
the 1-n-alkyl-3-methylimidazolium
[Cnmim][X] series. While the density
and solid ± liquid phase transition prop-
erties are similar for both series, the new
RTILs present a considerably lower
viscosity and an increased ability to
dissolve HgCl2 and LaCl3 (up to 16 times
higher).


Keywords: alkylation ¥ green
chemistry ¥ ionic liquids ¥ phase
transitions ¥ solvent effects


Introduction


Although known since the beginning of the 21st century, only
recently have room temperature ionic liquids (RTILs) at-
tracted significant and growing interest, especially those
based upon the 1-n-alkyl-3-methylimidazolium cation.[1, 2]


They have intrinsically useful properties, such as thermal
stability, high ionic conductivity, negligible vapour pressure
and a large electrochemical window. Depending on the anion
and alkyl group of the imidazolium cation, the RTILs can
solubilise carbonyl compounds, alcohols, alkyl halides, super-
critical CO2 (scCO2), and also transition metal complexes.
Furthermore, they can have low miscibility with dialkyl ethers,
alkanes, water and can be insoluble in scCO2.[1, 3, 4] The RTILs
can be used as an alternative recyclable and environmentally
benign reaction media for chemical processes. Examples of
their usefulness in biocatalysis[5] and catalysis have been
reported, for example hydroformylation, hydrogenation,
olefin oligomerisation, Heck reactions, alkylation, Friedel ±
Crafts reactions, Diels ±Alder reactions and Baylis ±Hillman
reactions.[6] Moreover, RTILs have successfully replaced


traditional organic solvents (OS) in aqueous-OS biphasic
systems, including selective extraction of metal ions[7, 8] and for
OS-scCO2 extraction.[9, 10] Applications have also been found
in different areas, including gas chromatography[11] as sta-
tionary phases, in electrochemistry[12] as solvents and electro-
lytes, and in pervaporation.[13]


Future applications of RTILs to other important processes
may require the synthesis of new ionic liquids with suitable
properties. For instance, improved solubility of more specific
solutes including very polar substrates or catalysts may be
called for. This can be achieved by including different
substituent groups R with potential complexation properties
in the basic ionic liquid structure.


Herein, we report the preparation of a new series of ionic
liquids [CnOmmim][X], based on the imidazolium cation that
contains additional functional groups, such as ether and
alcohol, on the alkyl group R. This new series of RTILs was
prepared, characterised, and some physical properties were
studied.


Results and Discussion


The structures of the ionic liquids [CnOmmim][X] prepared
and studied in the present work are shown in Table 1. A
previously reported methodology[1, 14] was used for the
preparation of these new ionic liquids. Alkylation of methyl-
imidazole with an alkyl halide is followed by halogen (Cl� or
Br�) exchange with slight excess (1.1 equiv) KPF6, NaBF4 or
NaCF3CO2 (NaTFA) in order to reduce the amount of
remaining halogen content. The volatile components are then


[a] Prof. C. A. M. Afonso, L. C. Branco, J. N. Rosa
Departamento de QuÌmica
Centro de QuÌmica Fina e Biotecnologia
Faculdade de Cie√ncias e Tecnologia
Universidade Nova de Lisboa, 2829-516 Caparica (Portugal)
Fax: (�351)21-294-8550
E-mail : cma@dq.fct.unl.pt


[b] Prof. J. J. Moura Ramos
Centro de QuÌmica-Fisica Molecular, Complexo-I
Instituto Superior Te¬cnico
Av. Rovisco Pais, 1049-001 Lisboa (Portugal)


FULL PAPER


Chem. Eur. J. 2002, 8, No. 16 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3671 $ 20.00+.50/0 3671







FULL PAPER C. A. M. Alfonso et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3672 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163672


removed by stirring the RTIL at 70 ± 90 �C for 24 ± 48 h under
vacuum. Stirring is essential, otherwise removal of the volatile
components is incomplete as a result of slow diffusion of the
volatile molecules in the viscous RTIL. The remaining water
content in the RTIL is higher in case of BF4


� anion [2.3 to
4.7 �g (H2O)mL�1 (RTIL)] than for PF6


� [0.9 to 2.0 �g
(H2O)mL�1 (RTIL)] which is in agreement with the observed
contents for the [Cnmim][X] series.[3c] The samples used for
microanalysis and calorimetric experiments were further
purified by filtration through silica and left under high
vacuum (6� 10�6 mbar) at room temperature in order to
remove traces of halogen and volatile components, respec-
tively.


All new RTILs were obtained in medium-to-high yields
(75 ± 95%). They are stable in air, water and in other common
organic solvents, such as ethers, hexane, dichloromethane,
ethyl acetate and ethanol. No decomposition was observed in
the range of temperatures tested (up to 90 �C).


Some physical properties of this new series of RTILs were
studied, namely their solubility in some common organic
solvents and in water, solubility of inorganic salts in the RTIL,
viscosity and density. The analysis of the solid ± liquid phase
transition allowed the determination of the glass transition
temperature, Tg, and of the heat capacity jump, �Cp


associated with the glass transition. Some of these properties
were compared with those previously reported for the RTIL
series [Cnmim][X] (n� 4, 6, 8 and 10) containing different
anions (X��Cl� , PF6


� and BF4
�).


Solubility of RTILs in some solvents : In Table 2 we present
the solubilities of the new RTILs [CnOmmim][X] together
with those of with the RTIL series [Cnmim][X]. It can be
observed that the new RTILs [C2OHmim][PF6], [C2OH-


mim][BF4], [C2OHmim][TFA], [C3Omim][PF6] and
[C3Omim][BF4] (entries 1 ± 5) are miscible with water, as is
the case for the RTIL [C4mim][BF4] (entry 9). For the others,
RTILs (entries 6 ± 8 and 10 ± 12) the solubility in water was
determined by UV spectroscopy and it was found that the
RTILs with PF6


� anion have lower solubility in water when
compared to those with the BF4


� anion. The RTIL
[C5O2mim][PF6] has lower solubility in water than the RTIL


[C4mim][PF6] (entry 6 vs entry 8). Among all RTILs studied,
[C8mim][PF6] presents the lowest water solubility (entry 10).
In ethyl acetate, the RTILs of entries 1 ± 5 are partially
miscible while the others (entries 6 ± 12) are immiscible. On
the other hand, in 96% ethanol (v/v) the RTILs of entries 4 ± 7
are partially miscible while all the others (entries 1 ± 3 and 8 ±
12) are miscible. Additionally, all RTILs studied are immis-
cible in diethyl ether, and miscible in acetone and in
dichloromethane. They also show low solubility in hexane
and petroleum ether.


In general, the introduction of hydroxyl or ether functional
groups in the alkyl chain considerably modifies the solubility
behaviour, while modification of the anion (PF6


� , BF4
� ,


TFA�) does not seem to have any significant influence.


Viscosity : Table 3 gives viscosity data for some RTILs at
different temperatures (10, 20 and 30 �C). From this data it can
be concluded that both RTIL series (the new [CnOmmim][X]
and the [Cnmim][X]) display qualitatively similar viscosity
behaviour.


Table 1. Structure of room temperature ionic liquids of the series
[CnOmmim][X].


N N R
X


Ionic liquid Cation Anion
R X�


[C2OHmim][Cl] (CH2)2OH Cl�


[C2OHmim][PF6] (CH2)2OH PF6
�


[C2OHmim][BF4] (CH2)2OH BF4
�


[C2OHmim][TFA] (CH2)2OH CF3CO2
�


[C3Omim][Cl] (CH2)2OMe Cl�


[C3Omim][PF6] (CH2)2OMe PF6
�


[C3Omim][BF4] (CH2)2OMe BF4
�


[C4OHmim][Br] (CH2)4OH Br�


[C5O2mim][Cl] (CH2)2O(CH2)2OMe Cl�


[C5O2mim][PF6] (CH2)2O(CH2)2OMe PF6
�


[C5O2mim][BF4] (CH2)2O(CH2)2OMe BF4
�


Table 2. Solubility of new RTILs in some common solvents.


Entry Ionic liquid H2O[gL�1] Et2O EtOAc EtOH[a]


1 [C2OHmim][PF6] misc imisc pm misc
2 [C2OHmim][BF4] misc imisc pm misc
3 [C2OHmim][TFA] misc imisc pm misc
4 [C3Omim][PF6] misc imisc pm pm
5 [C3Omim][BF4] misc imisc pm pm
6 [C5O2mim][PF6] 0.38[b] imisc imisc pm
7 [C5O2mim][BF4] 0.43[b] imisc imisc pm
8 [C4mim][PF6] 0.57[b] imisc imisc misc
9 [C4mim][BF4] misc imisc imisc misc


10 [C8mim][PF6] 0.22[b] imisc imisc misc
11 [C8mim][BF4] 0.30[b] imisc imisc misc
12 [C10mim][BF4] 0.59[b] imisc imisc misc


[a] Ethanol 96% (v/v). [b] Determined by UV spectroscopy; misc:
miscible; imisc: immiscible; pm: partially miscible.


Table 3. Viscosity (cP) data for several RTILs at different temperatures.


Entry Ionic liquid cP (30 �C) cP (20 �C) cP (10 �C)


1 [C2OHmim][PF6] 82.7 148.8 279.5
2 [C2OHmim][BF4] 70.9 (25 �C) 90.9 157.6
3 [C3Omim][PF6] 148.1 283.6 607.5
4 [C3Omim][BF4] 138.0 262.8 374.3
5 [C5O2mim][Cl] 283.7 613.4 1515.8
6 [C5O2mim][PF6] 212.3 425.8 1034.9
7 [C5O2mim][BF4] 189.2 377.0 860.4
8 [C4mim][PF6] 172.8[a] 308.3[b] 615.0
9 [C4mim][BF4] 65.2[c] 104.9[d] 185.9


10 [C8mim][Cl] 337.0 (25 �C)
11 [C8mim][PF6] 425.2[e] 857.4[f] 1922.4
12 [C8mim][BF4] 82.1 135.0 294.3
13 [C10mim][BF4] 223.1 416.6 846.3
14 [C2mim][BF4] 43.0[g] 66.5[g]


15 [C6mim][Cl] 716.0 (25 �C)[g]


16 [C6mim][PF6] 363.0[g] 680.0[g]


17 [C6mim][BF4] 177.0[g] 314.0[g]


[a] 204.0;[15] [b] 371.0;[15] [c] 91.4;[15] [d] 154.0;[15] [e] 452.0;[15] [f] 866.0;[15]


[g] literature values.[15, 16]
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The viscosity of ionic liquids is essentially influenced by
their hydrogen bonding ability and by the strength of their
van der Waals interactions, being strongly dependent of the
anion type. We observe that all the RTILs containing the BF4


�


anion have lower viscosity than the RTILs with PF6
� anion,


which is in agreement with reported data.[3c] This difference is
even more noticeable at the lower temperature (10 �C). For
example, in the [Cnmim][PF6] series, RTILs with PF6


� have
viscosities that are more than twice the value of the viscosity
of RTILs with BF4


� (entries 8, 11, 16 vs 9, 12, 17). This
significant difference of viscosities between PF6


� and BF4
�


anions is less pronounced for the [CnOmmim][X] series
(entries 1, 3, 6 vs 2, 4, 7).


The structure of the cation also influences the viscosity of
the ionic liquid. In our studies we concluded that the viscosity
of the RTIL [C2OHmim][PF6] is less than half as large as the
RTILs [C3Omim][PF6] and [C4mim][PF6] (entry 1 vs entries 3
and 8). The RTIL [C2OHmim][BF4] presents an intermediary
viscosity between the RTILs [C2mim][BF4] and [C4mim][BF4]
(entry 14� entry 2� entry 9). The viscosity of the RTIL
[C5O2mim][Cl] is lower than the viscosity of the RTILs
[C6mim][Cl] and [C8mim][Cl] (entry 5 vs entries 15 and 10).


In Figure 1 we present the viscosity of some RTILs plotted
as a function of the temperature, which allows a better
comparison between the RTILs.


From this study, we can conclude that ionic liquids display a
very large range of viscosities, depending on the cation/anion
combination. On the other hand, the temperature coefficient
of the viscosity at room temperature (that expresses the
activation energy for the viscous flow) is high when compared
to ™normal∫ solvents.


From the data displayed in Figure 1, it can be concluded
that with regard to the viscosity, the best RTILs are
[C2OHmim][PF6], [C2OHmim][BF4], [C3Omim][BF4] and
[C4mim][BF4], since they have a lower viscosity, which is an
important issue in some applications.


Density : In Table 4 we present density data at 25 �C for the
prepared RTILs. In general, the new RTIL [CnOmmim][X]
series have higher densities than the [Cnmim][X] series. The
RTILs containing the PF6


� anion have higher densities than
those with BF4


� or Cl� anions. As would be expected, a larger
alkyl chain on the [Cnmim] series results in a decrease of
density (butyl� hexyl� octyl� decyl) (entries 8, 9 and 10 vs
entries 13, 14 and 15).


Among the new RTIL [CnOmmim][X] series, the densities
decrease in the order [C2OHmim]� [C3Omim]� [C5O2mim]
(entries 1 and 2 vs entries 3 and 4 vs entries 6 and 7). The
RTILs [C3Omim][X] and [C5O2mim][PF6] present a very
similar density to those from the [Cnmim][X] series with
comparable chain size, respectively [C4mim][X] and
[C6mim][PF6].


Melting point and glass transition temperature : The solid ±
liquid phase transition of these RTILs has been studied by
differential scanning calorimetry (DSC, Table 5). One of the
features arising from this study is that most of these molten
salts are very good glass-formers (they present a weak
tendency to crystallise). They can be cooled from the


equilibrium liquid state down to low temperatures without
crystallising, entering the metastable supercooled liquid state,
and suffering a glass transition leading to an out-of-equili-
brium glassy state. Consequently, these RTILs, that are easily


Figure 1. Viscosity of a series of RTILs as a function of the reciprocal of
the temperature


Table 4. Densities at 25 �C of several RTILs.


Entry Ionic liquid Density [gmL�1]


1 [C2OHmim][PF6] 1.48
2 [C2OHmim][BF4] 1.33
3 [C3Omim][PF6] 1.40
4 [C3Omim][BF4] 1.26
5 [C5O2mim][Cl] 1.14
6 [C5O2mim][PF6] 1.32
7 [C5O2mim][BF4] 1.22
8 [C4mim][Cl] 1.08[a]


9 [C4mim][PF6] 1.31[b]


10 [C4mim][BF4] 1.26[c]


11 [C6mim][Cl] 1.03[a]


12 [C6mim][PF6] 1.29[a]


13 [C8mim][Cl] 1.00[a]


14 [C8mim][PF6] 1.19[d]


15 [C8mim][BF4] 1.08
16 [C10mim][BF4] 1.04


[a] Reported value;[3c] [b] 1.36;[3c] [c] 1.12;[3c] [d] 1.22.[3c]
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manipulated in the supercooled liquid state, show a strong
DSC signature of a glass transition (on cooling, as well as on
heating). Among the ionic liquids studied, only
[C3Omim][PF6] readily crystallises on cooling. As a conse-
quence, no glass transition signal was observed in this case.
For a heating rate of 10 �Cmin�1, the onset of the melting peak
appeared at 15 �C, and the maximum of this peak occurred at
26 �C. The molar melting enthalpy was found to be �Hm�
14.3 kJmol�1.


The DSC thermogram recorded on heating of some of the
studied molten salts, namely of [C3Omim][Cl] and
[C5O2mim][PF6], show three different signals: the heat flow
jump arising from the glass transition, a broad exothermic
signal caused by cold recrystallisation (crystallisation on
heating), and the melting (endothermic) peak. In most cases,
the melting peak of these ionic liquids appears above room
temperature. This means that, when manipulated as liquids
near room temperature, they are, in fact, in the metastable
supercooled liquid state, rather than in the equilibrium liquid
state.


Another feature of the room temperature ionic liquids
studied in the present work is that they show a strong jump in
the molar heat capacity associated with the glass transition. In
fact, the sigmoidal change in the heat flux, that is the DSC
signature of the glass transition, arises from a change in the
heat capacity, �CP, when the sample is heated from the glassy
state to the metastable supercooled liquid (or cooled from the
supercooled liquid to the glassy state). The jump in the molar
heat capacity, �CPm, is higher than 90 JK�1mol�1 for all the
RTILs studied in the present work. These high values of �CPm


indicate that many degrees of freedom are released on heating
above Tg. A very high value of the heat capacity jump at the
glass transition appears as a specific feature of ionic liquids.


Indeed, values of �CPm of 23 JK�1mol�1 and 53 JK�1mol�1


are reported respectively for glycerol (Tg� 185 K) and
toluene (Tg� 113 K),[17] while for polymeric systems we have
�CPm� 10 JK�1mol�1 for polyethylene (Tg� 140 K) and
�CPm� 36 JK�1mol�1 for poly(vinyl acetate) (Tg� 302 K).[18]


The high�CPm at Tg found for ionic liquids arises from the fact
the each molecular unit is in fact composed by two sub-units
(the cation and the anion) that have, in the supercooled liquid
state, an appreciable relative mobility.


No apparent correlation can be found between the heat
capacity jump, �CPm, at the glass transition, and the glass
transition temperature or the molar mass of the ionic liquids.


Solubility of inorganic salts in RTILs : Recently, ionic liquids
have often been discussed as promising solvents for green
chemistry and clean synthesis.


The use of RTILs as a new recyclable reaction media for a
considerable range of organic transformations, including
transition metal catalysis has already been demonstrated.
Nonetheless, the use of RTILs has been mainly restricted to
the [Cnmim][X] series. Meanwhile, in our experience, the
extension of this medium to other organic transformations
suffers from the drawback of the considerably low solubility
of some substrates and catalysts on the RTIL [Cnmim][X]
series. To circumvent this limitation, we performed a com-
parative study of solubility of Li, Hg and La chlorides between
the [Cnmim][X] and [CnOmmim][X] series as a prospective
study. The three salts tested were chosen in order to allow us
to predict the potential solubility of each RTIL of different
types of a diverse range of transition metals and inorganic
species that could eventually be used in different applications.


Solubility data for LiCl, HgCl2 and LaCl3 in several RTILs
is presented in Table 6.


We found that LiCl has, in general, a low solubility in the
RTILs studied, except for [C2OHmim][PF6] (entry 1). The
solubility of LiCl in the RTIL with [C3Omim] cation structure
is similar to the solubility in the RTIL with the [C4mim] cation
structure (entries 3 and 4 vs entries 8 and 9). The same is
observed between the RTILs [C5O2mim][PF6] and
[C8mim][PF6] (entry 6 vs entry 10).


Table 5. Thermal data of several RTILs obtained by DSC analysis.


Ionic liquid TG
[a]


[�C]
�CP


[b]


[J g�1K�1]
�CPm


[c]


[Jmol�1K�1]
Tf


[d]


[�C]


[C2OHmim][PF6] � 72 0.46 125
[C2OHmim][Cl] � 111 0.72 117
[C2OHmim][BF4] � 84 0.56 120
[C2OHmim][TFA] � 89 0.74 178
[C3Omim][PF6] ± ± ± 26
[C3Omim][Cl] � 60 0.52 92
[C3Omim][BF4] � 88 0.56 128
[C4OHmim][Br] � 83 0.63 148
[C5O2mim][PF6] � 69 0.46 151
[C5O2mim][Cl] � 85 0.79 174
[C5O2mim][BF4] � 86 0.65 177
[C4mim][Cl] 41[e]


[C4mim][PF6] � 80[e] 10[e]


[C4mim][BF4] � 97[e] � 81[e]


[C6mim][Cl] � 75[e]


[C6mim][PF6] � 78[e] � 61[e]


[C6mim][BF4] � 82.4[e]


[C8mim][Cl] � 87[e]


[C8mim][PF6] � 82[e]


[C8mim][BF4] � 80.5[e]


[C10mim][BF4] � 24.7[e]


[a] Glass transition temperature (TG) determined as the onset temperature
in the heating mode (10 �Cmin�1); [b] heat capacity jump (�CP); [c] molar
heat capacity jump (�CPm); [d] melting temperature (Tf) ; [e] reported
values.[3a,c]


Table 6. Observed solubility constants (Ks) of LiCl, HgCl2 and LaCl3 in
several RTILs.


Entry Ionic liquid Ks
[a] (LiCl)[b] Ks


[a] (HgCl2)[c] Ks
[a] (LaCl3)[c]


1 [C2OHmim][PF6] 144.47 44.64 32.47
2 [C2OHmim][BF4] 18.46 84.73 54.01
3 [C3Omim][PF6] 12.44 50.13 37.61
4 [C3Omim][BF4] 14.43 220.86 180.27
5 [C5O2mim][Cl] 9.98 295.34 379.23
6 [C5O2mim][PF6] 35.52 147.48 97.22
7 [C5O2mim][BF4] 21.36 174.17 292.46
8 [C4mim][PF6] 12.08 4.06 6.58
9 [C4mim][BF4] 15.54 41.41 10.92


10 [C8mim][PF6] 35.32 32.98 8.49
11 [C8mim][BF4] 56.02 35.92 53.25
12 [C10mim][BF4] 12.64 2.12 47.12


[a] Observed Ks (10�6 g of saltg�1 of RTIL); [b] determined by flame
photometry; [c] determined by inductively coupled plasma spectroscopy
(ICP).







Ionic Liquids 3671±3677


Chem. Eur. J. 2002, 8, No. 16 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3675 $ 20.00+.50/0 3675


Our results show that the solubility of LiCl in RTIL
[C5O2mim][BF4] is less than half of that in the RTIL
[C8mim][BF4], which is unexpected on account of the
presence of the ether functionality (entry 7 vs entry 11). In
general, we did not detect a considerable difference in
solubility for LiCl between the new RTIL [CnOmmim][X]
and the [Cnmim][X] series. Among the RTILs, [C2OH-


mim][PF6] is a notable exception which appears to be the
appropriate RTIL to solubilise LiCl and comparable alkaline
metals.


With regard to the solubility of HgCl2, we verified that the
new RTILs [CnOmmim][X] allow a higher dissolution than the
[Cnmim][X] series: both [C2OHmim][PF6] and [C3Omim]-
[PF6] solubilise an amount of HgCl2 eleven or more times
higher than [C4mim][PF6] (entries 1 and 3 vs entry 8). The
RTIL [C3Omim][BF4] was found to solubilise HgCl2 three and
five times better than the RTILs [C2OHmim][BF4] and
[C4mim][BF4], respectively (entry 4 vs entries 2 and 9). In
the same line, RTILs containing the [C5O2mim] cation
solubilise HgCl2 five to six times better than those having
the [C8mim] cation (entries 5 and 6 vs entries 10 and 11).
From the above observations, we can conclude that the new
RTILs (in particular [C3Omim][BF4], [C5O2mim][BF4] and
[C5O2mim][PF6]) are more efficient at solubilising HgCl2 and
possibly other transition metals.


Similar to HgCl2, LaCl3 is more soluble in the [CnOm-
mim][X] series than in the [Cnmim][X] series: both [C2OH-
mim][PF6] and [C3Omim][PF6] solubilise LaCl3 five or more
times better than [C4mim][PF6] (entries 1 and 3 vs entry 8).
LaCl3 has a solubility in [C3Omim][BF4] which is three to
sixteen times higher than in [C2OHmim][BF4] and
[C4mim][BF4], respectively (entry 4 vs entries 2 and 9). The
RTILs containing the [C5O2mim] cation solubilise LaCl3 five
to eleven times better than those containing the [C8mim]
cation (entries 6 and 7 vs entries 10 and 11). From the above
results obtained for LaCl3, we expect that the most appro-
priate RTILs to solubilise lanthanides are [C5O2mim][BF4]
and [C3Omim][BF4].


In general, the solubility behaviour of HgCl2 and LaCl3 is
similar for the RTILs [CnOmmim][X] and [Cnmim][X]. The
RTILs containing BF4


� are better solvents than the corre-
sponding RTILs with the PF6


� anion. The cation structure of
the RTIL also influences the solubility of HgCl2 and LaCl3,
which increases with chain size: [C2OHmim]� [C3Omim]�
[C5O2mim] and [C4mim]� [C8mim]. In contrast, LiCl pres-
ents very different solubility behaviour in the RTILs studied.


The solubility profile presented here for LiCl, HgCl2 and
LaCl3 should be valid for alkaline, transition metals and
lanthanides salts, respectively.


Conclusion


The new [CnOmmim][X] RTILs described here show a set of
properties (solubility in common solvents, viscosity, solid ±
liquid phase transition, density and solubility of inorganic
salts) that could extend the range of applications this new
media has to offer. We have shown that the presence of
hydroxyl or ether functional groups promotes remarkable


changes on the solubility of inorganic salts, arising from the
possibility of new interactions occurring. Taking advantage of
the general properties of RTILs and the presence of these
extra potential complexing groups, new specific applications
of the RTILs [CnOmmim][X] series presented here are
expected to emerge.


Experimental Section


General remarks : All glassware was oven-dried and cooled in a desiccator
(P2O5 desiccant) prior to use. Commercially supplied reagents were used as
supplied.


All aqueous solutions were prepared with distilled water.


The room temperature ionic liquids (RTIL) 1-n-butyl-3-methylimidazo-
lium hexafluorophosphate [C4mim][PF6], 1-n-butyl-3-methylimidazolium
tetrafluoroborate [C4mim][BF4], 1-n-octyl-3-methylimidazolium hexa-
fluorophosphate [C8mim][PF6], 1-n-octyl-3-methylimidazolium tetrafluor-
oborate [C8mim][BF4], 1-n-decyl-3-methylimidazolium hexafluorophos-
phate [C10mim][PF6], 1-n-decyl-3-methylimidazolium tetrafluoroborate
[C10mim][BF4] were prepared according to reported procedures.[1c, 14]


1H and 13C NMR spectra were recorded on a Bruker AMX400 spectrom-
eter. Chemical shifts are reported downfield in ppm from a tetramethylsi-
lane reference. [D6]toluene was used as an internal reference in the case of
neat samples. IR spectra were recorded on a Mattson Instruments model
Satellite FTIR as thinly dispersed films. The samples for elemental analysis
were performed by Laborato¬ rio de Ana¬lises at Instituto Superior Te¬cnico
(Lisbon). The differential scanning calorimetry (DSC) experiments were
performed with a 2920MDSC system from TA Instruments Inc. The water
content of each RTIL was determined by a volumetric Aquastar Karl
Fischer titration. Each RTIL sample (2 mL scale) used for elemental
analysis and DSC experiments was further purified by flash column
chromatography (eluent: dichloromethane) followed by removal of the
volatile components under high vacuum (6� 10�6 mbar) at room temper-
ature for 24 h.


Viscosity : The viscosity of each RTIL was measured with a Brookfield,
Model RVTDV-II viscosimeter. For each analysis, an 8-mL sample was
used and the measurements were performed in duplicate. The temperature
of the samples was maintained to �0.1 �C by means of an external
temperature controller.


Density : The density of each RTIL was determined with a picnometer. For
each analysis a 1-mL sample was used and the mass of that volume of liquid
was determined. The measurements were repeated three times and the
average value is reported. All measurements were taken at room temper-
ature (25� 1 �C).


Solid ± liquid phase transition analysis : The calorimetric measurements
were performed with a 2920MDSC system from TA Instruments Inc. Dry
high-purity He gas with a flow rate of 30 cm3min�1 was purged through the
sample. Cooling was accomplished with the liquid nitrogen cooling
accessory (LNCA) which provides automatic and continuous programmed
sample cooling down to �150 �C.


The baseline was calibrated by scanning the temperature domain of the
experiments with an empty pan. The temperature calibration was
performed taking the onset of the endothermic melting peak of several
calibration standards: n-decane (Tm� 243.75 K), n-octadecane (Tm�
301.77 K), hexatriacontane (Tm� 347.30 K), indium (Tm� 430.61 K) and
tin (Tm� 506.03 K). The organic standards were high-purity Fluka prod-
ucts, while the metal standards were supplied by TA Instruments Inc. The
enthalpy was calibrated with indium (melting enthalpy �Hm� 28.71 Jg�1).


Solubility of inorganic salts in RTILs : The solubility of inorganic salts in
each RTIL was measured by Inductively Coupled Plasma spectroscopy
(ICP) for Hg and La, and by flame photometry (Corning flame photometer
410) for Li.


For preparation of the samples we used 1.00 g of each ionic liquid followed
by the addition of excess inorganic salt (HgCl2, LiCl and LaCl3). This
mixture was stirred at room temperature for 48 h and then filtered, weighed
(range: 150 ± 380 mg) and diluted with distilled water (100 mL). By means
of this procedure we prepared the initial solutions that, in a number of
cases, were diluted to the calibration range of the method used.
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Preparation of ionic liquids


[C2OHmim][Cl]: 1-Chloroethanol (64 mL, 0.95 mol) and 1- methylimida-
zole (50 mL, 0.63 mol) were added to a round-bottomed flask fitted with a
reflux condenser for 24 h at 80 �C with stirring until two phases formed. The
top phase, containing unreacted starting material, was decanted and diethyl
ether (50 mL) was added with thorough mixing. The diethyl ether was
decanted followed by addition of fresh solvent and this step was repeated
twice. The bottom phase was washed with diethyl ether (4� 25 mL), heated
at 80 �C and stirred under vacuum (0.5 mmHg) for 2 d. The product was
obtained as a slightly yellow liquid which solidified on cooling (84.00 g,
82%). 1H NMR (400 MHz, D2O, 25 �C): �� 3.80 (s, 3H), 3.84 (d, J(H,H)�
4.6 Hz, 2H) 4.22 (t, J(H,H)� 8.8 Hz, 2H), 7.36 (s, 1H), 7.41 (s, 1H), 8.66 (s,
1H); 13C NMR (100 MHz, D2O, 25 �C): �� 35.73, 51.52, 59.79, 122.43,
123.59, 136.37; IR (film): ��max� 648.5, 751.1, 840.8, 945.1, 1068.9, 1167.9,
1339.9, 1452.3, 1574.4, 1643.1, 2888.3, 2961.0, 3160.8, 3392.2 cm�1; elemental
analysis calcd (%) for C6H12N2OCl (163.63): C 44.04, H 7.30, N 17.12;
found: C 44.08, H 6.92, N 17.10.


[C2OHmim][PF6]: [C2OHmim][Cl] (25.00 g, 0.15 mol) was transferred to a
plastic Erlenmeyer flask (250 mL). Acetone (150 mL) was added followed
by KPF6 (31.00 g, 0.17 mol). This mixture was stirred at room temperature
for 24 h. The resulting waxy solid precipitate was collected by filtration and
washed with acetone (2� 100 mL). The organic layer was collected, dried
(MgSO4), filtered and the solvent removed in vacuum to give the product
[C2OHmim][PF6] (37.00 g, 91%) as a colourless liquid; water content of
0.85 �g (H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat, 25 �C): �� 3.88 (s,
3H), 3.91 (t, J(H,H)� 9.8 Hz, 2H), 4.29 (t, J(H,H)� 9.2 Hz, 2H), 4.74 (s,
3H), 7.42 (s, 1H), 7.48 (s, 1H), 8.69 (s, 1H); 13C NMR (100 MHz, neat,
25 �C): �� 36.10, 52.00, 60.20, 122.90, 124.10, 136.80; IR (film): ��max� 651.8,
703.1, 750.2, 839.5, 943.0, 1068.4, 1170.2, 1247.3, 1360.3, 1452.3, 1579.2,
1705.0, 2896.2, 2967.5, 3172.3, 3412.6, 3591.4 cm�1; elemental analysis calcd
(%) for C6H12N2OPF6 (273.14): C 26.48, H 4.07, N 10.29; found: C 26.53, H
4.08, N 10.20.


[C2OHmim][BF4]: [C2OHmim][Cl] (25.00 g, 0.15 mol) was transferred to a
plastic Erlenmeyer flask (250 mL). Acetone (150 mL) was added followed
by NaBF4 (19.00 g, 0.17 mol). This mixture was stirred at room temperature
for 24 h. The resulting waxy solid precipitate was collected by filtration and
washed with acetone (2� 100 mL). The combined layer was collected,
dried (MgSO4), filtered and the solvent removed in vacuum to give the pro-
duct [C2OHmim][BF4] (30.00 g, 93%) as a colourless liquid; water content
of 4.68 �g (H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat, 25 �C): �� 3.75
(m, 2H), 4.16 (t, J(H,H)� 10.0 Hz, 2H), 4.61 (s, 3H), 7.30 (s, 1H), 7.35 (s,
1H), 8.58 (s, 1H); 13C NMR (100 MHz, neat, 25 �C): �� 35.10, 51.50, 59.70,
122.40, 123.60, 136.30; IR (film): ��max� 652.2, 702.7, 755.2, 846.2, 1059.1,
1169.6, 1252.2, 1287.3, 1340.3, 1452.9, 1575.4, 1705.0, 2894.3, 2966.2, 3123.4,
3164.8, 3546.5 cm�1; elemental analysis calcd (%) for C6H12N2OBF4 ¥
0.5H20 (223.99): C 32.17, H 5.60, N 12.51; found: C 32.31, H 5.36, N 12.53.


[C2OHmim][TFA]: [C2OHmim][Cl] (3.00 g, 0.013 mol) was transferred to
a plastic Erlenmeyer flask (1000 mL). Acetone (20 mL) was added
followed by NaCF3CO2 (2.81 g, 0.021 mol). This mixture was stirred at
room temperature for 24 h. The resulting waxy solid precipitate was
collected by filtration and washed with acetone (2� 25 mL). The organic
layer was collected, refiltered and the solvent removed in vacuum to give
the product [C2OHmim][TFA] (2.81 g, 94%) as a colourless liquid.
1H NMR (400 MHz, neat, 25 �C): �� 3.73 (m, 2H), 4.15 (br s, 2H), 4.59
(s, 3H), 7.35 (s, 1H), 7.43 (s, 1H), 8.86 (s, 1H); 13C NMR (100 MHz, neat,
25 �C): �� 36.06, 48.36, 60.06, 119.13, 123.12, 135.16; IR (film): ��max� 721.4,
833.1, 945.3, 1075.9, 1135.3, 1341.1, 1426.7, 1574.2, 1689.7, 2885.9, 2964.3,
3286.3 cm�1; elemental analysis calcd (%) for C8H12N2O3F3 ¥ 0.5H2O
(250.19): C 38.37, H 5.18, N 11.11; found: C 38.22, H 5.20, N 11.17.


[C4OHmim][Br]: The same procedure was followed as that described
above for [C2OHmim][Cl], except for the use of bromobutanol (133 mL,
0.95 mol) instead of chloroethanol. The product [C4OHmim][Br] (114.00 g,
79%) was obtained as a colourless liquid. 1H NMR (400 MHz, neat, 25 �C):
�� 0.68 (br s, 2H), 0.94 (m, 2H), 2.31 (m, 2H), 2.68 (br s, 2H), 3.23 (s, 1H),
4.60 (s, 3H), 6.87 (s, 1H), 6.94 (s, 1H), 8.46 (s, 1H); 13C NMR (100 MHz,
neat, 25 �C): �� 26.23, 28.44, 36.07, 44.81, 60.05, 119.13, 123.15, 135.17; IR
(film): ��max� 625.0, 762.1, 831.6, 903.3, 1086.3, 1171.6, 1283.6, 1331.0, 1380.4,
1450.0, 1550.3, 1581.7, 1639.2, 2616.6, 2837.8, 2946.1, 3399.5 cm�1; elemental
analysis calcd (%) for C8H16N2OBr (235.90): C 40.70, H 6.78, N 11.87;
found: C 40.65, H 6.90, N 11.41.


[C3Omim][Cl]: The same procedure was followed as that described above
for [C2OHmim][Cl], except for the use of 2-chloroethylmethyl ether
(87 mL, 0.95 mol) instead of chloroethanol. The product [C3Omim][Cl]
(89.00 g, 80%) was obtained as a slightly yellow oil that solidified on
cooling. 1H NMR (400 MHz, D2O, 25 �C): �� 3.28 (s, 3H), 3.73 (t,
J(H,H)� 12.0 Hz, 2H), 3.80 (s, 3H), 4.29 (t, J(H,H)� 12.0 Hz, 2H), 7.34
(s, 1H), 7.40 (s, 1H), 8.64 (s, 1H); 13C NMR (100 MHz, D2O, 25 �C): ��
35.53, 48.73, 58.09, 69.72, 122.49, 123.55, 136.40; IR (film): ��max� 653.9,
760.2, 833.5, 968.3, 1013.8, 1083.2, 1171.0, 1285.1, 1453.1, 1572.9, 1572.9,
1640.4, 2834.3, 3433.7 cm�1; elemental analysis calcd (%) for C7H14N2OCl
(177.65): C 47.33, H 7.90, N 15.75; found: C 47.29, H 7.65, N 15.55.


[C3Omim][PF6]: The same procedure was followed as that described above
for [C2OHmim][PF6]: [C3Omim][Cl] (25.00 g, 0.14 mol) and KPF6 salt
(29.00 g, 0.16 mol) were used, and the product [C3Omim][PF6] (37.00 g,
93%) was obtained as a colourless liquid; water content of 1.74 �g
(H2O)mL�1 (RTIL); 1H NMR (400 MHz, neat, 25 �C): �� 3.27 (s, 3H),
3.73 (br s, 2H), 3.88 (s, 3H), 4.30 (br s, 2H), 7.35 (s, 1H), 7.42 (s, 1H), 8.42 (s,
1H); 13C NMR (100 MHz, neat, 25 �C): �� 36.89, 50.61, 59.19, 70.99,
124.27, 124.73, 138.12; IR (film): ��max� 652.8, 749.6, 836.9, 968.7, 1013.8,
1084.6, 1169.8, 1226.5, 1340.5, 1453.5, 1574.0, 2839.9, 2902.6, 2943.0, 3125.7,
3170.4, 3595.1, 3667.8 cm�1; elemental analysis calcd (%) for C7H14N2OPF6


(287.17): C 29.38, H 4.58, N 9.79; found: C 29.30, H 4.60, N 9.80.


[C3Omim][BF4]: The same procedure was followed as that described above
for [C2OHmim][BF4]: [C3Omim][Cl] (25.00 g, 0.14 mol) and NaBF4 salt
(17.00 g, 0.16 mol) were used, and the product [C3Omim][BF4] (31.00 g,
96%) was obtained as a colourless liquid; water content of 2.55 �g
(H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat, 25 �C): �� 3.27 (s, 3H), 3.72
(br s, 2H), 3.78 (s, 3H), 4.28 (br s, 2H), 7.33 (s, 1H), 7.39 (s, 1H), 8.50 (s,
1H); 13C NMR (100 MHz, neat, 25 �C): �� 38.06, 51.27, 60.63, 72.25,
125.03, 126.09, 139.12; IR (film): ��max� 653.5, 756.7, 835.2, 1075.3,1171.3,
1286.5, 1340.1, 1454.3, 1574.4, 2838.7, 2902.6, 2943.1, 3123.2, 3163.1, 3563.8,
3635.4 cm�1; elemental analysis calcd (%) for C7H14N2OBF4 ¥
0.5H2O(238.01): C 35.29, H 6.30, N 11.76; found: C 35.67, H 6.12, N 11.81.


[C5O2mim][Cl]: The same procedure was followed as that described above
for [C2OHmim][Cl], except for the use of 1-chloro-2-(2-methoxyethoxy)-
ethane (98 mL, 0.95 mol) instead of 1-chloroethanol. The product
[C5O2mim][Cl] (104.00 g, 75%) was obtained as a slightly yellow liquid;
water content of 4.31 �g (H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat,
25 �C): �� 3.30 (s, 3H), 3.53 (br s, 2H), 3.65 (br s, 2H), 3.90 (br s, 2H), 3.99
(s, 3H), 4.44 (br s, 2H), 7.58 (s, 1H), 7.66 (s, 1H), 8.92 (s, 1H); 13C NMR
(100 MHz, neat, 25 �C): �� 36.31, 50.06, 58.57, 68.94, 71.43, 72.00, 123.52,
123.9, 137.71; IR (film): ��max� 654.9, 763.1, 846.8, 920.3, 1025.4, 1104.6,
1171.6, 1246.9, 1297.5, 1355.1, 1453.5, 1572.3, 1665.2, 1713.5, 2878.8, 2980.7,
3067.2, 3144.2, 3381.4 cm�1; elemental analysis calcd (%) for C9H18N2O2Cl ¥
0.2H2O (225.31): C 47.93, H 8.08, N 12.43; found: C 47.90, H 8.13, N 12.80.


[C5O2mim][PF6]: The same procedure was followed as that described
above for [C2OHmim][PF6]: [C5O2mim][Cl] (25.00 g, 0.11 mol) and KPF6


salt (23.00 g, 0.13 mol) were used, and the product was obtained
[C5O2mim][PF6] (34.00 g, 94%) as a colourless liquid; water content of
2.02 �g (H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat, 25 �C): �� 3.48 (s,
3H), 3.71 (br s, 2H), 3.82 (br s, 2H), 4.05 (br s, 2H), 4.10 (s, 3H), 4.51 (br s,
2H), 7.59 (s, 1H), 7.68 (s, 1H), 8.73 (s, 1H); 13C NMR (100 MHz, neat,
25 �C): �� 35.26, 49.05, 57.45, 67.88, 69.47, 70.88, 122.46, 122.90, 136.45; IR
(film): ��max� 653.2, 750.9, 842.7, 1025.0, 1104.2, 1170.4, 1198.7, 1247.9,
1299.2, 1354.2, 1435.7, 1575.2, 1620.3, 2884.6, 2929.7, 3122.8, 3167.9, 3413.0,
3645.4 cm�1; elemental analysis calcd (%) for C9H18N2O2PF6 ¥H20 (349.22):
C 30.95, H 5.73, N 8.02; found: C 30.72, H 5.35, N 8.05.


[C5O2mim][BF4]: The same procedure was followed as that described
above for [C2OHmim][BF4]: [C5O2mim][Cl] (25.00 g, 0.11 mol) and NaBF4


salt (14.00 g, 0.13 mol) were used, and the product was obtained
[C5O2mim][BF4] (29.00 g, 97%) as a colourless liquid; water content of
2.30 �g (H2O)mL�1 (RTIL). 1H NMR (400 MHz, neat, 25 �C): �� 3.31 (s,
3H), 3.53 (br s, 2H), 3.65 (br s, 2H), 3.89 (br s, 2H), 4.01 (s, 3H), 4.45 (br s,
2H), 7.58 (s, 1H), 7.67 (s, 1H), 8.93 (s, 1H); 13C NMR (100 MHz, neat,
25 �C): �� 35.20, 49.95, 57.46, 67.83, 69.40, 70.90, 122.41, 122.84, 136.61; IR
(film): ��max� 653.6, 757.1, 845.8, 923.9, 1063.2, 1171.7, 1248.3, 1286.5, 1354.0,
1454.1, 1574.6, 1631.1, 1719.0, 2885.4, 2926.5, 3120.5, 3161.2, 3394.3,
3609.7 cm�1; elemental analysis calcd (%) for C9H18N2O2BF4 (273.06): C
39.59, H 6.60, N 10.26; found: C 39.40, H 6.46, N 10.31.
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Weak Hydrogen Bonding as a Basis for Concentration-Dependent Guest
Selectivity by a Cyclophane Host


Sylke Apel,[a] Michael Lennartz,[b] Luigi R. Nassimbeni,[c] and Edwin Weber*[a]


Abstract: Crystalline inclusion com-
plexes between the cyclophane 1 and
three isomers of picoline and lutidine
were grown and their properties and
structures were studied by X-ray analy-
sis, thermal gravimetry (TG), and differ-
ential scanning calorimetry (DSC). In
competition experiments, the cyclo-
phane host, which by itself is only able
to form weak C�H ¥¥¥ acceptor hydrogen
bonds, is able to discriminate between
the different picoline or lutidine iso-
mers, although in some cases a strong
concentration dependence of the prefer-


red isomer is observed. In the three-
component experiments, inclusion of
4-picoline is strongly favored when
X(4-picoline)� 0.35 ± 0.39. Very similar
results were obtained in the lutidine
series. The fact that 2,4-lutidine is fa-
vored when X(2,4-lutidine)� 0.2 indi-
cates that the host prefers the isomer


with the methyl group in 4-position
relative to the nitrogen atom. The selec-
tivities observed can be explained based
on the assignment of the inclusion com-
plexes to different adduct classes. In the
case of the picoline isomers, the prefer-
ence of 4-picoline was in good agree-
ment with the calculated lattice energies
for this series. The present work also
shows that caution is advisable when
deducing selectivity of crystalline inclu-
sion compounds from guest competition
experiments.


Keywords: crystal engineering ¥
host-guest systems ¥ inclusion com-
pounds ¥ macrocycles ¥ separation
of isomers


Introduction


Crystalline inclusion compounds (clathrates) and similar co-
crystalline systems have attracted considerable interest over
recent years as they are typical examples for the assembly of
organic molecules into larger supramolecular structures.[1]


Our knowledge about supramolecular synthesis, and our
understanding of the weak intramolecular attractive forces
associated with crystal engineering are still limited.[2, 3] So far,
most studies in this area have been directed to the use of polar
host compounds containing strategically positioned hydroxy
or carboxy groups in a rigid framework,[4] often as part of a


macrocyclic compound.[5] The C�H group itself can also serve
as a hydrogen-bond donor and plays an important role in the
determination of crystal structures in the form of weak
nonclassical hydrogen bonding such as C�H ¥¥¥ N�,[6] C�H ¥¥¥
O�,[7] or C�H ¥¥¥� interactions.[8] But so far, these have only
been used to a small extent in rational supramolecular
synthesis.[9]


An important application of macrocyclic ligands and host ±
guest chemistry in general is the selective recognition of ions
or uncharged organic molecules including even the separation
of close isomers.[10] This last process is industrially attractive as
the procedure only requires the recrystallization of the
targeted isomer in the presence of the host. The crystalline
inclusion complex is filtered, and the enriched guest mixture is
released by gentle warming, while the host is recovered and
recycled. As mentioned above, strong hydrogen bonding is
usually involved in achieving high selectivity.[11]


Herein, we present the inclusion properties of the cyclo-
phane 1[12] (Scheme 1) when co-crystallized with the picoline
and lutidine isomers. Assignment of the crystal structures to
different adduct classes prompted us to perform two- and
three-component competition experiments which revealed
strong concentration dependence. Here, we point out that the
remarkable selectivities observed are only based on weak
C�H ¥¥¥N�and C�H ¥¥¥O� interactions, and that the common
method to determine the selectivity of crystalline inclusion
compounds starting with an equimolar mixture of the guests
under study can yield erroneous results.
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Scheme 1. Atom numbering of the host molecule 1 and inclusion
compounds 2 ± 7.


Results and Discussion


Inclusion properties : The inclusion compounds 2 ± 4 and 5 ± 7
(Scheme 1) were obtained by dissolving the host 1 in the
liquid guest, and crystals of suitable quality could be obtained
by slow evaporation at room temperature.
Thermal analyses were carried out to study the macroscopic


properties of these compounds and details are given in
Table 1. For the picoline isomers, the thermal gravimetry/
differential scanning calorimetry (TG–DSC) results indicate
that all three compounds exhibit a one-step desolvation
reaction, and the endotherm peaks at around 119 ± 131 �C are
associated with this process. The endotherms observed above
240 �C are the result of a phase change in the host and a
subsequent melting in case of 2 and 3.[13, 14] The behavior is
even more complex for 4. Here, another polymorphic phase
can be postulated which melts at 240 �C, recrystallizes to the


same polymorph as in 2 and 3, and is finally subject to the set
of phase changes and melting mentioned above. Based on the
experimentally observed loss of weight, a host-to-guest ratio
of 1:2 can be assumed in all cases.
For the lutidine isomers, experimental host-to-guest ratios


based on mass loss were 1:2 for 5 and 6, and 1:4 for 7. DSC
results also show that similar to the picoline series, the same
type of polymorphism is found for 5 and 6. An interesting
finding was that no phase change could be detected before
melting in the case of 7.


Crystal structures and competition experiments : To inves-
tigate the building principles of the new inclusion compounds,
the six crystal structures of 2 ± 7 have been studied in this
work. Crystal data and structural refinement are given in
Table 2.


Investigations of the picoline series : The space groups
adopted in the inclusion compounds of the picoline series
are P21/n with Z� 2 for 2 and 3, and C2/c with Z� 4 for 4. In
contrast to what might be expected for macrocyclic hosts such
as 1, no cavitates were observed in any of the three structures.
In fact the conformation of the host molecule as described by
the eight torsion angles of the asymmetric unit (Table 3), is
such that the two opposite methoxy groups point towards the
center of the cyclophane, leaving insufficient space for the
encapsulation of a guest (Figure 1a). This behavior is difficult
to explain based only on close-packing arguments, as a
different conformation of the host has been observed in the
inclusion compound with toluene.[12] Structural differences
must be related to the guest and can be assigned to the
double-proton-acceptor role of the picoline nitrogen in 2 ± 4.
Details of the hydrogen bonding parameters for 2 ± 4 are given
in Table 4 and are in the same range as those previously
discussed.[6a, 15] For 2 and 3, lattice constants are very similar
and they belong to the same clathrate group.
As exemplified in Figure 2a for 2, six host molecules build


up an intermolecular cavity. This cavity is filled with two
picoline molecules that are in van der Waals contact with each
other. While the same packing in both structures 2 and 3 is
observed (Figure 2b), there are minor differences in the weak
C�H ¥¥¥N� hydrogen bonding interactions (Figures 3a and
3b). In both cases a C�H ¥¥¥ N� hydrogen bond is found
between the picoline nitrogen atom and an aromatic hydrogen
atom of the dimethoxy-substituted hydroquinone ring with
d([guest]N ¥¥¥ [host]H)� 2.57 ä for 2 and 2.79 ä for 3.
In 2, the second slightly weaker interaction involves a


hydrogen atom on the exocyclic methoxy group with a contact
distance of 2.94 ä. In contrast,
a hydrogen atom of the meth-
ylene bridge in the cyclophane
host is involved in this interac-
tion (d(N ¥¥ ¥H)� 2.89 ä) in 3.
Lattice constants for 4 indicate
that this compound belongs to a
different class of clathrates than
2 and 3. Also, in this structure
the nitrogen atom of 4-picoline
acts as a double proton accept-


Table 1. Thermal analysis results for 2 ± 7.


Compound 2 3 4 5 6 7


host ± guest ratio[a] 1:2 1:2 1:2 1:2 1:2 1:4
TG results calculated mass loss [%] 17.8 17.8 17.8 19.9 19.9 33.2


experimental mass loss [%] 17.4 17.6 17.6 22.0 19.9 31.7
DSC results peak A (desolvation) Ton [�C] 126 131 119 135 118 127


peak B (melting and recrystallization) Ton [�C] ± ± 240 ± ± ±
peak B (phase change) Ton [�C] 254 253 256 258 255 ±
peak C (melting) Ton [�C] 262 262 264 264 265 265


[a] Host ± guest ratios deduced based on TG±DSC results are in agreement with elemental analyses of
compounds 2 ± 7.
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or. However, the major differ-
ence is the fact that two host
molecules are involved in this
double hydrogen bonding (Fig-
ure 4). One interaction involves
a hydrogen atom of an endocy-
clic methyl group of the first
host molecule, while the second
one is based on an interaction
with a hydrogen atom of the
exocyclic methyl group of the
neighboring host molecule. The
stability of the host ± guest com-
plex is further improved by a
third weak hydrogen bond not
observed in the other two struc-
tures. Here, a weak C�H ¥¥¥O�
hydrogen bond can be postu-
lated between the hydrogen
atom of the picoline 4-methyl
group and the methoxy oxygen
atom of the host molecule with
d[guest]H ¥¥¥O[host]� 2.65 ä.
The differences in the pack-


ing are quite evident in Fig-
ure 5. In the intramolecular
cavities, only one guest mole-
cule can be incorporated. Lay-
ers of host ± guest associates are


Table 2. Crystal data, data collection, and refinement parameters of inclusion compounds 2 ± 7.


Compound 2 3 4 5 6 7


empirical formula C56H60O8 ¥ 2C6H7N C56H60O8 ¥ 2C6H7N C56H60O8 ¥ 2C6H7N C56H60O8 ¥ 2C7H9N C56H60O8 ¥ 2C7H9N C56H60O8 ¥ 4C7H9N
Mr [gmol�1] 1047.29 1047.29 1047.29 1075.34 1075.34 1289.65
crystal dimensions [mm] 0.37� 0.5� 0.43 0.43� 0.5� 0.5 0.34� 0.34� 0.34 0.34� 0.34� 0.40 0.45� 0.34� 0.22 0.30� 0.30� 0.10
T [K] 293 (2) 293 (2) 293 (2) 292 (2) 178 (2) 183 (2)
radiation used MoK� MoK� MoK� MoK� CuK� CuK�


crystal system monoclinic monoclinic monoclinic monoclinic triclinic triclinic
space group P21/n P21/n C2/c P21/n P1≈ P1≈


a [ä] 9.949 (2) 9.906 (2) 17.810 (7) 9.934 (3) 9.870 (1) 11.182 (3)
b [ä] 16.079 (2) 16.638 (3) 10.820 (2) 16.074 (4) 17.133 (2) 12.862 (2)
c [ä] 18.144 (4) 17.750 (3) 30.540 (9) 18.229 (7) 17.438 (1) 13.919 (9)
� [�] 90 90 90 90 89.48 (1) 90.05 (2)
� [�] 93.19 (2) 95.87 (1) 72.55 (2) 93.35 (4) 85.16 (1) 112.54 (3)
� [�] 90 90 90 90 86.19 (1) 100.56 (2)
V [ä3] 2898.0 (9) 2910.1 (9) 5614 (3) 2906 (2) 2931.5 (5) 1812 (1)
Z (formula) 2 2 4 2 2 1
�calcd [gcm�3] 1.200 1.195 1.239 1.229 1.218 1.182
� [cm�1] 0.78 0.77 0.80 0.79 6.22 5.93
F(000) 1120 1120 2240 1152 1152 692
� range scanned [�] 1 ± 25 1 ± 25 1 ± 25 1.5 ± 25 2.5 ± 75 3.5 ± 75
range of indices h, k, l � 11, 19, 21 � 11, 19, 15 � 21, 12, 36 � 11, 19, 21 12, �21, �21 � 13, �16, 17
reflections collected 5255 4679 5042 5264 12064 7203
independent reflections 5088 4509 4941 5095 10639 5276
No. of parameters refined 309 358 357 366 721 422
R1[I� 2�(I)] 0.0945 0.0401 0.0528 0.0532 0.0528 0.0558
wR2 (F2) 0.2484 0.1122 0.1315 0.1318 0.1443 0.1461
S (goodness-of-fit) 1.387 0.921 0.950 0.931 1.056 1.049
��max [e ä�3] 0.888 0.152 0.208 0.197 0.162 0.135
��min [e ä�3] � 0.575 � 0.189 � 0.225 � 0.220 � 0.238 � 0.257


Table 3. Torsion angles [�] of 1 in 2 ± 7.[a]


Compound 2 3 4 5 6 7


C(24)-C(23)-C(22)-O(21) 76.7 (6) 82.9 (3) � 80.0 (4) 75.8 (4) � 92.9 (2) � 179.4 (2)
C(23)-C(22)-O(21)-C(18) � 167.5 (5) � 173.2 (2) 169.7 (3) � 157.3 (3) 161.2 (1) � 178.9 (2)
C(22)-O(21)-C(18)-C(19) � 12.4 (8) � 2.1 (3) 12.9 (5) � 11.4 (5) � 1.7 (2) 1.5 (3)
C(20)-C(15)-C(9)-C(6) � 108.9 (6) � 104.9 (3) � 109.1 (4) 61.3 (3) 79.6 (2) � 82.0 (2)
C(15)-C(9)-C(6)-C(7) � 60.3 (6) � 62.1 (3) 59.5 (4) � 65.2 (3) � 59.5 (2) � 6.1 (2)
C(4)-C(3)-O(2)-C(1) � 8.4 (8) � 17.2 (3) � 22.6 (5) � 13.2 (3) � 8.5 (2) 176.0 (2)
C(3)-O(2)-C(1)-C(27) � 157.4 (5) 157.7 (2) 151.8 (3) 169.5 (2) 164.1 (1) 73.6 (2)
O(2)-C(1)-C(27)-C(24) 74.4 (6) 79.6 (2) 81.5 (4) 75.9 (2) 76.2 (2) 132.6 (1)


[a] Atoms defining the torsion angles are numbered according to Scheme 1.


b)a)


Figure 1. a) Van der Waals representation of the host molecule in 3 showing the methoxy groups pointing
towards the center of the cyclophane. b) Van der Waals representation of the host molecule in 7 showing the
methoxy groups pointing outwards from the center of the cyclophane; carbon atoms of the methoxy groups are
presented in dark black borders.
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Figure 2. a) Intermolecular cavity for two 2-picoline guest molecules in 2
built by six host molecules; b) packing structure of 2 along b axis; all
hydrogen atoms are omitted.


oriented parallel to c which are linked together only by
van der Waals interactions. The above-mentioned third hy-
drogen bonding interaction between the picoline nitrogen
atom and the adjacent host molecule is able to further
stabilize the observed layer structure.
The structural similarities and differences found in 2 ± 4


prompted us to perform binary and ternary competition
experiments to determine the enclathration selectivity of the
host for the picoline isomers (Figure 6). Each two-component
experiment shows the mol fraction (X) of a given host in the
initial solution versus the mol fraction (Y) of that guest
included by the host. The diagonal line represents zero
selectivity. In the case of 3-picoline versus 2-picoline, virtually


Figure 3. Host ± guest associates (1:2) and C�H ¥¥¥ N� hydrogen bonding
scheme between the nitrogen atom of the picolines and C�H bonds of the
host molecule found in a) 2 ; and b) 3 ; hydrogen atoms of 3-picoline are
omitted in b).


Figure 4. Hydrogen bonding scheme for 4 showing the different inter-
actions of one 4-picoline guest molecule with two host molecules; all
hydrogen atoms are omitted, except those involved in weak host ± guest
interactions.


no selectivity can be found (Figure 6a). The structural differ-
ences between these compounds are so minor that no effect
results. This is also the case in the two other binary systems
(Figures 6b and 6c). Interestingly, the selectivities are strong-
ly concentration dependent so that the inclusion of 4-picoline
is strongly favored if its mol fraction (X) is greater than 0.4 in
Figure 6b and 0.3 in Figure 6c, but is strongly disfavored if the
mol fraction is below 0.21 and 0.3, respectively. It should be
mentioned here that it would only be possible for the host
molecule to incorporate 4-picoline in all cases. Based on that
finding, we assume that kinetic factors during the crystalliza-
tion process primarily determine the selectivity when isomers
whose inclusion compounds belong to different classes of


Table 4. Weak hydrogen-bonding parameters in 2 ± 7.


Compound Donor (DH) Acceptor (A) H ¥¥¥A [ä] D�H ¥¥¥A [�]


2 C32H32A N1G1 2.57 164.8
C31H31A N1G1 2.94 125.6


3 C28H28A N1G1 2.79 153.6
C1H1A N1G1 2.89 158.0


4 C26AH26A N1G1 2.95 104.3
C31BH31B N1G1 2.79 153.5
C7G1H7GA O25A 2.65 164.2


5 C32H32A N1G1 2.79 168.2
C31H31A N1G1 2.89 129.1


6 C28H28A N1G1 2.86 153.2
C1H1B N1G1 2.79 160.1
C8G1H8G6 O25A 2.73 155.8
C7G1H7G5 O25A� 2.71 129.7
C32H32A N1G2 2.74 156.4
C22H22B N1G2 2.86 159.1
C8G2H8G1 O25 2.73 155.9


7 C31H31A N1G1 2.63 167.5
C5G2H5G2 O25 2.77 136.8
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clathrates are involved. This assumption is strengthened by
the concentration-dependent selectivities observed in the
ternary mixture experiments (Figure 6d). We selected starting
mixtures represented by the circle, and the resulting mixtures
in the inclusion compounds move into the direction indicated
by the two arrows. Here, 4-picoline is strongly favored when
its mol fraction is higher than 0.35 ± 0.39. A moderate
preference for 3-picoline can be found when X(4-picoline) is
below 0.3.
To get a better understanding of the selectivities, and to


investigate if thermodynamic aspects also play an important
role, lattice energy calculations were performed for 2, 3, and 4
using the atom± atom potential method. By employing the
program HEENY,[16] we determined the van der Waals en-
ergies using a force field given by Equation (1), in which r is
the interatomic distance, and the coefficients a, b, c, and d are
those given by Giglio[17] and improved by Pertsin and
Kitaigorodskii.[18]


U(r)� aexp(�br)/rd� c/r6 (1)


Representative host ± guest pairs were selected and appro-
priate summations of all host ± host, host ± guest, and guest ±
guest interactions were carried out; the following lattice
energies were obtained: 2 : �132.1; 3 : �130.3; 4 :
�160.7 kJmol�1. This outcome shows that stabilities of the
inclusion complexes increase in the order 3� 2� 4. This is
partly in agreement with the observation that 4-picoline is
strongly favored in many of the binary and ternary mixture
competition experiments. However, the lattice energies of 2
and 3 are close, and the moderate preference of 3 in parts of


the ternary mixture experiments therefore can only be due to
kinetic effects.


Investigations of the lutidine series : Results obtained for the
picoline series led to similar experiments applying the lutidine
isomers under two different aspects. First, the concentration-
dependent selectivities observed so far were both remarkable
and unexpected, and a more general proof of that behavior
would be advantageous. Second, the preferred 4-picoline in
the preliminary experiments was the only isomer showing an
inherent C2 symmetry. Two of the lutidine isomers (2,6- and
3,5-lutidine) also have C2 symmetry but lack a methyl group in
the 4-position relative to the nitrogen atom. This is true for the
third isomer 2,4-lutidine. These investigations should also
determine which of the two effects is more important.
Space groups adopted in 5 are P21/n with Z� 2 and P1≈ for 6


and 7 with Z� 2 and Z� 1, respectively. The conformation of
the host molecule in 5 and 6 is similar to those described for
the picoline series (Table 3, Figure 1a). As already found in
the TG±DSC results, compound 7 behaves somewhat differ-
ently. In 7, there are significant differences in the torsion
angles that yield a conformation in which the methoxy groups
point outwards. As a result, a rectangular cavity is formed
(Figure 1b). For 5, structural similarities to 2 and 3 occur
(Figure 7). The lutidine nitrogen atom functions as a double
proton acceptor with C�H ¥¥¥ N� hydrogen bonding towards
an aromatic hydrogen of the host with d([guest]N ¥¥¥
[host]H)� 2.79 ä and a hydrogen atom on the exocyclic
methoxy group with a contact distance of 2.89 ä (see also
Table 4). In summary, the inclusion compound of 1 with 2,6-
lutidine belongs to the same clathrate group as 2 and 3.


Figure 5. a) Projection along the c axis for 4 ; all hydrogen atoms are omitted, except those involved in hydrogen bonding; b) general view of the layers built
up by host molecules in 4 ; guest molecules are omitted.
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The structure of 6 is more complex (Figure 8). Two different
types of host ± guest associates can be observed which are only
differentiated by host ± guest interactions. Both types of


associates have a similar structural motif. Two guest molecules
of the same type fit into a cavity formed by six host molecules.
In both associates, the lutidine molecules build up the set of
two C�H ¥¥¥ N� hydrogen bonds already observed in struc-
tures 2, 3, and 5 (Figure 8a, data given in Table 4).
Differences in the two host ± guest associates are related to
the stabilization by weak hydrogen bonds which are formed
between the lutidine I methyl hydrogen atoms and a methoxy
oxygen atom as acceptor on associate type II and between
the lutidine II methyl hydrogen atoms and a methoxy
oxygen atom on associate type I, respectively (Figure 8b).
In the case of lutidine I, two contacts of this type can
be found, while lutidine II builds up only one of these
interactions.


Figure 6. Results of the competition experiments: a) 3-picoline versus 2-picoline; b) 2-picoline versus 4-picoline; c) 3-picoline versus 4-picoline; d) three-
component competition in the picoline series; mixtures applied in d) are represented by the circle in the middle, and the resulting mixtures in the inclusion
compounds move into the direction of the isomer indicated by the arrow.


Figure 7. C�H ¥¥¥ N� hydrogen bonding scheme and 1:2 host ± guest asso-
ciates found in 5 ; hydrogen atoms of 2,6-lutidine are omitted.
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As mentioned before, the conformation of the host in 7 is
different and although cavitates of sufficient space are
formed, none of the 2,4-lutidines are encapsulated. In fact,
tubulates are observed as exemplified in Figure 9b. Guest
molecules are arranged along [100] in channels of approx-
imately 12 ä width. While many interactions appear to be at
the transition between simple van der Waals contacts and
weak C�H ¥¥¥ N�or C�H ¥¥¥O�hydrogen bonds, two contacts
seem to be important for the structural outcome of the
inclusion compound. Both the C�H ¥¥¥N� contact of N1G1 to
hydrogen H31A on the exocyclic methoxy group with a
comparatively short contact distance of 2.63 ä, and a C�H ¥¥¥
O� contact of H5G2 of another 2,4-lutidine to O25 with
d[guest]H ¥¥¥ O[host]� 2.77 ä, could be the reason for the fact
that the two methoxy groups point outside the cavity (Fig-
ure 9a).
Based on our experience in the picoline series, concen-


tration-dependent selectivities should be observed in all
binary and ternary competition experiments; this is indeed


also the case for the lutidine series (Figure 10). As shown in
Figure 10a, there is a dramatic change in guest selectivity in
the case of 2,6-lutidine versus 3,5-lutidine. While 2,6-lutidine
is favored if its mol fraction is greater than 0.4, an almost
exclusive (�97%) incorporation of 3,5-lutidine is observed if
its mol fraction rises above 0.6. This is surely one of the most
prominent examples of the fact that host selectivities can be
strongly influenced by slight changes in reaction conditions.
The binary experiments in Figures 10b and 10c and the
ternary experiment in Figure 10d indicate that 2,4-lutidine is
favored in all cases if mol fractions are above 0.30 ± 0.35 in the
binary experiments and 0.25 in the ternary experiment.
Although preferences are not as pronounced as in the
example discussed above, highly enriched inclusion com-
pounds with purities �90% can be reached when a slight
excess of 2,4-lutidine (X� 0.5) is present in the mother
liquor.


b)


a)


Lutidine I


Lutidine II


Lutidine II


Lutidine I


Type II


Type I


Type I


Type II Type II


Type II Type II Type II


Type I


Type I


Lutidine I


Lutidine II


Host 1


Host 1


Figure 8. a) Hydrogen bonding scheme and set of two host ± guest
associates found in 6 ; only hydrogen atoms involved in weak host ± guest
interactions are presented; b) schematic presentation of the packing of the
two types of host ± guest associates (type I and II) and their inter-associate
C�H¥¥¥O� hydrogen bonding motif ; lutidine methyl groups (represented
by dark sticks) form weak contacts to the adjacent host molecule; those
represented by light sticks do not. Figure 9. a) Hydrogen bonding scheme between the four 2,4-lutidine


guests and the corresponding host molecule in 7; all hydrogen atoms are
omitted, except those involved in hydrogen bonding; b) projection of 7
along [100]; all hydrogen atoms are omitted.
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Conclusion


The crystal structures of the host molecule 1 with the three
isomers of picoline and lutidine were elucidated. In the
subsequent competition experiments, concentration-depend-
ent selectivities could be observed in those cases in which the
inclusion complexes had been assigned to different adduct
classes. Preferences for the picoline and lutidine isomer with
the methyl group in the 4-position relative to the nitrogen
atom were evident and can be microscopically explained by a
set of favorable hydrogen bonding schemes in combination


with the endo- or exocyclic methoxy groups of the host
molecules. Crystal structure data and results of the thermal
analyses are in agreement with each other. Both host ± guest
ratios in the different inclusion complexes and the observation
of phase changes in the thermal analyses are in agreement
with the crystal structures determined. Although we are not
able to unequivocally assign the phase changes to the crystal
structures observed, there are some indications that the latter
may be due to a conformational change before melting in the
host molecule in all complexes apart from 7. Here, the only
example of an open conformation of the host molecule was


Figure 10. Results of the competition experiments: a) 2,6-lutidine versus 3,5-lutidine; b) 2,6-lutidine versus 2,4-lutidine; c) 2,4-lutidine versus 3,5-lutidine;
d) three-component competition in the lutidine series; mixtures applied in d) are represented by the circle in the middle, and the resulting mixtures in the
inclusion compounds move into the direction of the isomer indicated by the arrow.
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found. This assumption has also been supported by results
previously described.[12] The present work also illustrates that
one should be cautious when selectivities of crystalline
inclusion compounds are deduced from guest competition
experiments.


Experimental Section


General methods : Host compound 1 was synthesized as described ear-
lier.[12] Single crystals of suitable quality for X-ray crystallographic studies
of the inclusion compounds 2 ± 7 were obtained by dissolving 1 in the
appropriate picoline or lutidine isomer and subsequent slow evaporation at
room temperature. Finely powdered specimens obtained from continu-
ously stirred solutions were used for the thermal analyses. Thermal
gravimetry (TG) and differential scanning calorimetry (DSC) were
performed on a Perkin ±Elmer PC7 series system. Here, samples were
crushed, blotted dry, and placed in open platinum crucibles for TG, and in
crimped but vented aluminum crucibles for DSC. Sample weight in each
case was 1.3 ± 3 mg. The temperature range was typically 30 ± 300 �C at a
heating rate of 20 �Cmin�1. The samples were purged by a stream of
nitrogen flowing at 40 cm3min�1.


X-ray crystallographic studies : X-ray diffraction data were measured on a
CAD4 diffractometer, and during the data collection three reference
reflections were monitored periodically to check crystal stability. The data
reduction included correction for Lorentzian and polarization effects. All
structures were solved by direct methods using SHELX-86[19] and refined
by employing full-matrix least-squares with SHELX-93.[20]


CCDC 177085 ± 177090 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Competition experiments : Competition experiments were carried out
between pairs of guests as follows: A series of eleven vials was made up
with mixtures of two guests such that the mole fraction of a given guest
varied from 0 to 1. The host was added to the mixture and allowed to
dissolve by gently warming. The total guest ± host ratio was kept at 20:1 in
each case; this ensured even the exclusive inclusion of the minor isomer.
The mixture was allowed to cool and concentrate slowly. After 2 ± 3 days,
the resulting crystalline inclusion compounds were filtered, dried, and
dissolved in methanol. The resulting solutions were analyzed by gas
chromatography together with the mother liquor from which the crystals
had been obtained. This type of experiment was extended to investigate the
simultaneous competition by all three isomers. Initial compositions of the
three isomers were judiciously selected to sample the three guest
components. The crystalline inclusion compounds obtained and the mother
liquors were analyzed as before.
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Control of Lysine Reactivity in Four-Helix Bundle Proteins by Site-Selective
pKa Depression: Expanding the Versatility of Proteins by Postsynthetic
Functionalisation


Linda K. Andersson,[a] Maud Caspersson,[a] and Lars Baltzer*[b]


Abstract: Five 42-residue polypeptides
have been designed to fold into hairpin
helix ± loop ± helix motifs that dimerise
to form four-helix bundles, and to serve
as protein scaffolds for the elucidation at
the molecular level of the principles that
control and fine-tune lysine and orni-
thine reactivities in a protein context.
Site-selective control of Lys and Orn
reactivity provides a mechanism for
addressing directly individual residues
and is a prerequisite for the site-selec-
tive functionalisation of folded proteins.
Several lysine and one ornithine resi-
dues were introduced on the surface and
in the hydrophobic core of the folded
motif. The reactivity of each residue was
determined by measuring the degree of
acylation of the trypsin cleaved frag-
ments by HPLC and mass spectrometry.


The most reactive residues were Orn34
and Lys19, both of which were located in
d positions in the heptad repeat, and
therefore in hydrophobic environments.
Upon reaction of the helix ± loop ± helix
dimer KA-I with one equivalent of
mono-p-nitrophenyl fumarate, Orn34
was acylated approximately three times
more efficiently than Lys19, whereas
Lys10 (b position), Lys15 (g position),
and Lys33 (c position) remained un-
modified. In the sequence KA-I-A15


Lys15 was replaced by an alanine resi-
due and the selectivity of Orn34 over


Lys19 increased to approximately a
factor of six, probably because Lys15
had the capacity to reduce the pKa value
of Lys19 and 85% of site-selectively
monoacylated product was obtained.
The pH dependence of the acylation
reaction was determined and showed
that the pKa of the reactive residues
were 9.3, more than a pKa unit below the
magnitude of the corresponding residue
in a solvent exposed position. Introduc-
ing Lys and Orn residues into a or
d positions of the heptad repeat there-
fore serves as a mechanism of depressing
their pKa to increase their reactivity site
selectively. Extensive NMR and CD
spectroscopic analyses showed that the
sequences fold according to prediction.


Keywords: de novo design ¥ helical
structures ¥ lysine reactivity ¥
peptides ¥ site-selective functionali-
sation


Introduction


The functional richness of proteins, based on artificial as well
as the naturally occurring amino acids, is now beginning to be
explored in designed proteins for purposes of catalysis and
binding.[1±4] The magnitude of the available binding energy
that arises from charge ± charge, hydrogen bonding and
hydrophobic interactions in aqueous solution[5a] as well as
the capacity of polypeptides to form a wide range of well-
defined tertiary structures make proteins unrivalled molec-


ular scaffolds for probing and exploiting molecular recogni-
tion and interactions.
Functional diversity beyond that of folded linear sequences


is created in native proteins by enzyme-mediated posttransla-
tional modifications, where site-specific phosphorylations[6, 7]


and glycosylations[8, 9] are key events in signal transduction,
energy storage, immune responses, and protein folding. The
understanding of how to functionalise folded proteins by
controlled reactions would enhance also the repertoire of
designed proteins but chemical methods for site-selective
functionalisation of folded proteins have significant limita-
tions. Substituted thiols can be incorporated if there are Cys
residue in the sequence, but if there is more than one cysteine
residue the sites of incorporation are statistically controlled
and site selectivity is not achieved. Lack of site selectivity
characterises all methods for protein labelling in classical
protein chemistry.[5b] Chemoselective targeting of artificial
amino acids[10±13] is an attractive approach particularly in
combination with recent advances in protein synthesis
through chemical ligation.[13, 14] Template-assisted synthesis
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of proteins (TASP) combines chemoselectivity and orthogo-
nal protection group strategies with the concept of a peptide
scaffold for the formation of designed topologies and self-
assembled protein structures.[15]


Chemical approaches for the site-selective functionalisation
of folded proteins based on the reactivities of the naturally
occurring amino acids are attractive as they provide oppor-
tunities for using the powerful methods of molecular biology
for selection and screening. Lessons learnt from the modifi-
cation of model proteins are likely to be of use in function-
alising biologically relevant proteins that cannot be synthes-
ised. Self-catalysed reactions are very efficient with regards to
the incorporation of functional groups and the cost and effort
of introducing expensive substituents are considerably less
than by synthetic routes, because the amounts needed in the
direct reaction with folded proteins are much smaller. We
have previously reported on a His-Lys mediated site selective
functionalisation reaction where the side chains of flanking
lysine residues in a designed four-helix bundle protein were
acylated at pH 5.9 in aqueous solution upon reaction of the
peptide with activated esters.[16±18] In the first, and rate-
limiting step of the reaction the unprotonated form of the
histidine attacks the ester to form an acyl intermediate. The
acyl group is then transferred to the flanking lysine in a fast
intramolecular reaction and an amide is formed at the lysine
side chain. If several lysine residues are available then at low
pH, the ones that flank His residues are acylated, whereas
those that are far from His residues remain unmodified. If
there is more than one lysine in close proximity to the His
residue the site of modification is determined by intra-
molecular competition between the flanking lysines.[19, 20] This
is to our knowledge the only known reaction that is based
exclusively on the reactivity of the naturally occurring amino
acids that will permit the site-selective incorporation of
several substituents in a controlled fashion into folded
proteins. An understanding of the reactivity of surface
exposed amino acids, both in terms of how to control the
pKa of ionizable residues and in terms of how to obtain
cooperativity between groups of amino acids, made it possible
to develop this functionalisation strategy.
Unprotonated lysine residues are more efficient nucleo-


philes than unprotonated His residues[21] and in order to
enhance the repertoire of the four-helix bundle protein
scaffold we have investigated strategies for controlling lysine
pKa values to explore the site selectivity of the direct acylation
of Lys residues. Here we wish to report on the successful
exploitation of the properties of four-helix bundle proteins
structurally developed because of hydrophobic interactions
between amphiphilic helices. The microenvironment provided
by residues designed to form the hydrophobic core was
probed with regards to its effect on the ionization constants of
lysine residues. The results shed considerable light on the
factors responsible for lysine reactivity in surface exposed
positions and form the basis for a new strategy for the site-
selective functionalisation of folded proteins in aqueous
solution.


Results


Design and structure : Five 42-residue sequences have been
designed to fold into helix ± loop ± helix motifs and dimerise to
form four-helix bundles, see Figure 1, Table 1. They were


Figure 1. Modelled structure and amino acid sequence of KA-I. The side
chains involved in the acylation reaction are shown together with all
possible acylation positions. The active peptide is the dimer but for reasons
of clarity only the monomer is shown. The one letter code for the amino
acids is used, where A is Ala, D is Asp, E is Glu, F is Phe, G is Gly, H is His,
I is Ile, K is Lys, L is Leu, N is Asn, P is Pro, Q is Gln, R is Arg, V is Val, Nle
is norleucin and Orn is ornithine.


synthesised on the solid phase using the Fmoc protection
group strategy. The peptides were purified by reversed-phase
(RP) HPLC and identified by MALDI-TOF mass spectrom-
etry (MS). The design of the peptides reported here was based
on those of the peptide sequences SA-42,[22] KO-42,[23] and
LA-42b[19] that have been described previously in detail. In
short, these peptides consist of 42 amino acid residues
designed to fold in aqueous solution into two amphiphilical
helical segments connected by a short loop and dimerise to
form four-helix bundles. The amino acid residues of the helical
sequences were selected according to their propensity for
helix formation; the helices were further stabilised by the
introduction of residues capable of interacting with the partial
charges of the helix dipole moment, residues capable of salt


Table 1. The amino acid sequences for the peptides designed for determi-
nation of the site selectivity of direct acylation. The derived sequences are
based on that of KA-I and the positions not shown here are the same as
those of KA-I.


Peptide 10 12 13 15 19 33 34


KA-I K L A K K K Orn
KA-I-A15 K L A A K K Orn
KA-I-A33 K L A K K A Orn
KA-I-R19 K L A K R K Orn
KA-II K K L K R K A
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bridge formation and residues capable of N- and C-terminal
capping.[24] The residues introduced for their structure stabil-
ising properties were conserved in the design of the poly-
peptides reported here (Figure 1, Table 1), with the minor
exception of Lys19 that was replaced by Arg19 in the peptide
KA-I-R19. The structure formation is mainly driven by
hydrophobic interactions between the hydrophobic faces of
the amphiphilic helices; the helical content is lost almost
completely as the dimers dissociate at low concentration to
form monomers.[25]


The design of the four-helix bundle motif is best described
in terms of the heptad repeat pattern (a ± b ± c ± d ± e ± f ± g)n,
Figure 2. In an antiparallel four-helix bundle the a and


Figure 2. Schematic representation of interactions between amphiphilic
helices based on the pattern of the heptad repeat. The dimeric structure is
folded in an anitiparallel mode and the hydrophobic core consists of the
residues in a and d positions.


d positions are the nonpolar amino acids that form the
hydrophobic core, the g and c positions form the ™top∫ and
™bottom∫ surfaces and the b and e positions are at the
interface between the hairpin subunits. Several of the solvent
exposed residues in the b, c, e, f and g positions are charged
and polar to ensure amphiphilicity and solubility. The a and d
residues that make up the hydrophobic cores of SA-42, LA-
42b, and KO-42 are identical and these residues were also
used in the sequences of the peptides reported here, with the
exception of KA-II, for reasons explained in detail below. The
sequence homology between the sequences KA-I, KA-I-A15,
KA-I-A33, and KA-I-R19 and that of LA-42b is more than
95% in each case and the sequence homology between KA-II
and LA-42b is more than 88%. Several Lys and one Orn
residues were introduced in different positions in order to
probe the relationship between site and reactivity and to
determine the mechanism of acylation.
The sequence of KA-I is the same as that of LA-42b with


the exception that His11 was replaced by Ala11 (see Fig-
ure 1), to avoid histidine-mediated acylation of lysine resi-
dues. In order to determine the hierarchy of reactivities of the
Lys and Orn residues of KA-I three peptides were designed in
which one Lys was replaced by an Ala or an Arg residue. The
sequence KA-I-A15 was the same as that of KA-I with the
exception that Lys15 was replaced by Ala15. In the sequence
KA-I-A33 Lys33 was replaced by Ala33 and in the sequence
KA-I-R19 Lys19 was replaced by Arg19.
To determine whether the enhancement of reactivity


observed for Orn34, due to its location in the hydrophobic


core d position, was of general applicability, the polypeptide
KA-II was designed with an amino acid sequence that was the
same as that of KA-I except that Orn34 was replaced by
Ala34, Leu12 was replaced by Lys12, Ala13 was replaced by
Leu13 and Lys19 was replaced by Arg19. KA-II was designed
to probe whether position 12, a d position, would become
more reactive than any surface exposed position due to its
hydrophobic environment. In order to avoid competition
between hydrophobic core positions, Orn34 was replaced by
Ala34, to ensure that only one Lys or Orn residue was in an a
or a d position.
The structures of SA-42, LA-42b and KO-42 were deter-


mined, previously, by NMR and CD spectroscopy[19, 22, 23, 26]


and the states of aggregation of SA-42 and KO-42 were
determined by analytical ultracentrifugation. The polypep-
tides were found to be highly helical ; the helical contents were
determined from the mean residue ellipticities at 222 nm,
[�]222. The negative deviation of �-proton chemical shifts
from those of random coils, and medium-range NOE values
were used to identify helical segments and positive chemical
shift deviations were used to identify loop regions. Long-
range NOE values were observed that were only compatible
with helix ± loop ± helix hairpin formation and antiparallel
hairpin dimerisation. The concentration dependences of
[�]222 showed that the peptides aggregated to form dimers
or higher states of aggregation. In the case of SA-42 and KO-
42 the sedimentation equilibrium showed that a dimer was
formed with only a slight tendency for further aggregation at
close to, and above m� concentrations. We assume this to be
true also for other, similar sequences. High-resolution NMR
structures could, however, not be obtained since the hydro-
phobic cores were disordered and in fast exchange on the
NMR time scale. A solid understanding of the structural
features of these folded helix ± loop ± helix dimers was never-
theless obtained and the dominant fold was shown in each
case to be in good agreement with the designed structure. In
spite of the fact that the peptides in this investigation are
highly homologous to the previously designed sequences, a
determination of the structure of KA-I was undertaken by CD
and 1H NMR spectroscopy.
The CD spectrum of KA-I showed the signature character-


istic of an �-helical protein with minima at 222 and 208 nm.
The mean residue ellipticity at 222 nm was
�22200 degcm2dmol�1 at pH 5.9 in 50 m� Bis-Tris buffer.
The 1H NMR spectrum of KA-I was assigned from the
TOCSY and NOESY spectra recorded in H2O:D2O (90:10
v/v) containing 4 vol% of [D3]TFE at 308 K using methods
described previously.[26] Extensive studies of the effect of
small amounts of trifluoroethanol (TFE) on the NMR
spectrum and the solution structure of SA-42[26] showed that
the NH exchange rates, and the resonance line widths were
reduced without changing the overall fold of the folded dimer.
The spin systems of most of the amino acids of KA-I (5 ± 22,


24 ± 42) were identified from the TOCSY spectrum. The cis ±
trans equilibrium of Pro21 in the loop region gives rise to a
conformational equilibrium involving some of the flanking
residues and a subset of spin systems with low intensity was
therefore observed for residues in, and close to, the loop
sequence. The sequential assignment was obtained from the
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NH±NH connectivities determined from the NOESY spec-
trum. The deviations of the �H chemical shifts from tabulated
values of random coil conformations[27] are readily used for
identification of secondary structure, and the sequences from
Nle5 to Ala17 and from Gln26 to Arg40 were identified as
helical regions (Figure 3). Medium-range NOEs typical of �-


helix formation (�H-NH i, i�3 and i, i�4) were found in the
sequence from Ala8 to Lys19 in helix I and from Ala24 to
Gly42 in helix II, see Supporting Information. Positive
chemical shift deviations, or
the absence of deviations from
random coil shifts were ob-
served in the sequence from
Ala18 to Ala25 which was con-
cluded to form a disordered
loop. NOE connectivities be-
tween the aromatic protons of
the phenylalanine residues and
the methyl groups of Ile9,
Leu12 and Leu31 showed that
the peptide formed a hairpin
helix ± loop ± helix motif. The
observation of NOE connectiv-
ities between Phe35 and Nle16,
and between Nle5 and Lys19,
suggested that the peptide di-
merised in an antiparallel mode
to form the four-helix bundle.
This is because NOEs only arise
between nuclei separated by
less than 5 ä[28] and the distances between Phe35 and Nle16,
and between Nle5 and Lys19, are too long to give rise to
NOEs within the monomer and too long to give rise to NOEs
in a parallel dimer. The helical content of KA-I was found to
be constant in the pH range 4.5 ± 9 and in the concentration
range from 0.2 ± 1 m�, Figure 4a, b, under the conditions used
for the functionalisation reactions. We conclude that KA-I
forms an antiparallel dimer of helix ± loop ± helix hairpin
motifs, and that residues in a and d positions are positioned in
the hydrophobic core, whereas all other residues are solvent
exposed.


The secondary structures of the peptides KA-I-A15, KA-I-
A33, KA-I-R19 and KA-II were investigated by CD spectros-
copy. The mean residue ellipticities at 222 nm at 1 m�
concentrations were in the range from �21000 to
�25500 degcm2dmol�1 at pH 5.9 and pH 8.0, Table 2. Com-
plete NMR spectroscopic analyses were not carried out for
these peptides due to the high degree of sequence homologies
with KA-I but qualitative evaluations of structures were
obtained from their one-dimensional 1H NMR spectra (Fig-
ure 5). The 1H NMR spectra of native proteins in contrast to
those of random coil conformations are characterised by large
chemical shift dispersions. For folded polypeptides that are
partly disordered the chemical shift dispersion is intermediate
between those of native proteins and random coils but
resonances are severely broadened in comparison with those
of both native proteins and random coils. An inspection of the
one-dimensional spectra of closely related sequences there-
fore provides a qualitative view of whether substantial
structural changes have occurred as a result of the sequence
modification. The 600 MHz NMR spectra of all four poly-
peptides at 1 m� concentration in 4 vol% [D3]TFE in
H2O:D2O (90:10 v/v) at pH 5.2 and 308 K offered no
indications that the sequence modifications have affected
the polypeptide fold. The line widths and chemical shift
dispersions were largely unaffected.
The effects of acylation on the structures of the polypep-


tides KA-I-Fum and KA-II-Fum12 were probed by inspection


of their 1H NMR and CD spectra (see Figure 6 and Table 2).
The incorporation of fumaryl residues was found not to
influence the structures of KA-I and KA-II, significantly, in
the qualitative sense described above.


The acylation reaction : The peptides were treated with mono-
p-nitrophenyl fumarate (1) at room temperature in aqueous
solution at pH 5.9 and at pH 8.0. The reaction mixtures were
purified by RP HPLC and the reaction products were shown
to be polypeptides amidated by fumaric acid and identified as
unmodified, mono- or dimodified peptides by MALDI-TOF


Figure 4. The pH (a) and concentration (b) dependence of the mean residue ellipticity at 222 nm of KA-I. At low
pH and low concentration the dimer dissociates to form monomers with low helical contents.


Figure 3. The �H chemical shift deviations from random coil values of the
amino acid residues in KA-I. Helical segments are indicated by negative
(upfield) shifts and shown between residues 5 and 17, and between residues
26 and 40. The positive or negligible shifts between residues 18 and 25
suggest a disordered structure and correspond to the residues of the loop
region.
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Figure 5. One-dimensional 600 MHz 1H NMR spectra of a) KA-I, b)
KA-I-A15, c) KA-I-A33, d) KA-I-R19, e) KA-II recorded in H2O:D2O
(90:10 v/v) with 4 vol% [D3]TFE added at 308 K and pH 5.2. The chemical
shift dispersions and resonance line widths of spectra a ± d are comparable
for the series of polypeptides; this suggests in a qualitative sense that the
folds are not affected to any large extent by the sequence modifications. In
KA-II residues in the hydrophobic core have been modified and as a
consequence the resonances have become broadened and less dispersed.


MS. The observed molecular weights corresponded well to the
calculated values. Typically the difference was less than 0.5
mass units, and in no case was it larger than 1.1 mass units. No
other modifications were detected but some unreacted
starting material remained as the ester 1 was partly consumed
by competing background hydrolysis to form fumaric acid and
p-nitrophenol. The reactivities of individual lysine residues
were monitored by measuring the degree and position of
acylation in the reaction between one equivalent of 1 and each
of the polypeptides at pH 5.9 and at pH 8.0 at room temper-


Figure 6. 600 MHz 1H NMR spectra of a) KA-I, b) KA-I-Fum, c) KA-II,
d) KA-II-Fum12 recorded in H2O:D2O (90:10 v/v) with 4 vol% [D3]TFE
added at 308 K and pH 5.2. The effect of introducing substituents into the
folded peptide on the chemical shift dispersion and line width is small.


ature (Table 3). The degrees of acylation were estimated by
integration of the peaks in the analytical RPHPLC chromato-
gram; the sites of modification in each peptide were identified
by MALDI-TOF MS after tryptic digestion of the modified


Table 2. The mean residue ellipticity at 222 nm [�]222 at pH 5.9 and 8.0.


Peptide [�]222 at pH 5.9 [�]222 at pH 8.0
[degcm2dmol�1] [degcm2dmol�1]


KA-I � 22200 � 24100
KA-I-Fum � 23600 ±
KA-I-A15 � 23700 � 25400
KA-I-A33 � 22300 � 24800
KA-I-R19 ± � 24700
KA-II � 22400 � 21200
KA-II-Fum � 23700 ±
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peptides. The degree of acylation of each position of the
polypeptides are presented in Table 3.
At pH 8.0, 66% of KA-I was monoacylated according to


the accurate integration of the HPLC chromatogram, corre-
sponding to 90% of the total amount of acylated peptide since
some polypeptide remained unmodified. KA-I was monoacy-


lated at position 34 as well as at position 19, both of which
were d positions, but the two monoacylated peptides could
not be separated by RP HPLC; their relative amounts had to
be roughly estimated from the intensities of the tryptic
fragments in the mass spectrum. The fraction of KA-I that was
monoacylated at Orn34 provided approximately 75% of the
tryptic fragments from monoacylated peptide, and the frac-
tion of KA-I monoacylated at Lys19 provided approximately
25%. An analogous analysis of the acylation pattern of KA-I-
A15, suggested that approximately 85% of the monoacylated
products were acylated at Orn34, and only 15%were acylated
at Lys19, demonstrating a high degree of site selectivity.


The mechanism of the acylation reaction : The degree of
mono- and dimodification of KA-I was studied as a function
of pH as depicted in Figure 7. One equivalent of 1 was reacted


Figure 7. The pH dependence of the degree of modification of KA-I after
reaction between KA-I and one equivalent of 1. Unmodified (�),
monomodified (�) and dimodified (�) peptides are observed, after
compensation for background hydrolysis.


with KA-I at 8 different pH values in the range from 5.9 to
10.2. The reaction mixtures were analysed by analytical RP
HPLC and the degrees of modification were determined from
the resulting peaks after identification by MALDI-TOF MS.
Monomodification of either Orn34 or Lys19 dominates but at
high pH dimodification of both residues is significant. No
other lysines were modified and it appears that the pKa values
of Lys19 and Orn34 are significantly lower than those of the
competing lysine residues. The degree of modification was
also determined in aqueous solution at pH 8.0 as a function of
the amount of TFE added (see Figure 8), to probe the role of


Figure 8. The TFE dependence of the degree of modification of KA-I after
reaction between KA-I and one equivalent of 1 at pH 5.9 and room
temperature. Unmodified (�), monomodified (�) and dimodified (�)
products were determined.


the folded structure on lysine reactivity. The overall degree of
modification was reduced substantially already at low frac-
tions of TFE. The degree of monomodification was reduced
by a factor of two at 2 vol% TFE, and to less than one third of
the value in aqueous solution at 5 vol% TFE. TFE is known
to denature proteins by strengthening helical sequences and
disrupting hydrophobic interactions.[29] It is also expected to
decrease the pKa of primary amines through a solvent effect,
and to decrease the rate of chemical reactions that go through
charged transition states. The decreased incorporation of
fumaryl substituents was therefore not attributable to a single
factor.
The degrees of mono- and dimodification of KA-I and KA-


II were also studied as a function of the number of equivalents
of 1 added. At pH 5.9 and at pH 8.0 one to ten equivalents of 1
were added to a buffered solution of KA-I and the resulting
reaction mixtures were analysed by RP HPLC (Figure 9 a, b).
The site selectivity was high at low pH, where more than 70%
of monomodification was obtained after addition of five
equivalents of 1, and the only other modification was the
introduction of two fumaryl groups. At pH 8.0 70% of
monomodification was observed after the addition of
1.3 equivalents. At pH 8.0 one to ten equivalents of 1 were
also added to a buffered solution of KA-II and the resulting
reaction mixtures were analysed by RP HPLC, Figure 9c. The
selectivity was very high as the fraction of monomodified
KA-II approached 70% for the addition of 2 ± 3 equivalents
of substrate, showing that Lys12, a d position, in KA-II was
the most reactive Lys residue.
The second-order rate constant for the reaction between


KA-I and 1 was determined at 308 K as a function of pH from


Table 3. Site of modification and estimated degree of mono- and
dimodification at pH 5.9 and 8.0 after reaction with one equivalent of 1.
Due to the competing background hydrolysis all peptides are not modified
after the reaction. The relative yields, the mono- or dimodified peptide
divided by the total amount of modified peptide, are given in brackets.


Peptide Site of Modification Degree of modification
modification pH 5.9 pH 8.0


KA-I 34 and 19 mono 45 (94) 66 (90)
34 and 19 di 3 (6) 7 (10)


KA-I-A15 34 and 19 mono 36 (100) 73 (94)
34 and 19 di ± ± 5 (6)


KA-I-A33 34 mono 32 (64) 45 (61)
15 mono 13 (26) 22 (30)
34 and 15 di 35 (6) 7 (9)


KA-I-R19 34 mono 42 (93) 58 (85)
15 mono 3 (7) 8 (12)
34 and 15 di ± ± 2 (3)


KA-II 12 mono 27 (75) 57 (70)
15 mono 9 (25) 19 (23)
12 and 15 di ± ± 5 (6)
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Figure 9. The degree of modification of (a) KA-I at pH 5.9, (b) KA-I at
pH 8.0 and (c) KA-II at pH 8.0 as a function of the number of equivalents 1
added. Unmodified (�), monomodified (�), dimodified (�), and trimodi-
fied products (�) were observed. � denote the monomodification of Lys12,
� denote the monomodification of Lys15.


pH 5.1 to 10.2. The plot of the logarithm of the second-order
rate constant versus pH shows a linear dependence on pH in
the range from 5.1 to slightly less than 9, where the plot levels
off and approaches pH independence at pH 10.2, Figure 10a.
The pH profile shows that the reaction is dependent on an
amino acid in its unprotonated form. A function describing
the dissociation of a monoprotonic acid with a pKa of 9.3 gave
the best fit to the experimental results as shown in Figure 10b.
The expected pKa of a lysine side chain in a solvent exposed
position is 10.4.[30]


Discussion


The understanding of the reactivity of amino acid residues
exposed on protein surfaces is a prerequisite for the engineer-
ing of protein scaffolds capable of site selective self-function-
alisation. We have previously reported on factors that control
histidine reactivity on the surface of a four-helix bundle
scaffold[31] and His ±Lys pairs used for self-functionalisation
by forming thermodynamically stable amide bonds at the side
chains of Lys residues.[16±18] The possibility of addressing Lys
residues directly considerably broadens the scope of protein
self-functionalisation as more groups can be introduced over a
larger protein surface area and because the site selectivity
may be enhanced when used in combination with the His
mediated acylation reaction. The control of lysine reactivity
also has important implications in catalysis as primary amines
are directly involved in imine formation and thus in aldol
condensations and Michael additions. While the measure-
ments of His reactivity depended on the direct determination
of pKa values by NMR methods, the corresponding measure-
ment of lysine dissociation constants is difficult mainly because
changes in the observed chemical shifts are not directly
related to the state of protonation. At the high pH necessary
to significantly deprotonate a Lys side chain the structure of the
folded polypeptide also changes due to the loss of stabilising
charge ± charge interactions between protonated Lys residues
and negatively charged aspartate and glutamate residues, and
possibly also due to the drastic change in overall charge. For this
reason chemical shift changes are not only a result of dis-
sociation but also a result of changes in structure. The inve-
stigation of lysine reactivity is therefore based on the determi-
nation of lysine acylation, in reactions between the folded poly-
peptides and active esters that lead to irreversible amide bond
formations at the lysine side chains, readily detectable by mass
spectrometry. In addition to the increased understanding of pro-
tein reactivity that is expected from the identification of the
principles that control lysine acylation, the reactions reported
here provide an efficient strategy for the site-selective
functionalisation of the folded four-helix bundle protein in
aqueous solution. It provides the opportunity to introduce
multiple substituents stepwise into the folded protein without
any need for protection groups or artificial amino acids.
The quantification of reactivity at a pH that is lower than


the pKa of the reactive residue requires that the Br˘nsted
coefficient � is known. The state of protonation of a basic
residue depends on the relationship between the pH and the
pKa according to the Henderson ±Hasselbalch equation, and
the relationship between reactivity and pKa follows the
Br˘nsted equation, where the coefficient � is unique for each
reaction. The coefficient � for the reaction between primary
amines and p-nitrophenyl acetate is 0.8[21] and at a pH lower
than the pKa values of the Lys and Orn residues the one with
the lowest pKa will therefore be the most efficient nucleo-
phile. Because the reaction product in the direct reaction
between a primary amine and an ester is an amide, the
reaction is irreversible and the degree of acylation in a
competition experiment is a direct measure of the difference
in reactivity between the competing residues. At pH values
above those of the pKa the relative reactivities will be
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reversed since the primary amines with the highest pKa values
will be the most efficient nucleophiles, but protein chemistry
at such high pH has little practical use.
The sequence KA-I contains four lysine and one ornithine


residues; the structure of the folded polypeptide was deter-
mined by NMR and CD spectroscopy. It folds into a helix ±
loop ± helix motif that dimerises to form a four-helix bundle
and the residues can be considered to follow the pattern of the
heptad repeat. The experimental system was designed to
provide a comparison between the reactivities of several
different lysine positions and four modified sequences, Table 1,
where lysines were replaced by alanine or arginine residues,
were synthesised for comparison of their reactivities with that
of KA-I. Their structures were studied to a lesser extent than
that of KA-I, but the results from a qualitative NMR and CD
spectroscopic analysis, and the fact that they are highly
homologous to the sequence of KA-I, support the assumption
that they, too, form four-helix bundles. In terms of the heptad
repeat pattern, Figure 2, Lys10 is in a b position, Lys 15 is in a
g position and Lys33 is in a c position, all positions exposed to
the solvent. Lys19 is formally in a d position although it was
initially incorporated as a cap for the C-terminus of helix I.[22]


The chemical shift deviation of the �H of Lys19, Figure 3,
suggests that it is not in a helical conformation but in a more
disordered loop. The observation of fingerprint NOE con-
nectivities between Lys19 and Lys15, and between Lys19 and
Nle16 (see Supporting Information), however, supports the
conclusion that is in fact in a helical conformation, at least part
of the time. Lys19 therefore has to be considered to be in a
d position. In these peptides Orn was used in position 34, a
d position, for comparison with LA42b, which also contains an
Orn residue in position 34. The reactivity of Orn is the same as
that of Lys as they are both primary amines. The only
difference between them is the number of methylene groups
in the side chain, and the conclusions about Orn reactivity also
apply to that of Lys. In the peptide KA-II Orn34 was replaced
by an Ala and Leu12 was replaced by a Lys residue, in order to
probe whether position 12 would make a lysine more reactive
because of the hydrophobic microenvironment.


The peptides were reacted at
room temperature with one
equivalent of mono-p-nitro-
phenyl fumarate (1), in aqueous
solution at pH 5.9 and at pH 8.0
so that the Lys andOrn residues
were forced to compete for the
substrate. Acylation was ob-
served in all cases, but only at
two positions in each protein
and only at the side chains of
lysine or ornithine residues in
positions 34, 19 and 15, in the
polypeptides KA-I (34 and 19),
KA-I-A15 (34 and 19), KA-I-A33


(34 and 15) and KA-R19 (34 and
15). In KA-II, the dominant
position of acylation was posi-
tion 12 but Lys15 was also
modified. Lys10 and Lys33 were


not modified in any sequence and there is therefore a
difference in reactivity between individual Lys and Orn
residues depending on structure. Orn34 is preferentially
acylated in all peptides, with the obvious exception of KA-II,
and position 34 is therefore the most reactive one. Orn34 is in
a d position, and therefore in the hydrophobic core; this
suggests that it has a depressed pKa due to the low dielectric
constant of the a and d positions. The pH dependence of the
acylation of KA-I was determined, Figure 7, and monoacyla-
tion was the only detectable reaction product at pH levels
below 8, whereas at higher pH several lysines were acylated
simultaneously. Two monoacylated products were obtained,
one where Orn34 was selectively acylated and one where
Lys19 was acylated, in a very approximate ratio of 3 to 1.
According to the �H chemical shifts Lys19 is not located in a
well-defined helical structure, although measured medium
range NOE values suggest that it is, at least part of the time. It
is formally in a d position and may have the properties of a
partly hydrophobic environment although the influence of
Lys15 may contribute to the pKa depression through an
electrostatic effect, in analogy to effects observed in His pKa


values.[31] Selectively depressed pKa values are compatible
with the observed pH dependence and it is suggested that pKa


values of Lys residues may be depressed by introducing them
into a and d positions to increase their reactivities towards
carbonyl groups and other electrophiles.
The second-order rate constant was determined as a


function of pH in order to determine the pKa of the reactive
residues as shown in Figure 10. The best fit to the exper-
imental results corresponded to a pKa of 9.3, which amounts
to a pKa depression of 1.1 pKa units in comparison with a
solvent exposed lysine residue. The reaction was also carried
out in TFE to determine the effect on reactivity of disrupting
the tertiary structure while retaining a helical conformation
(see Figure 8). The overall degree of acylation was dramat-
ically reduced in spite of the fact that lysine pKa values would
be expected to decrease as a result of the lower polarity of the
medium. The observed loss in incorporation efficiency is
complex and may not be explained in a simple way, but the


Figure 10. The pH dependence of the logarithm of the second order rate constant (a) and the pH dependence of
the second order rate constant (b) for the reaction of p-nitrophenyl fumarate, 1, with KA-I in aqueous solution at
298 K. The solid line in (b) represents an equation describing the dissociation of a monoprotonic acid. The best fit
was obtained for a pKa of 9.3.
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results are in agreement with a model where the reactivity is
reduced when the tertiary structure, which is responsible for
the pKa depression, is disrupted. Enhanced reactivities of Lys
and Orn residues in a and d positions in comparison with
those of residues in other positions are therefore established
in aqueous solution. Any reaction that depends on the availabil-
ity of unprotonated Lys residues is therefore a target that can
be addressed using this strategy. The fact that no a position
has been probed is mainly due to practical considerations.
There is no difference in the hydrophobic character between
an a or a d position and the same considerations apply.
In order to provide a critical test for whether position 34, a


d position, was more reactive because of pKa depression due
to the hydrophobic environment, a helix ± loop ± helix motif
was designed where an alanine residue was incorporated into
position 34, and a second d position was selected for lysine
incorporation. In KA-II Leu12 was replaced by Lys12, and
Lys12 was preferentially acylated by 1. Consequently, a and
d positions provide environments that are sufficiently hydro-
phobic to reduce the pKa value of lysine residues and make
the incorporation of acyl groups site selective. The incorpo-
ration of lysine residues in positions that according to the
heptad repeat pattern are hydrophobic is therefore a viable
design strategy for site-selective functionalisation of folded
proteins. Comparable positions in native proteins should be able
to provide sites that can be functionalised in a similar way.
In KA-I the selectivity between Orn34 and Lys19 was


probed but it was not possible to separate the monoacylated
peptides KA-I-Fum19 from KA-I-Fum34 by analytical RP
HPLC. An analysis of the tryptic digests by MALDI-TOFMS
suggests, very approximately, that the level of acylation was
46 ± 51% at position 34 was and 15 ± 20% at position 19, after
reaction at pH 8.0. The preference for Orn34 over that of
Lys19 is therefore approximately a factor of 3 at pH 8.0. These
numbers are clearly approximate but there is little doubt that
Orn34 is the most reactive position. Lys19 is, however, more
reactive towards 1 than all other lysines, no other functional-
ised peptide was detected. Lys19 is also in a d position in the
heptad repeat of amino acids and may also be partly included
in the hydrophobic core, although its position in close
proximity to the more flexible loop region of the peptide
suggests that the pKa might not be affected as much as that of
Orn34. Its position as a C-cap would be expected to raise its
pKa due to the interaction with the helix dipole moment, and
make it less reactive. The reason may instead be that Lys15
depresses its pKa because of the charge repulsion between the
protonated forms of the lysine residues. The role of Lys15 is
not understood in detail but substituting an alanine for Lys15
considerably improved the selectivity in favor of Orn34,
approximately 85% of all incorporated fumaryl substituents
were introduced at the side chain of Orn34 in the sequence
KA-I-A15. This is in good agreement with a model where
Lys15 reduces the pKa of Lys19, and when Lys15 is replaced by
Ala the pKa of Lys19 is increased and the reactivity is
decreased, leading to enhanced selectivity of Orn34 over
Lys19.
Understanding the molecular basis for the reactivity of Lys


and Orn residues made it possible to improve selectivity by
rational design. Replacing Lys19 by an Arg residue, as in KA-


I-R19, enhanced the selectivity in favor of Orn34 acylation to a
level where 85% of the incorporated fumaryl substituents
were introduced at Orn34 to form a monoacylated polypep-
tide. In the absence of Lys19, Lys15 became the second most
efficient nucleophile but it was monoacylated only to a small
degree. Possibly Arg19 reduced the pKa of Lys15 to make it
more reactive. Amore complex relationship was unravelled in
the interplay between Lys33 and Lys19. As Lys33 was
replaced by Ala, Lys19 was no longer reactive enough to
compete with Lys15 for the substrate. No acylation of Lys19
was observed and it may be that subtle structural effects play a
role although the CD spectrum is largely unaffected by the
change in sequence.
The pH dependence of the reaction between KA-I and 1


showed that the reaction depends on the unprotonated form
of a residue with a pKa of approximately 9.3 suggesting lysine
or ornithine residues. Amide formation is an irreversible
reaction under the reaction conditions and the fact that acyl
groups were found exclusively at the side chains of Orn34 and
Lys19 therefore provided strong evidence in favor of direct
acylation of the side chain primary amines. The pH depend-
ence is in principle compatible with a model where flanking
Lys and Orn residues carry out general base catalysis in the
formation of the amide bond, but this reaction mechanism is
unlikely due to the small fraction of unprotonated lysines and
ornithines that is available at low pH. We conclude that Lys
and Orn residues are acylated in a one-step reaction and that
the reactivity is determined mainly by the position in the
sequence where a and d positions provide enhanced reactivity
enough to make Lys and Orn residues dominant sites for the
incorporation of acyl groups. In addition, close proximity of
flanking charged residues appear to affect the pKa of Lys and
Orn residues in an analogous manner to what was previously
described for His residues.[31]


The addition of only one equivalent of 1makes competitive
measurements of acylation more readily interpretable but it
leaves some polypeptide unreacted due to competition from
background hydrolysis. In order to optimise selectivity KA-I
was reacted with up to 10 equivalents of 1 and the degree of
acylation and the site selectivity were analysed, Figure 9a, b.
The maximum level, 70%, of monoacylated protein was
obtained after approximately five equivalents were reacted at
pH 5.9 and 1.3 equivalents at pH 8.0. The ratio of monoacy-
lated to diacylated protein was then approximately 72:13 at
pH 5.9 and 73:19 at pH 8.0. Since acylation times are
dramatically shorter at the higher pH for practical purposes
a high pH is preferable in protein functionalisation. Further-
more, the selectivity does not depend on pH as long as it is less
than the value of the pKa of the reactive residues as discussed
above. In KA-II Lys12 was acylated very efficiently by three
equivalents of ester.


Conclusions


The reactivity of Lys and Orn residues may be controlled to a
level where they become the dominant nucleophiles of the
protein scaffold in reactions with active esters to form
functionalised side chains. The underlying principles are
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therefore of fundamental interest in understanding protein
reactivity but also of practical use in developing covalently
modified four-helix bundle model proteins with applications
as artificial receptors, biosensors and in glycobiology. It was
possible after determining the relationship between structure
and reactivity to design a polypeptide KA-I-R19 where 85% of
site-selectively monoacylated product was obtained and
readily purified. It may be possible to design even more
selective sites as our understanding of the chemistry of protein
surfaces develops. As vehicles for site-selective acylation four-
helix bundle proteins have thus been shown to be versatile
and useful scaffolds.
Understanding the reactivity of lysine side chains also


provides a strategy for designing sites capable of imine
formation, the key reaction step in aldol reactions and
Michael additions. The main factor in pKa control is the
position in the structure of the folded four-helix bundle motif,
where their incorporation into a or d positions of the heptad
repeat provides a molecular environment capable of depress-
ing the pKa value by 1.1 units in comparison with those of
solvent exposed residues. This corresponds to an increase in
reactivity by an order of magnitude in the unprotonated state,
which is sufficient to ensure a high degree of selectivity in the
incorporation of new functionality into folded proteins.


Experimental Section


General procedure for MALDI-TOF MS analysis : The mass spectra were
recorded on an Applied Biosystems Voyager DE-STR MALDI-TOF mass
spectrometer. Peptide solutions were prepared at concentrations of
approximately 1 mgmL�1 in trifluoroacetic acid (TFA) (0.1%). A solution
of �-cyano-4-hydroxycinnamic acid (10 mgmL�1) in acetonitrile:TFA
(0.1%) (1:1) was used as matrix. Typically 2 �L of the peptide solution
was mixed with 18 �L of the matrix, and 1 �L of the mixture was applied to
the plate for crystallisation. A mixture of angiotensin I, ACTH clip1 ± 17,
ACTH clip 18 ± 39, ACTH clip 7 ± 38 and insulin (bovine) was used for
calibration. Measured molecular weights corresponded to the calculated
ones within 1.1 mass units in all cases, and typically within 0.5 mass units.


CD spectroscopy : CD spectra were recorded on a Jasco J-715 CD
spectropolarimeter, routinely calibrated with �-(�)-10-camphorsulphonic
acid, in 0.1, 0.5, 1 or 5 mm cuvettes in the interval from 280 ± 190 nm. Each
spectrum is an average of six scans and the background was subtracted from
the spectrum before the mean residue ellipticity at 222 nm was measured.
For the concentration dependent studies a 50 m� stock peptide solution in
BIS-Tris buffer at pH 5.9 was prepared and diluted to the desired
concentrations by pipetting. For pH dependence measurements a 0.3 m�
aqueous stock solution was prepared and the pH was adjusted by small
additions of 0.1 or 1� HCl or NaOH.


NMR spectroscopy: NMR spectra of peptides in 4 vol% [D3]TFE in
H2O:D2O (90:10 v/v) were recorded on a Varian Inova 600 MHz NMR
spectrometer at 308 K and pH 5.2 using preirradiation of the water
resonance. Typical 90� degree pulses were 9.2 �s for both 1D, NOESY and
TOCSY spectra, and the spinlock pulse in the TOCSY experiment was
22 ms with a window function of 30 ms. The mixing times were 200 ms for
the NOESY experiments and 80 ms for the TOCSY experiments. 2� 256
increments were recorded and the data were processed using linear
prediction algorithms.


Peptide synthesis and purification : The peptides were synthesised on an
Applied Biosystems automated Pioneer peptide synthesiser using standard
Fmoc chemistry. A typical synthesis was performed on a 0.1 mmol scale
using a PAL-PEG-PS polymer (Perseptive Biosystems), that forms an
amide at the C-terminal of the peptide after cleavage. The substitution level


of the polymer was 0.17 ± 0.23 mmolg�1. The side chains of the amino acids
were protected using base stable groups; tert-butoxy (OtBu) for Asp and
Glu, tert-butyloxycarbonyl (Boc) for Lys and Orn, trityl (Trt) for Asn and
Gln and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for Arg.
The Fmoc group was removed from the amino acid by 20% piperidine in
N,N-dimethylformamide (DMF, peptide synthesis grade). TBTU (O-(7-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate) (0.5� in
DMF) was used together with DIPEA (diisopropylethylamine) (1� in
DMF) as the activating reagent and a four-fold excess of amino acid was
used in each coupling. A standard coupling time of 60 minutes was used
except for Nle and Leu where 30 minutes was used and for Gln, Arg, Asn
and some difficult couplings in the sequence where 90 minutes were used.
The N-terminal of the peptide was capped with acetic anhydride in DMF
(0.3�). When the synthesis was completed the polymer was rinsed with
dichloromethane and dried under vacuo. The peptide was cleaved from the
resin and deprotected by treatment with a mixture of TFA:H2O:ethane-
dithiol:triisopropyl silane (94:2.5:2.5:1 v/v), 10 mL per gram of polymer, for
three hours at room temperature. After filtration and concentration, the
peptide was precipitated by the addition of cold diethyl ether, centrifuged,
and resuspended three times in diethyl ether and lyophilised. The crude
products were purified by reversed phase HPLC on a semi-preparative C-8
HICHROM column, eluted isocratically with 36 ± 43% isopropanol and
0.1% aqueous TFA at a flow rate of 10 mLmin�1. The purity was checked
by analytical HPLC and the polypeptides were identified by MALDI-TOF
mass spectrometry.


The acylation reaction : Stock peptide solutions (1 m�) were prepared by
weighing and dissolving the peptide in buffer solution, assuming a water-
content of the lyophilised peptide of 25%, and adjusting the pH by small
additions of NaOH and HCl (1 ± 2�). A stock substrate solution was also
prepared by dissolving p-nitrophenylfumarate in equal volumes of
acetonitrile and buffer to the final concentration of 15 m�. The buffers
used at pH 5.9 and at pH 8.0 were Bis-Tris and Tris, respectively. The
acylation reaction was carried out by the addition of one equivalent of
substrate (2 �L) to the peptide solution (30 �L). At the addition of 1 ±
10 equivalents of 1 to the peptide, 2 �L of substrate solution and 18 �L of
buffer were added to 30 �L of the peptide solution (1 m�) in the case of one
equivalent. In the case of 10 equivalents 20 �L of substrate solution was
added to 30 �L of peptide solution (1 m�) to give a final peptide
concentration of 0.6 m�. After three days at room temperature and
pH 5.9, or after one day at room temperature and pH 8.0, the reaction
mixtures were analysed by RP HPLC on an analytical C-8 HICHROM
column, eluted isocratically with 36 ± 43% isopropanol and 0.1% aqueous
TFA at a flow rate of 0.6 mLmin�1. The polypeptides were identified by
mass spectrometry. The degree of modification was measured by integra-
tion of the peaks of the analytical RP HPLC chromatogram, and calculated
from the area of each peak divided by the total area of peptide fractions
under the assumption that all peptides, modified and unmodified, have the
same extinction coefficient.


Trypsin digestion : A peptide solution (1 m�� in NH4
�HCO3


� (0.1�� pH 8.0)
was prepared. Trypsin (1 mg) was dissolved in HCl (100 �L, 0.1 m�� and
added to the peptide solution (200 g trypsin per mol peptide). After 3 h at
37 �C the reaction was quenched by the addition of HCl (20 �L) and the
reaction solution was lyophilised. The resulting fragments were identified
by mass spectrometry.


Kinetic measurements : The kinetic studies were performed on a Varian
CARY 100 Bio UV-Visible or a CARY 5E UV-Vis-NIR Spectrophotom-
eter equipped with a CARY temperature controller at 298 K. A peptide
stock solution (1 m�) was prepared in buffer and the pH was adjusted to
the correct value by the addition of small amounts of 1� NaOH or HCl.
The stock solution was diluted with buffer to the desired concentrations
(0.4m�, 0.3m� and 0.2m�) and transferred (270 �L) to the cuvettes. After
15 minutes of temperature equilibration the substrate was added (5 �L,
5m�) to give a final concentration of 0.1 m�. The p-nitrophenylfumarate
was dissolved in a 50% (v/v) mixture of buffer and acetonitrile. The buffers
used were sodium acetate (100 m�) at pH 4.1 and 5.1, Bis-Tris (50m�) at
pH 5.85, and pH 7.0, Tris (50m�) at pH 8.0 and 9.0 and CAPS at pH 9.7 ±
10.2. The reaction was followed for more than three half-lives and the data
was processed using IGOR Pro software. The rate constants are the results
from fitting a straight line to the pseudo first order rate constants plotted
versus the peptide concentration.
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Formation of Diphenylphosphanylbutadienyl Complexes by Insertion
of Two P-Coordinated Alkynylphosphanes into a Pt�C6F5 Bond:
Detection of Intermediate and Reaction Products


Irene Ara,[b] Juan Fornie¬s,*[b] Ana GarcÌa,[a] Julio Go¬ mez,[a] Elena Lalinde,*[a] and
M. Teresa Moreno[a]


Abstract: The reactions between cis-
[M(C6F5)2(PPh2C�CR)2] (M�Pt, Pd;
R�Ph, tBu, Tol 2, 3) or cis-[Pt(C6F5)2-
(PPh2C�CR)(PPh2C�CtBu)] (R�Ph 4,
Tol 5) and cis-[Pt(C6F5)2(thf)2] 1
have been investigated. Whereas
[M](PPh2C�CtBu)2 ([M]� cis-M(C6F5)2)
is inert towards 1, the analogous reactions
starting from [M](PPh2C�CR)2 or
[Pt](PPh2C�CR)(PPh2C�CtBu) (R�
Ph, Tol) afford unusual binuclear species
[Pt(C6F5)(S)�-{C(R�)�C(PPh2)C(PPh2)�
C(R)(C6F5)}M(C6F5)2] (R�R��Ph, Tol,
M�Pt 6a,c, M�Pd 7a,c; M�Pt, R��
tBu, R�Ph 8, Tol 9) containing a bis(di-
phenylphosphanyl)butadienyl bridging
ligand formed by an unprecedented se-
quential insertion reaction of two P-co-
ordinated PPh2C�CR ligands into a
Pt�C6F5 bond. Although in solution the
presence of coordinated solvent S (S�


(thf)x(H2O)y) in 6, 7 is suggested by
NMR spectroscopy, X-ray diffraction
analyses of different crystals of the mixed
complex [Pt(C6F5)�-{C(tBu)�C(PPh2)-
C(PPh2)�C(Tol)(C6F5)}Pt(C6F5)2] 9 un-
equivocally establish that in the solid
state the steric crowding of the new
diphenylbutadienyl ligand formed sta-
bilizes an unusual coordinatively unsat-
urated T-shaped 3-coordinated plati-
num(��) center. Structure determinations
of the mononuclear precursors cis-
[Pt(C6F5)2(PPh2C�CR)2] (R�Ph, tBu,
Tol) have been carried out to evaluate
the factors affecting the insertion pro-
cesses. The reactions of the platinum


complexes 6 towards neutral ligands
(L�CO, py, PPh2H, CNtBu) in a
1:1 molar ratio afford related diplatinum
derivatives 10 ± 13, whereas treatment
with CNtBu (1:2 molar ratio) or 2,2�-
bipy (1:1 molar ratio) results in
the opening of the chelating ring to
give cis,cis-[Pt(C6F5)(L)2�-{1-�C1:2-�PP�-
C(R)�C(PPh2)C(PPh2)�C(R)(C6F5)}-
Pt(C6F5)2] (14, 15). The unsaturated or
solvento complexes are unstable in so-
lution evolving firstly, through an unex-
pected formal 4-1R (Ph, Tol) migration,
to the intermediate diphosphanylbuta-
dienyl isomer derivatives [Pt(C6F5)(S)�-
{C(C6F5)�C(PPh2)C(PPh2)�C(R)2}M-
(C6F5)2] (16, 18) (X-ray, R�Ph, M�Pt)
and, finally, to 1-pentafluorophenyl-2,3-
bis(diphenylphosphanyl)naphthalene
mononuclear complexes (17, 19) by
annulation of a phenyl or tolyl group.


Keywords: alkynes ¥ butadienyl
complexes ¥ insertion ¥ phosphanes
¥ platinum


Introduction


Carbon ± carbon bond forming and C�C bond activation
reactions caused by transition metals have received great


attention as a result of their inherent importance in the design
of efficient and selective processes.[1] The facile migratory
insertion of C�C and C�C units into M�H and M�C bonds
represents a crucial step involved in various synthetic organic
reactions as well as polymer synthesis catalyzed by transition
metals.[1, 2] In this context, complexes of Group 10 metals have
been frequently employed[3] as exemplified by reactions of
alkynes with nickelacycles and palladacycles giving entries to
unusual and interesting free or coordinated poly- or hetero-
cyclic compounds.[4] The insertion of alkynes across the Pt�H
bond of mononuclear Pt complexes has been examined in
detail by Clark and co-workers[5] and several mechanistic
studies of the multiple insertion of alkynes into Ni�C and
Pd�C have also been reported.[4e, 6] It is unlikely for metal�RF


bonds to undergo insertion reactions,[7] particularly when they
are metal ± fluoroaryl bonds, which are quite robust.[7a, b, 8]


There have been only a few reports on the formal insertion
of isonitriles into titanium[9] and palladium[10] M�C6F5 bonds


[a] Dr. E. Lalinde, A. GarcÌa, Dr. J. Go¬mez, Dr. M. T. Moreno
Departamento de QuÌmica
Grupo de SÌntesis QuÌmica de La Rioja UA-C.S.I.C
Universidad de La Rioja, 26006, Logronƒo (Spain)
Fax: (�34)941-299621
E-mail : elena.lalinde@dq.unirioja.es


[b] Prof. J. Fornie¬s, Dr. I. Ara
Departamento de QuÌmica Inorga¬nica
Instituto de Ciencia de Materiales de Arago¬n
Universidad de Zaragoza-C.S.I.C., 50009 Zaragoza (Spain)
Fax: (�34)976-761187
E-mail : juan.fornies@posta.unizar.es


Supporting information for this article is available on the WWW under
http://www.chemeurj.org/ or from the author. The data include tables of
crystal data and structure refinement for 2a, 2 b, 2c, 9, 14c, and 16a and
the 19F-19F COSY spectrum of complex 6a.


FULL PAPER


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0816-3698 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163698







3698±3716


Chem. Eur. J. 2002, 8, No. 16 ¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0816-3699 $ 20.00+.50/0 3699


to give pentafluorobenzimidoyl derivatives, and more recent-
ly Espinet and co-workers have shown that the addition of
Pd�C6F5 to coordinated olefins is also a relatively easy
process.[11] Surprisingly, as far as we are aware, apart from the
results reported in our preliminary communication,[12] the
insertion of an acetylenic fragment into a M�C6F5 ligand has
never been described. In that report,[12] we communicated an
unprecendent insertion of two P-coordinated PPh2C�CPh
ligands into a Pt�C6F5 bond that yielded unexpected diphe-
nylphosphanylbutadienyl homo- and heterobinuclear com-
plexes. X-ray diffraction studies ([M]�Pt(C6F5)2, L�PPh2H)
confirmed the presence of an unusual 2,3-bis(diphenylphos-
phanyl)-1,3-butadien-1-yl acting as a bischelating �-1(3,4-
�,�C1):2�2P,P� bridging ligand. We now report: i) the exten-


sion of this reaction to other
P-coordinated PPh2C�CR li-
gands and detailed spectroscop-
ic characterization data for all
complexes including novel
X-ray diffraction studies (9,
14 c); ii) the observation that
the solvento derivatives (L�
THF, H2O) are unstable in
solution leading, through an
unexpected formal4-1 (R�Ph, Tol) migration, to analogous
�-C(C6F5)�C(PPh2)�C(PPh2)�C(R)2 phosphanylbutadienyl
isomer derivatives (16, 18) (X-ray 16 a) and, finally,
to 1-pentafluorophenyl-2,3-bis(diphenylphosphanyl)naphtha-
lene mononuclear complexes by annulation of a phenyl (17 a,
19 a) or tolyl group (17 c, 19 c). Furthermore, in order to gain
an insight into the factors affecting the initial insertion and
coupling processes, the molecular structures of several cis-
[Pt(C6F5)2(PPh2C�CR)2] (R�Ph, tBu, Tol) have been studied
by X-ray diffraction and are also presented.


Results and Discussion


Alkynylphosphanes PPh2C�CR are versatile molecules not
only as polyfunctional ligands[13] but also because they
participate in a number of coupling and insertion reactions.[14]


Detailed studies of alkynylphosphanes with transition metal ±
carbonyl clusters have also shown that these ligands are
excellent sources of metal-coordinated phosphide and ynyl
fragments, which may also take part in further coupling or
insertion processes.[15] Carty and co-workers have demon-
strated in a highly elegant way that the reactivity of the
alkynyl function of PPh2C�CR molecules can be modulated
by simple P-coordination to a palladium or platinum center in
cis-[PtX2(PPh2C�CR)2] complexes.[16] The thermal coupling
of the pendant alkynyl groups of cis-[PtX(Y)(PPh2C�CPh)2]
(X�Y�Cl, I, CF3, C6F5; X(Y)� o-C6H4O2, Me, Cl)[17]


yielding the corresponding complexes containing the unsym-
metrical diphosphane 1-phenyl-2,3-bis(diphenylphosphanyl)-
naphthalene (Scheme 1, A, i) was of particular relevance to
the work described here. X-ray diffraction studies revealed
that in these cis-bis(alkynylphosphane) derivatives, the steri-
cally less demanding alkynyl groups are forced into a
configuration, which facilitates alkyne ± alkyne interaction.[17]


Along the same lines several recent reports have shown that
the Bergman cyclization of 1,2-bis(diphenylphosphanylethy-
nylbenzene) can be accelerated or inhibited by metal
complexation because chelation of the ligand modulates
the critical distance of the alkynyl termini (Scheme 1,
B, ii).[18]


The aim of this work was to investigate the possibility of
inducing alkyne coupling of two P-coordinated PPh2C�CR
ligands by simultaneous �2-coordination to a second metal
center (Scheme 1, iii). Thus, considering that cis-
[Pt(C6F5)2(thf)2] 1 is able to interact easily with systems such
as PhC�CPh[19] or alkynylmetal complexes,[2a, 13b, 20, 21] we
decided to examine the reactivity of 1 towards compounds
cis-[M(C6F5)2(PPh2C�CR)2] (M�Pt, Pd; R�Ph, tBu, Tol) or


Abstract in Spanish: Se ha investigado la reactividad de los
complejos cis-[M(C6F5)2(PPh2C�CR)2] (M�Pt, Pd; R�Ph,
tBu, Tol 2, 3) y cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CtBu)]
(R�Ph 4, Tol 5) frente a cis-[Pt(C6F5)2(thf)2] 1. En contraste
con la ausencia de reactividad de [M](PPh2C�CtBu)2 ([M]�
cis-M(C6F5)2) frente a 1, las reacciones ana¬logas utilizando
como precursores [M](PPh2C�CR)2 y [Pt](PPh2C�CR)-
(PPh2C�CtBu) (R�Ph, Tol) dan lugar a especies binucleares
poco usuales [Pt(C6F5)(S)�-{C(R�)�C(PPh2)C(PPh2)�C(R)-
(C6F5)}M(C6F5)2] (R�R��Ph, Tol, M�Pt 6a,c, M�Pd
7a,c ; M�Pt, R�� tBu, R�Ph 8, Tol 9) que contienen un
ligando puente del tipo bis(difenilfosfina)butadienilo, formado
mediante insercio¬n sucesiva de los dos ligandos P-coordinados
PPh2C�CR en uno de los enlaces Pt�C6F5. Aunque mediante
espectroscopÌa de RMN se sugiere la presencia en disolucio¬n de
disolvente coordinado S (S� (thf)x(H2O)y) en los complejos 6
y 7, el ana¬lisis por difraccio¬n de Rayos X de diferentes
cristales del complejo mixto [Pt(C6F5)�-{C(tBu)�C(PPh2)C-
(PPh2)�C(Tol)(C6F5)}Pt(C6F5)2] 9 establece de forma inequÌ-
voca que en estado so¬lido el nuevo ligando difenilfosfinabu-
tadienilo formado estabiliza un centro coordinativamente
insaturado de PtII tricoordinado en forma de T. Con objeto
de evaluar los factores que afectan a los procesos de insercio¬n
se ha llevado a cabo la determinacio¬n estructural de los
precursores mononucleares cis-[Pt(C6F5)2(PPh2C�CR)2] (R�
Ph, tBu, Tol). El tratamiento de los complejos de diplatino 6
frente a ligandos neutros (L�CO, py, PPh2H, CNtBu) en
relacio¬n molar 1:1 permite preparar los derivados ana¬lo-
gos 10 ±13, mientras que las reacciones con exceso de CNtBu
(relacio¬n molar 1:2) o con 2,2�-bipy (1:1) provocan la apertura
del anillo quelato generando los complejos cis,cis-
[Pt(C6F5)(L)2�-{1-�C1:2-�PP�-C(R)�C(PPh2)C(PPh2)�C(R)-
(C6F5)}Pt(C6F5)2] (14, 15). Los complejos 6 y 7, con mole¬culas
de disolvente como ligando, son inestables en disolucio¬n
evolucionando inicialmente, a trave¬s de una inesperada
migracio¬n formal 4-1 R (Ph, Tol), a los derivados
difosfinabutadienilo iso¬meros intermedios [Pt(C6F5)(S)-
�-{C(C6F5)�C(PPh2)C(PPh2)�C(R)2}M(C6F5)2] (16, 18) (ra-
yos-X, R�Ph, M�Pt) y, finalmente, a los complejos mono-
nucleares 1-pentafluorofenil-2,3-bis(difenilfosfina)naftaleno
(17, 19) por anulacio¬n de un grupo fenilo o tolilo respectiva-
mente.
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cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CR�)] (R�Ph, Tol; R��
tBu) as a means of obtaining bis-[�-�P :�2-(PPh2C�CR)]
bridged complexes. We found that the initial �2-alkyne
adducts, spectroscopically detected at low temperature,
evolve through an unexpectedly easy sequential double
insertion of both PPh2C�CR into a Pt�C6F5 bond, which
yields unusual �-2,3-bis(diphenylphosphanyl)-1,3-butadien-1-
yl complexes.


Synthesis of the precursor mononuclear complexes : Mono-
nuclear bis(diphenylphosphane)alkyne complexes cis-
[Pt(C6F5)2(PPh2C�CR)2] (R�Ph 2 a, tBu 2 b, Tol 2 c) and
mixed cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CtBu)] (R�Ph 4,
Tol 5) are synthesized in a straightforward manner by
displacing the tetrahydrothiophene ligands (THT) from
cis-[Pt(C6F5)2(tht)2] or cis-[Pt(C6F5)2(PPh2C�CtBu)(tht)],
respectively, with the appropriate diphenylalkynylphos-
phane ligand. The analogous palladium complexes cis-
[Pd(C6F5)2(PPh2C�CR)2] 3 a ± c were prepared from
(NBu4)2[Pd(�-Br)(C6F5)2]2 by cleavage of the bridges and
displacement of the halide ligands with PPh2C�CR
(Scheme 2). All compounds are air-stable white solids with
spectroscopic properties characteristic of a cis geometry and a
P-coordination mode for the PPh2C�CR ligands. Their IR
spectra showed typical �(C�C) strong absorptions (one for


2 a,c, and 3 a,c derivatives and
two for 2 b, 3 b, 4, and 5 deriv-
atives) in the 2170 ± 2214 cm�1


region due to the P-coordinated
alkynylphosphane ligands[13b]


and the expected two bands
(798 ± 774 cm�1) assigned to
the X-sensitive mode of the
C6F5 groups,[22] which are char-
acteristic of the cis-M(C6F5)2


moiety. A singlet phosphorus
resonance (� range �8.79 to
�0.23) and especially the mag-
nitude of 1J(195Pt,31P) (2400 ±
2426 Hz) in complexes 2 and 3
are consistent with a cis config-
uration of the ligands about the
platinum center. The mixed


derivatives 4 and 5 showed, as expected, two singlets in their
31P{1H} NMR spectra and two sets of C6F5 or C�CR signals in
their 19F and 1H NMR spectra in agreement with the presence
of two different alkynylphosphane ligands. Finally, in accord-
ance with a cis geometry for complexes 2 and 3, the acetylene
carbon resonances appear [C�/C� �� 69.6 ± 81.6/106.0 ± 119.0]
as the typical A part of a second-order AXX� system (see
Experimental Section for details) with N values 1J(C,P)�
3J(C,P) (89.8 ± 106.9 Hz) and 2J(C,P)� 4J(C,P) (11.8 ± 16 Hz),
respectively, typical of this type of compound.[13b] However, in
the mixed complexes 4 and 5, the C� resonances appear as
doublets (�� 118.2 4, 118.1 5 tBu; 107.4 4, 107.9 5 R) and the
C� signals as doublets of doublets (� 69.5 4, 69.6 5 tBu; 80.1 4
79.3 5 R), respectively.


Single-crystal X-ray analyses of 2 a ± c were performed in
order to determine the relative orientation of the two
acetylenic moieties in the complexes. Perspective views of
the three complexes are shown in Figure 1, and selected bond
lengths and angles are listed in Table 1. All complexes have
square-planar geometry at the metal center with Pt�C(C6F5)
and Pt�P distances within the normal ranges found for related
complexes.[23] It has been previously noted[17b, 18a, b] that the
coupling of two proximate acetylenic fragments can only be
activated by heating or induced by the presence of metal
centers if the separation between the �-carbon atoms is


�3.4 ä (twice the van der
Waals radius of carbon). The
close proximity of the �-carbon
atoms of the phenyl or tolyl
alkynyl groups is shown by the
C(7)�C(7a) [3.20(2) ä 2 a]
and C(13)�C(34) distances
[3.34(2) ä 2 c], which are con-
siderably less (2 a) or slightly
(2 c) less than 3.4 ä (the dis-
tance between C�C middle
points: 3.423 ä 2 a, 3.538 ä
2 c). It should be noted that for
complex 2 a, the small separa-
tion between the alkyne termini
[3.20(2) ä] is in keeping with
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Scheme 1. The coupling of pendant alkynyl groups of cis-[MX(Y)(PPh2C�CPh)2] (M�Pt; X�Y�Cl, I, CF3,
C6F5; X(Y)� o-C6H4O2, Me, Cl) to yield the corresponding complexes containing the unsymmetrical
diphosphane 1-phenyl-2,3-bis(diphenylphosphanyl)naphthalene (A, i); Bergman cyclization of 1,2-bis(diphenyl-
phosphanylethynylbenzene) by metal complexation (B, ii).


Scheme 2. Synthesis of mononuclear complexes 2 ± 5 (L�PPh2C�CR).
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the reported formation of the un-
symmetrical diphosphane complex
cis-[Pt(C6F5)2{o-C16H10(PPh2)2}] on
heating.[17] In comparison, the cor-
responding distance in cis-
[PtCl2(PPh2C�CPh)2],[17] which al-
so undergoes intramolecular
coupling of the phosphanyl-
acetylene ligands under relati-
vely mild conditions, is
3.110(10) ä. The distance found
for complex 2 c [3.34(2) ä] is
longer than that found in
cis-[PtClMe(PPh2C�CPh)2],[17b]


[3.213(14) ä], which requires forc-
ing conditions (melting of the solid
sample) to achieve coupling. In
contrast, the PPh2C�CtBu ligands
in complex 2 b have undergone a
slight rotation away from one
another, and thus they increase
the separation between C(25) and
C(43) atoms of the alkyne termini
to 3.61(1) ä. In this case, the high-
er steric demand of the tBu groups
forces the separation between the
C�C middle point to a distance of
3.963 ä. Consequently, the tor-
sional angles C��P(1)�P(2)�C��
[65.3(6)� 2 a, 68.9(6)� 2 c, 70.7(4)�
2 b] and the P�Pt�P� angles
[92.87(13)� 2 a, 93.32(7)� 2 c,
95.04(9)� 2 b] in the three com-
plexes show an increase in the
order tBu�Tol�Ph, which is par-
allel to the increase of the distance
between the C� atoms. As expect-
ed, the distortion from the linear-
ity of the alkynyl groups, which
helps to keep the C� atoms of
both ligands in proximity, follows
the order Ph�Tol(average)�
tBu(average) [P(1)�C(7)�C(8)
167.7(8)� 2 a ; P(1)�C(13)�C(14)
165(3)�, P(2)�C(34)�C(35) 173(2)�
2 c ; P(2)�C(43)�C(44) 175.9(8)�
and P(1)�C(25)�C(26) 179.2(8)�
2 b].


Reactions of cis-[M(C6F5)2-
(PPh2C�CR)2] and cis-[Pt(C6F5)2-
(PPh2C�CR)(PPh2C�CtBu)] with
cis-[Pt(C6F5)2(thf)2] 1: As shown
in Scheme 3, the (diphenylphos-
phanyl)alkyne cis-[M(C6F5)2-
(PPh2C�CR)(PPh2C�CR�)] com-
plexes (2 a,c, 3 a,c) readily react
with an equimolar amount of 1 in
CH2Cl2 at temperatures between 0


Figure 1. Perspective view of molecular structures of cis-[Pt(C6F5)2(PPh2C�CPh)2]. 0.5CCl4 (2a) (a, top);
cis-[Pt(C6F5)2(PPh2C�CtBu)2]. CH2Cl2 (2 b) (b, middle); cis-[Pt(C6F5)2(PPh2C�CTol)2] (2 c) (c, bottom).
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Scheme 3. Synthesis of butadienyl bridging complexes. The notation used
for inequivalent groups and metals is shown in the inset.


and �10 �C to give orange solutions, from which the
double inserted products [Pt(C6F5)(S)�-{C(R�)�C(PPh2)C-
(PPh2)�C(R)(C6F5)}M(C6F5)2] (R�R��Ph, Tol, M�Pt 6 a,
6 c, Pd 7 a, 7 c) are isolated in good (platinum) or moderate
(palladium) yields as deep yellow solids. The tert-butyl
derivatives (2 b, 3 b) did not react with 1, even under reflux
conditions (CH2Cl2, 5 h for 2 b or 1 h for 3 b), perhaps for
steric reasons. The lower �2-bonding capability of
PPh2C�CtBu than PPh2C�CPh groups in complexes cis-
[M(C�CR�)2(PPh2C�CR)2] (R�Ph or tBu) has been previ-
ously observed.[13b] In contrast to this, the mixed mononuclear
complexes cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CtBu)] (R�
Ph 4, Tol 5) react cleanly with 1 to selectively form the
corresponding double inserted complexes 8 (R�Ph) and 9
(R�Tol) as yellow solids and in high yields. It should be
noted that at 25 �C in donor solvents (acetone or THF) neither
the complexes 2 a or 2 c, nor the mixed derivatives 4 and 5
reacted with 1. It is also noteworthy that all reactions are
clean, no regioisomers are obtained, and the overall process is


highly regiospecific, with the first insertion taking place
selectively on the aryl acetylenic fragment for the mixed
derivatives 4 and 5, and stereoselective (cis,cis insertion).


The IR and 19F NMR spectra of 6 ± 9 confirm the presence
of the C�C6F5 unit and the existence of four different types of
C6F5 groups arising from an asymmetric structure (See
Scheme 3 for notation). Thus, the IR spectra have absorptions
characteristic of the C6F5 bonded to carbon[10a, b] (split bands
at �1500 and 990 cm�1 are seen) and three absorptions
corresponding to the �C6F5(X-sensitive) (range 820 ±
777 cm�1) concordant with an asymmetric structure. In all
complexes the organic C�C6F5 group (ring A) is easily
assigned, because the ortho- and para-fluorine resonances
are up- and downfield shifted, respectively, and the separation
between these signals is reduced to approximately �� 30. This
ring (A) exhibits a typical pattern of five signals of equal
intensity, and this indicates that, if any, very slow bond
rotation takes place around the C�C6F5 bond on the NMR
timescale (see below). In the palladium complexes (7), the
C6F5 (B) group (assigned on the basis of the presence of
platinum satellites) has the typical set of three resonances
(2:1:2, AA�MXX� spin system) of a freely rotating group,
while the C6F5 ligands coordinated to the palladium center
(type C,C�) produce the two expected different sets of
resonances [AFMRX systems: 3o-F (1:2:1), 2p-F, 4m-F
(1:1:1:1)] corresponding to rigid rings. In the platinum
derivatives, the pattern for the C6F5 ring B also corresponds
to a rigid ring as revealed by a 19F-19F COSY spectrum
registered for complex 6 a at room temperature (See Fig-
ure 1S, Supporting information), which also confirms that the
C6F5 ring B is indeed close to the organic ring (A) and that
both o-fluorine signals of the C�C6F5 group (type A) are
related to each other probably through slow rotation of this
ring.[24] Examination of the 19F NMR spectra of complexes 6
at different temperatures indicates the presence at low
temperature (�50 �C) of at least three conformers in a ratio
of 1:2:1; these are probably generated by different conforma-
tional modifications of the bis(diphenyl)butadienyl bridging
ligand. Thus, as is clearly observed in the signals due to the
organic fragment C�C6F5 group (A) (Figure 2), as the
temperature is lowered both the o-fluorine and p-fluorine
resonances broaden and split. In the low regime limit
(�50 �C), one of the o-FA is split into three signals [�127.0
(pst), �127.7 (m), �128.5 (m)] of relative intensities 2:1:1, and
the other o-FA into two [�129.5 (dm), �129.9 (dm)] of 2:2
intensities. The only para-F (C�C6F5 A) signal observed at
room temperature is also split at �50 �C into three signals
(2:1:1), which confirm the presence of three magnetically
nonequivalent C6F5 organic rings.


Table 1. Selected bond lengths [ä] and angles [�] for cis-[Pt(C6F5)2(PPh2C�CR)2] (R�Ph 2a ¥ 0.5CCl4, tBu 2b ¥ CH2Cl2, and Tol 2c).


bond lengths angles torsion angle
Pt�P C�C C�


�C� P�C�C C�C�C P�Pt�P� C�
�P�P��C��


2a ¥ 0.5CCl4 2.310(3) 1.200(11) 3.20(2) 167.7(8) 177.0(10) 92.87(13) 65.3(6)
2b ¥ CH2Cl2 2.298(2) 1.176(10) 3.61(1) 179.2(8) 176.6(9) 95.04(9) 70.7(4)


2.294(3) 1.182(10) 175.9(8) 178.4(9)
2c 2.285(6) 1.18(4) 3.34(2) 165(3) 179(4) 93.32(7) 68.9(6)


2.315(7) 1.20(3) 173(2) 176(3)
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All complexes (6 ± 9) revealed two different phosphorus
resonances, which are strongly deshielded (range �� 24.81 ±
40.0/34.2 ± 42.45), as expected for a rigid five-membered
ring.[25] One of the signals (the upfield signal in complexes 6
and 7 or the downfield one in complexes 8 and 9) appears as a
broad doublet (6) or singlet (7 ± 9) flanked by platinum
satellites due to long-range (3J(Pt,P) 270 ± 379 Hz 6 ± 9) and
short-range (1J(Pt,P) 2284 ± 2308 Hz 6, 8, 9) coupling to 195Pt,
which is therefore, assigned to phosphorus P2 (mutually trans
to the platinum center Pt1, see Scheme 3 for notation). The
other resonance also appears as a broad doublet or singlet
with the expected platinum satellites in complexes 6, 8, and 9
(range �� 34.2 ± 42.45). The broadness of these signals is
probably due to long-range unresolved coupling to the o-
fluorine atoms of the C6F5 groups, which are located mutually
trans to both phosphorus atoms. The low-temperature
(�50 �C) 13C{1H} NMR spectra of the most soluble and stable
complex 6 c have two doublets of multiplets at �� 97.5 and
71.5 (J(C,P)� 114.2 and 48.11 Hz, respectively) characteristic
of sp2 carbon atoms bound to phosphorus. The presence of
solvent S in the final complexes (see Scheme 3) is inferred
from their 1H NMR spectra. Complexes 6 and 7 have signals
due to coordinated THF [�3.4 (s, OCH2), �1.5 (s; CH2)] and
H2O [�1.8 (s)], which disappear or shift after the addition of
D2O or/and free THF. Careful examination of proton spectra
of freshly precipitated samples of complexes 8 and 9 reveals
only small amounts of THF (0.4 and 0.35 moles by mole of 8
and 9, respectively vs. �0.6 mole observed in 6 and 7). Even
crystals of 9 obtained by slow diffusion of n-hexane in a
solution in CH2Cl2 had traces of THF (0.05 mole by mole of
product).


Complexes 6 a and 6 c crystallize easily in different solvent
systems, but none of the crystals obtained were suitable for
X-ray crystallography. An X-ray crystallographic investiga-
tion of 7 a was attempted, and, although the study confirmed
the connectivity shown in Scheme 3, a high degree of disorder


associated with the solvent co-
ordination site at Pt (partial
occupancy for THF and H2O)
prevented satisfactory refine-
ment. Crystals of the mixed
derivative 9 suitable for an
X-ray diffraction study were
obtained by diffusion at low
temperature (�30 �C n-hex-
ane/CH2Cl2). The molecular
structure is depicted in Fig-
ure 3, and important bond
lengths and angles are indicated
in Table 2. The structure con-
firms that the two acetylenic
fragments of 5 have condensed
with one of the C6F5 groups of 1
to form the new 2,3-bis(diphe-
nylphosphanyl)butadienyl li-
gand that bridges the two plat-
inum centers. A few similar
�3(�C1:�2C3,4) butadienyl back-
bones have been previously
described as having been


Figure 3. View of the molecular structure of complex 9, showing the atom-
numbering scheme (a, top); schematic view of the butadienyldiphosphane
bridging ligand around the unsaturated platinum Pt(2) (b, bottom).


Figure 2. 19F NMR spectra at different temperatures of complex 6c in CDCl3 (ortho-fluorine region (a), and
para-fluorine region (b) of the C�C6F5 ring A).
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formed by sequential insertion of two alkynes into Ru�X
(X�H, Me),[26a] Pd�X (X�Cl, Ph),[26b, c] or into cyclometal-
lated PdII or NiII complexes.[4] An unexpected structural
feature of this complex is the fact that the new unsymmetrical
butadienyldiphosphane generated ligand stabilizes an unusual
coordinatively unsaturated T-shaped 3-coordinated plati-
num(��) center.[27] As can be observed, the novel ligand
displays a �2PP�:3,4-�-�C1 bonding mode and acts as a
vinyl ± olefin (�-�2) ligand to the Pt(2)(C6F5) unit. In contrast
to Pt(1), which exhibits a normal square-planar geometry, the
Pt(2) center displays a slightly distorted T-shaped coordina-
tion environment formed by the Cipso of the C6F5 group and
the �3-butadienyl backbone, which is �-bonded through C(41)
and �2-bonded through the C(13)�C(14) double bond (see
Figure 3b). Three-coordinated 14-electron species (d8 ML3,
M�Pd, Pt) have been known to offer a low-energy reaction
pathway for many fundamental organometallic reactions[28]


including insertion processes into Pt�X bonds,[29] symmetri-
zation,[30] atropisomerization,[31] and substitution processes,[32]


thermal decomposition of mono- and dialkyl compounds,[33]


or protonolysis.[34] Oxidative addition and reductive elimina-
tion of C�H bonds by d8 ML4 species also require an
unsaturated 3-coordinated complex.[33f, 35] Strong support of
the existence of these intermediate species comes mostly from
kinetic studies, and their configurational stability has been
supported by MO calculations.[29a, 36] Ground-state stabiliza-
tion of some of these 14-electron species by a �-agostic
interaction has been also reported,[37] but, to the best of our
knowledge so far not a single example has been characterized
by X-ray crystallography. In this context, the unusual stabi-
lization of the Pt(C6F5) unit by the �,�2-butadienyl backbone
provides very good additional support so that such species
could be stable under adequate electronic and steric con-
ditions.


In agreement with a T-shaped geometry around Pt(2), the
angles C(58)�Pt(2)�C(14,13) [162.00(19)�, 158.32(19)�] and,
particularly, the angle formed by C(58)�Pt(2) and the
midpoint of C(13)�C(14) (176.58�) are almost linear. The


ortho-F-platinum separations to both C6F5 rings
[Pt(2)�F(16,20) 3.209(3), 3.207(3) ä; Pt(2)�F(11,15)
3.274(3), 4.560(3) ä] are out of the sum of the van der Waals
radii (3.19 ä) excluding any bonding interaction. The vacant
coordination site mutually trans to the vinyl carbon C(41) is
also reflected in the Pt(2)�C(41) bond length [1.986(5) ä],
which is notably shorter than the corresponding one in 12 a
[2.022(9) ä][12] and also in 14 c [2.064(3) ä] (see below). This
value [1.986(5) ä] is also short compared with those observed
in other Pt�C(vinyl) bonds[38] (trans-[PtP(Cy)3(H)C�(CHOH)-
C(O)NHR] 2.11(2) ä,[38a] cis-[Pt(CH�CHSiPh3)SiPh3-
(PPhMe2)2] 2.043(6) ä,[29b] or trans-(E)-[PtBr(C(Ph)�C(Ph)-
SiMe3)(PEt3)2] 2.053(9) ä[38b]). Although the �2-olefin inter-
action seems also to be stronger than that observed for the
related complex 12 a [Pt(2)�C(13),C(14) 2.153(4), 2.170(4) ä
in 9 vs. Pt(1)�C(13),C(14) 2.396(9), 2.322(9) ä in 12 a[12]] , the
bond lengths fall within the usual range found in �2-
coordinated olefins.[39] In contrast to the usual perpendicular
orientation of the olefins to the platinum coordination plane,
the dihedral angle between Pt(2)�C(13)�C(14) and
Pt(2)�C(41)�C(58) is only 69.73� probably imposed by the
steric constraints of the butadienyl backbone. The interatomic
distances [C(40)�C(41) 1.364(6), C(13)�C(40) 1.514(7),
C(13)�C(14) 1.453(7) ä] and angles about the butadienyl
chain [torsional angle C(41)�C(40)�C(13)�C(14) 57.2(5)�]
are within the expected range.[4] It is worth noting that the
C6F5 group is located gem to the tolyl group, and this indicates
that the reaction is regioselective with the first insertion taking
place with the PPh2C�CTol ligand. The lack of reactivity of
the sterically bulky alkynyldiphenylphosphanes PPh2C�CR
(R� tBu, SiMe3) in double insertion reaction processes in
Ni�C bonds of benzyne complexes [Ni{(1,2-�)-4,5-
X2C6H2}(PEt3)2] (X�H, F) has been previously observed.[14b]


In the case of the mixed complexes 4 and 5, the regioselec-
tivity observed is probably governed by either electronic or
steric demands of the alkyne termini. It could be related to an
initial favored cis attack of the nucleophilic C6F5 group on the
less-hindered and more polarized (M�PC��


� �C��
� R)[40] �-


carbon of the alkyne. Another feature of the butadienyldi-
phosphane ligand, which merits comment, is the fact that in
the final complex the PPh2 groups are mutually cis not only in
the vinyl unit but also in the �2-alkene fragment, and this
indicates that an overall cis,cis di-insertion process has taken
place. As was commented above, there have been several
studies on the insertion of alkynes into cyclometallated NiII or
PdII complexes. For these systems, a trans arrangement about
the �2-alkene bond is usually displayed in the final butadienyl
backbones [Pd-cis-CR�CR-trans-CR�CR(Ar)], which re-
quires isomerization of the first inserted alkyne.[4d] However,
cis,cis di-inserted products, in particular those leading to �1-
butadienyl systems,[3b] have also been observed.[4l, 26b, c] In
complexes 6 ± 9, the final stereoselectivity could be attributed
to the simultaneous coordination of both phosphorus atoms to
the M(C6F5)2 fragment, which prevents the usual cis,trans
isomerization.[4e]


NMR spectroscopy follow-up of the reactions of 2 a,c and
3 a,c with 1 (see Experimental Section) leads us to suggest a
stepwise pathway as the most plausible mechanism for the
insertion of both P�PPh2C�CR ligands into the PtII�C6F5


Table 2. Selected bond lengths [ä] and angles [�] for [Pt(C6F5)�-
{C(tBu)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}Pt(C6F5)2] (9).


Pt(1)�C(1) 2.089(5) P(2)�C(40) 1.852(5)
Pt(1)�C(7) 2.079(5) P(1)�C(13) 1.854(5)
Pt(1)�P(2) 2.2932(13) C(13)�C(14) 1.453(7)
Pt(1)�P(1) 2.2718(13) C(13)�C(40) 1.514(7)
Pt(2)�C(41) 1.986(5) C(14)�C(15) 1.499(6)
Pt(2)�C(58) 2.041(5) C(14)�C(22) 1.518(7)
Pt(2)�C(13) 2.153(4) C(40)�C(41) 1.364(6)
Pt(2)�C(14) 2.170(4) C(41)�C(42) 1.522(7)
Pt(2)�C(40) 2.576(5)
C(7)�Pt(1)�C(1) 85.7(2) C(40)�C(13)�P(1) 112.8(3)
C(7)�Pt(1)�P(1) 89.50(14) C(15)�C(14)�C(22) 114.4(4)
C(1)�Pt(1)�P(2) 96.12(14) C(13)�C(14)�Pt(2) 69.7(2)
P(1)�Pt(1)�P(2) 89.38(5) C(13)�C(14)�C(22) 120.2(4)
C(41)�Pt(2)�C(58) 105.71(19) C(13)�C(14)�C(15) 122.7(4)
C(58)�Pt(2)�C(14) 162.00(19) C(41)�C(40)�C(13) 105.3(4)
C(58)�Pt(2)�C(13) 158.32(19) C(41)�C(40)�P(2) 135.3(4)
C(40)�P(2)�Pt(1) 105.56(16) C(13)�C(40)�P(2) 117.2(3)
C(13)�P(1)�Pt(1) 106.11(16) C(40)�C(41)�C(42) 137.1(4)
C(14)�C(13)�C(40) 117.8(4) C(40)�C(41)�Pt(2) 98.9(3)
C(14)�C(13)�P(1) 128.3(4) C(42)�C(41)�Pt(2) 123.4(3)
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bond, which is outlined in Scheme 4. It should be noted that
when the reactions are monitored at room temperature
no intermediates are detected. However, monitoring the
reactions at low temperature (�50 �C) indicates, in all
cases, the formation of the expected �2-bis(alkyne) adducts,
which are in equilibrium with the starting complexes.
It was clearly observed that the alkynyl substituent affects
the equilibrium between the starting complex and the
bis(�2-alkyne) adduct, and the equilibrium was displaced
to the latter to a much smaller degree for the tolyl
derivatives 2 c and 3 c. Although the initial adducts
[(C6F5)2M{�-�PP :�2(PPh2C�CR)2}Pt(C6F5)2] 6�, 7� were not
isolated, they can be unambiguously characterized in solution
by spectroscopic means. In particular, the presence of one
downfield phosphorus resonance [�(P) 2.15, 1J(Pt,P)�
2341 Hz, 6�a (Pt, Ph); 2.66, 1J(Pt,P)� 2380 Hz 6�c (Pt, Tol);
9.27 7�a (R�Ph); 9.55 7�c (R�Tol)], reflecting the deshield-
ing effect of phosphorus atoms due to the bridging mode of
PPh2C�CR ligands[13b] and only one set of C6F5 signals (see
Experimental Section for details) agrees with the formulation
of 6� and 7� shown in Scheme 4. In the formation of the final
diplatinum complexes 6 a and 6 c by raising the temperature
(to �10 �C for 6 a or 20 �C for 6 c), no other intermediate
species was detected by NMR spectroscopy, but we noted that
the formation of the final di-inserted phenyl derivative 6 a is
clearly enhanced and occurs at lower temperatures (� � 20 �C
for 6 a vs. �0 �C for 6 c). In both cases, the formation of 6 was
only accompanied by the gradual and simultaneous disap-
pearance of 6� and 2. Under these conditions, the subsequent
insertion processes are believed to occur quickly and easily.
The formal insertion produces an unsaturated 14-electron
platinum fragment, which occasionally forms a more stable
16-electron fragment by a coordination of a donor molecule
(THF, H2O). The most definitive evidence for the proposed
stepwise pathway came from the detection of the formation


and disappearance of a new intermediate, in low proportion,
in the Pd�Pt systems (3/1). At very low temperature (� �
50 �C) in the 3 a/1 system or higher (� � 20 �C) in the 3 c/1
system, the presence of two additional and somewhat broad
phosphorus resonances [�(P) 11.16, �3.29 7��a ; 10.89, �3.29
7��c] and, particularly, the 19F resonances for one C6F5 group at
chemical shifts typical of a C�C6F5 unit[41] would suggest an
asymmetric monoinserted alkyne ± vinyl species in the course
of the reaction. Raising the temperature results in the
formation of 7, which is observed again at lower temperatures
in the phenyl derivative (7 a � � 10 �C vs. 7 c �5 �C). The
formation of 7 a occurred at �10 �C, and at this temperature
the precursor 3 a and the intermediate species 7�a and 7��a
gradually disappear (with a nearly constant ratio), and the
signals due to 7 a grow concomitantly. At low temperature, the
formation of 7 a is slow and requires about 12 h to complete it.
In the tolyl system (3 c/1) by raising the temperature from 5 to
20 �C, the amount of final complex 7 c gradually grows, whilst
3 a and 7�c and also 7��c decrease and disappear at this
temperature. The fact that the first insertion process can not
be observed in the platinum derivatives and that the �2-
bis(alkyne) adducts 6� and 7� and precursors remain at
intermediate temperatures with the final di-inserted products
suggest that the alkyne insertion steps are slow in relation to
the formation of the initial �2-bis(alkyne) products. In any
case, it is remarkable that the insertion into the robust
Pt�C6F5 takes place under relatively very mild conditions. In
this context, the observed lack of reactivity of the bulky tert-
butylethynyl derivatives 2 b could be attributed to their
inability to form the initial bis(�2-alkyne) adducts. In fact, as
we noted above, the lower �2-bonding capability of
PPh2C�CtBu with respect to that of the PPh2C�CPh ligands
has been previously noted[13a, b] and could be attributed mainly
to steric reasons. Along the same lines, no evidence of
formation of 6 ± 9 is found in donor solvents such as acetone.


This fact also shows the impor-
tance of having access to a very
electrophilic 14-electron
™[Pt(C6F5)2(thf)]∫ type inter-
mediate species, which is easier
to generate in CH2Cl2 than in
acetone and which should be
captured by the precursors 2 ± 5
to form the initial 1:1 bis(�2-
alkyne) adduct. This ™cis-like∫,
unsaturated solvento species is
analogous to those previously
proposed by R. Romeo,
et al.[32b] ™cis-PtMe2(Me2SO)∫
for the catalyzed cis ± trans iso-
merization of cis-[Pt(PEt3)2-
(neopentyl)Cl] by small
amounts of cis-[PtMe2(Me2-


SO)2], or by Scott and Pudde-
phatt ™cis-PtMe2(SMe2)∫ for
the chloro exchange reaction
between cis-[PtMe2(SMe2)2]
and trans-[PtCl2(SMe2)2] to
yield trans-[PtClMe(SMe2)2].[30]
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Scheme 4. Mechanism of the reaction of complexes 2 and 3 with 1.







FULL PAPER E. Lalinde, J. Fornie¬s et al.


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0816-3706 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163706


Synthesis of [Pt(C6F5)(L)�-{C(R)�C(PPh2)C(PPh2)�C(R)-
(C6F5)}Pt(C6F5)2] (10 ± 15): In order to know the stability of
the new bis(diphenylphosphanyl)-1,3-butadien-1-yl bridging
ligand we considered it would be of interest to examine the
reactivity of diplatinum complexes 6 toward different neutral
ligands. The results of these reactions are summarized in
Scheme 5. Bubbling CO through solutions of 6 in CH2Cl2 for
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Scheme 5. Reactivity of 6 toward donor ligands.


5 min resulted in a clean and quantitative formation of related
10 a and 10 c complexes, which are isolated as yellow micro-
crystalline solids (72% 10 a, 80% 10 c). Related binuclear
derivatives [Pt(C6F5)(L)�-{C(R)�C(PPh2)C(PPh2)�C(R)-
(C6F5)}Pt(C6F5)2] (L� py 11, PPh2H 12, CNtBu 13) are
obtained in a similar way as air-stable yellow (13) or orange
(11, 12) microcrystalline solids by treatment of 6 with
stoichiometric amounts of the corresponding ligand. It should
be noted that the reactions with CNtBu were carried out using
a diluted solution (�0.044�) of CNtBu in diethyl ether in
order to minimize the formation of the corresponding 1:2
adducts 14, which are formed by displacement of the olefinic
function. As expected, treatment of 6 with excess of CNtBu
(1:2 molar ratio) gives 14 as lemon yellow solids. The olefinic
function is also displaced by a bidentate N�N ligand such as
2,2�-bipy to generate the corresponding stable �-�2PP�:�1-2,3-
bis(diphenylphosphanyl)butadienyl diplatinum complexes 15.
�1-Butadienyl backbones are rare but have been obtained
previously by the insertion of two alkynes into M�X bonds[3b]


or by selective addition of M�H bonds to the carbon ± carbon
triple bond of enynes.[42]


All complexes have been characterized by elemental
analysis, mass spectrometry, IR and NMR (1H, 19F, 31P{1H})
spectroscopy and, in the case of 12 a and 14, their structures
have been confirmed by X-ray analyses. The 31P{1H} NMR
spectra exhibit, both at room and low (�50 �C) temperature,


two deshielded and well-separated signals attributed to the
phosphorus atoms of the butadienyl ligand and, in the case of
12, an additional low-frequency resonance (�� 12.50 (dd)
12 a, 12 c) due to PPh2H ligands. The most deshielded
resonance (P1 �� 29.07, �38.11), flanked only by a set of
platinum satellites, is attributed to phosphorus P1 bonded to
the olefin fragment and the other signal (P2 �� 22.57 ± 28.55),
which is flanked by two sets of platinum satellites [1J(Pt2,P2)
and 3J(Pt1,P2)], to P2 (bonded to the vinyl fragment). The
1H NMR spectra confirm the asymmetry of the butadienyl
backbone (two different methyl resonances for tolyl deriva-
tives) and the presence of the incoming ligand. Thus, the tert-
butylisocyanide derivatives exhibit one (13) or two (14)
singlets confirming the coordination of one or two non-
equivalent isocyanide ligands, respectively, and the terminal
P�H proton in complexes 12 gives rise to a broad doublet
(1J(P,H)� 373 Hz) of doublets (4,5J(P,H)� 5.1 Hz 12 a, 4.8 Hz
12 c). Although 19F NMR spectroscopy revealed the presence
of four different rigid C6F5 rings in all complexes, the different
connectivity of the butadienyl backbone in the �1-bonded
derivatives 14 and 15 is particularly reflected in the ortho-
fluorine resonances of rings A (C�C6F5) and B (cis to the vinyl
fragment). One of the o-FB is strongly shifted downfield and
exhibits, as confirmed by a 19F-19F COSY spectrum of 14 c at
low temperature (�50 �C, Figure 4a), a strong scalar coupling
with the highest deshielded o-FA resonance suggesting, in
agreement with the solid-state structure of 14 c, that these
rings are very close in the space. For complexes 14, these two
signals appear clearly at low temperature as dd due to a F�F
coupling between different rings of approximately 50 Hz
(54 Hz 14 a ; 53 Hz 14 c) and a typical 3J(o-F,m-F) of 20 ±
28 Hz. Scalar couplings through the space between ortho-
fluorine atoms of two mutually cis perfluoro rings have been
previously noted,[24] and, along the same lines, a strong
interaction between two o-F of both mutually cis rings C is
also observed in complex 14 c. In complexes 14 (see Fig-
ure 4b), the ortho-fluorine resonances (and also the two m-F)
broaden as the temperature is raised and finally collapse into
a broad singlet (���110) at the highest accessible temper-
ature (ca. �50 �C) with a value of �G�(�G�


323 � 56.2 KJmol�1


14 c) for the rotation of this ring, which is comparable to those
observed in other pentafluorophenyl platinum com-
plexes.[13b, 43]


The molecular structure of complexes 12 a and 14 have
been confirmed by X-ray crystallography. Structural details
for 12 a were given in the preliminary communication.[12] The
structures of 14 a and 14 c are essentially identical, and
therefore the geometrical details of 14 c only are included
and commented on (Figure 5 and Table 3). As can be
observed, the new ligand now acts as a five-electron �-
1�PP�:2�C1 vinyl diphosphane bridging ligand [Pt(1)�P(1,2)
2.2844(7), 2.2743(7) ä; Pt(2)�C(53) 2.064(3) ä]. The absence
of chelation reduces the strain on the butadienyl backbone,
which is particularly reflected by the internal angles at C� and
C� [C(52)�C(53)�Pt(2) 129.9(2)�, C(53)�C(52)�C(37)
125.3(3)� in 14 c vs. C(40)�C(41)�Pt(2) 98.9(3)�,
C(41)�C(40)�C(13) 105.3(4)� in 9 and C(39)�C(40)�Pt(1)
101.0(7)�, C(40)�C(39)�C(13) 111.1(9)� in 12 a]. The
C(38)�C(37) [1.362(4) ä] and C(52)�C(53) [1.363(4) ä] bond
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lengths are identical and in the range of double Csp2�Csp2


bonds, while the C(37)�C(52) length [1.511(4) ä] is typical of
single Csp2�Csp2 bonds.[44] The dihedral angle between the
unsaturated fragment C(53)�C(52)�C(37) and C(38) [torsion
angle (46.4(4)�)] and the Pt(2) coordination plane is 59.33�.
Finally, the two CNtBu ligands remain linear [169.1(3) ±
175.0(3)�] and are in a cis position, and this confirms that
the displacement of the �2-olefin bond in the 1:1 adducts 13
has taken place with stereoretention.


Reaction in solution of [Pt(C6F5)(S)�-{C(R)�C(PPh2)-
C(PPh2)�C(R)(C6F5)}M(C6F5)2] (M�Pt 6, M�Pd 7): Com-
plexes 6 and 7 are stable in the solid state, for at least several
weeks if stored in a freezer, but they are unstable in solution,


Figure 5. Molecular structure of 14c.


and these give rise to black solutions over a period of
approximately four hours (M�Pt) or two hours (M�Pd) at
room temperature. The resulting products were similar in all
cases; here we only describe the studies carried out with
complex 6 a, and the rest are detailed in the Experimental
Section. Analyses of the black solutions obtained for 6 a
showed the presence of two novel complexes 16 a and 17 a
together with unchanged 6 a (Scheme 6); the relative amounts
depended on the solvent and the time employed. For example,
after 48 h in diethyl ether, a mixture of 6 a/16 a/17 a in a molar


Figure 4. 19F ± 19F COSY spectrum of complex 14 c in CDCl3 at �50 �C (a); 19F NMR spectra of complex 14c in CDCl3 at different temperatures
(o-fluorine region) (b).


Table 3. Selected bond lengths [ä] and angles [�] for
cis,cis-[Pt(C6F5)(CNtBu)2�-{�C1 :�PP��C(Tol)�C(PPh2)C(PPh2)�C(Tol)-
(C6F5)}Pt(C6F5)2] (14 c).


Pt(1)�C(1) 2.074(3) P(2)�C(25) 1.826(3)
Pt(1)�C(7) 2.082(3) P(2)�C(52) 1.865(3)
Pt(1)�P(2) 2.2743(7) N(1)�C(67) 1.141(4)
Pt(1)�P(1) 2.2844(7) N(1)�C(68) 1.464(4)
Pt(2)�C(72) 1.986(3) N(2)�C(72) 1.133(4)
Pt(2)�C(67) 1.988(3) N(2)�C(73) 1.469(4)
Pt(2)�C(61) 2.063(3) C(38)�C(37) 1.362(4)
Pt(2)�C(53) 2.064(3) C(38)�C(39) 1.482(4)
P(1)�C(13) 1.816(3) C(38)�C(46) 1.506(4)
P(1)�C(19) 1.820(3) C(37)�C(52) 1.511(4)
P(1)�C(37) 1.863(3) C(52)�C(53) 1.363(4)
P(2)�C(31) 1.822(3) C(53)�C(54) 1.508(4)
C(1)�Pt(1)�C(7) 84.58(11) C(37)�C(38)�C(46) 121.7(3)
C(1)�Pt(1)�P(2) 98.01(8) C(39)�C(38)�C(46) 110.9(2)
C(7)�Pt(1)�P(1) 95.41(8) C(38)�C(37)�C(52) 123.2(3)
P(2)�Pt(1)�P(1) 82.76(3) C(38)�C(37)�P(1) 124.8(2)
C(72)�Pt(2)�C(67) 86.84(12) C(52)�C(37)�P(1) 110.7(2)
C(67)�Pt(2)�C(61) 87.25(12) C(53)�C(52)�C(37) 125.3(3)
C(72)�Pt(2)�C(53) 91.18(11) C(53)�C(52)�P(2) 122.2(2)
C(61)�Pt(2)�C(53) 95.32(11) C(37)�C(52)�P(2) 112.33(19)
C(37)�P(1)�Pt(1) 102.24(9) C(52)�C(53)�C(54) 119.8(2)
C(52)�P(2)�Pt(1) 108.09(9) C(52)�C(53)�Pt(2) 129.9(2)
C(67)�N(1)�C(68) 173.0(3) C(54)�C(53)�Pt(2) 109.86(17)
C(72)�N(2)�C(73) 175.0(3) N(1)�C(67)�Pt(2) 172.0(3)
C(37)�C(38)�C(39) 127.1(3) N(2)�C(72)�Pt(2) 169.1(3)
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ratio 0.72:0.7:1 was obtained, while in THF, only complex 17 a
was observed. Although the mechanism by which both
complexes are formed is unknown, we believe that the
prolonged presence of light induces either the fast trans-
formation of 16 a into 17 a or its decomposition. Thus, we have
observed that while the absence of light increases the
proportion of isomer 16 a in the final mixtures, in THF and
under prolonged photolysis (45 min), the mononuclear de-
rivative 17 a is the only final characterizable species, and only
traces of 16 a were detected at the beginning of the irradiation.


A mixture of orange and white crystals of 16 a and 17 a,
respectively, was obtained by slow diffusion of n-hexane at
room temperature into a solution of 6 a in diethyl ether in the
presence of light. These crystals were separated by hand and
were suitable for spectroscopic characterization and for X-ray
diffraction. Spectroscopic data for 16 a are quite similar to
those of 6 a, and these suggest that both complexes are
isomers. Thus, two different 31P resonances are seen with an
identical pattern [24.00 (br) 1J(Pt,P)� 2278 Hz, 3J(Pt,P)
�320 Hz; 36.33 (br) 1J(Pt,P) 2159 Hz 16 a vs. 24.81 (d)
1J(Pt,P)� 2284 Hz, 3J(Pt,P)� 276 Hz; 36.03 (d) 1J(Pt,P)�
2251 Hz, J(P,P) �7 Hz in 6 a], and 19F spectroscopy clearly
confirms not only the presence of a C�C6F5 but also the
existence again of four different types of C6F5 moieties. The
most remarkable difference is the unusual upfield shift found
for the two ortho-fluorine resonances of the C�C6F5 unit
[�132.4 (d), �135.35 (d) in 16 a vs. �128.0, �129.5 (d) 6 a],
and this suggests a change in their electronic environment.
The spectroscopic data for 17 a are clearly different and they
point to a product of a different nature. In particular, 17 a
exhibits two strongly deshielded phosphorus resonances (��
46.57, 43.83) with platinum coupling constants comparable
with those of 6 a and 16 a. Its 19F NMR spectrum clearly
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Scheme 6. Reaction in solution of complexes 6 and 7.


establishes the existence of only three different sets of
resonances (each with an intensity ratio 2o-F:1p-F:2m-F)
revealing the presence of only three types of C6F5 groups with
one of them arising from a C�C6F5 organic entity [��
�133.75 (2o-F), �151.98 (t, p-F), �160.9 (m; 2m-F)]. The
geometry of both compounds has been elucidated by crystal
structure analyses (Figure 6), but selected interatomic dis-
tances and angles are only given for 16 a (Table 4). For


Figure 6. A view of the molecular structure of 16 a (a, top); schematic view
of the preliminary X-ray diffraction study of 17 a showing the connectivity
of the atoms (b, bottom).


Table 4. Selected bond lengths [ä] and angles [�] for [Pt(C6F5)(H2O)-
�-{C(C6F5)�C(PPh2)C(PPh2)�C(Ph)2}Pt(C6F5)2] (16a).


Pt(1)�C(7) 2.061(5) Pt(2)�C(37) 2.371(4)
Pt(1)�C(1) 2.079(4) P(1)�C(37) 1.860(4)
Pt(1)�P(2) 2.2786(11) P(2)�C(31) 1.819(5)
Pt(1)�P(1) 2.2966(12) P(2)�C(51) 1.824(5)
Pt(2)�C(52) 1.955(4) C(37)�C(38) 1.410(6)
Pt(2)�C(59) 2.025(4) C(37)�C(51) 1.509(5)
Pt(2)�O(1) 2.186(3) C(51)�C(52) 1.338(6)
Pt(2)�C(38) 2.304(4) C(52)�C(53) 1.485(6)
P(2)�Pt(1)�P(1) 87.03(4) C(52)�C(51)�C(37) 108.0(4)
C(37)�P(1)�Pt(1) 101.73(14) C(52)�C(51)�P(2) 132.5(3)
C(51)�P(2)�Pt(1) 104.28(13) C(37)�C(51)�P(2) 118.6(3)
C(38)�C(37)�C(51) 119.2(4) C(51)�C(52)�C(53) 128.4(4)
C(38)�C(37)�P(1) 129.5(3) C(51)�C(52)�Pt(2) 105.5(3)
C(51)�C(37)�P(1) 108.5(3) C(53)�C(52)�Pt(2) 126.1(3)
C(37)�C(38)�Pt(2) 75.0(2)
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complex 17 a, the poor quality of the data prevents any
detailed discussion. It is immediately apparent from the X-ray
diffraction of 16 a that this complex is essentially an isomer of
6 a with a water molecule occupying one of the vacant
coordination sites. The structure of 16 a could be produced
from that of 6 a by a formal 4-1 phenyl migration from the
olefinic carbon-4 to the vinyl carbon-1 with a concomitant
change of the C6F5 ring B, again, mutually cis to the new vinyl
function, and a coordination site, which is occupied by a
molecule of H2O [Pt(2)�O(1) 2.186(3) ä]. As can be ob-
served, in the final dienyl chain the organic C6F5 group is
bonded to the resulting vinylic carbon [C(52)�C(53)
1.485(6) ä], while both phenyl groups are mutually gem and
connected to the new olefinic carbon C(38). The novel 2,3-
bis(diphenylphosphanyl)-1,3-butadien-1-yl ligand is again
bonded as a classic diphosphane to the Pt(1)(C6F5)2 unit and
as a 3,4-�-�C1(�,�) fragment to Pt(2) by C(52) [Pt(2)�C(52)
1.955(4) ä], C(37) [Pt(2)�C(37) 2.371(4) ä], and C(38)
[Pt(2)�C(38) 2.304(4) ä]. The Pt�C(vinyl) bond length
[Pt(2)�C(52) 1.955(4) ä] is short and it demonstrates the
low trans influence of the oxygen donor ligand. The inter-
atomic distances and angles for the butadienyl backbone
[torsional angle C(38)�C(37)�C(51)�C(52) 62.5(5)�] are
within the expected values compared with those observed
for 9, 12 a[12] and related systems.[4] As commented previously,
because of the poor quality of the crystals of complex 17 a,
the structure analysis is not of high accuracy. Nevertheless,
the connectivity, shown in Scheme 6, was unequivocally
established (Figure 6b), and it confirms the presence of
the new unsymmetrical diphosphane ligand 1-pentafluoro-
phenyl-2,3-bis(diphenylphosphanyl)-4-phenylnaphthalene,
which acts as a chelating ligand to the Pt(C6F5)2 organo-
metallic fragment. Few examples of naphthalene-based bis-
(tertiary phosphanes) are known. The
closest analogue systems are 1-phenyl-
naphthalene-2,3-bis(diphenylphos-
phane), which is obtained by thermal
coupling of the pendant alkynyl groups
of cis-[PtClX(PPh2C�CPh)2] (X�Cl,
Me)[17] and 1,4-disubstituted-2,3-naph-
thalene(diphenylphosphane) deriva-
tives generated by double insertion of
the PPh2C�CR ligands in the
Ni0�benzyne bond of the complexes
[Ni{(1,2-�)-4,5-X2C6H2}(PEt3)2] (X�H,
F).[14b]


Although the formation of these
rearrangement products is beyond the
initial scope of the present work we also
explore the solution behavior of the
remaining complexes 6 c, 7 a, and 7 c.
We were unable to obtain the related
16 c, 17 c, and 18 ± 19 (see Scheme 6)
complexes as pure products, but NMR
data of the final mixtures indicate that
their formation follows an analogous
pattern (see Experimental Section for
details) to that for 6 a with a clear
higher tendency of the mixtures toward


the final naphthalene-based mononuclear derivatives. Al-
though we have no evidence as to whether compounds 17 are
formed from 16 or directly from 6 we believe that these
mononuclear complexes are probably generated from 16 by
intramolecular coupling of a phenyl (16 a) or tolyl (16 c) group
(probably through a radical pathway) with concomitant loss of
the remaining platinum organometallic unit as metallic
platinum (and probably C6F5H). A plausible sequence of
reactions leading to 16 and 17 is outlined in Scheme 7. In any
case, starting from 6 c, only one regioisomer, that we believe
to be 17 c, is generated. However, from the NMR data it
cannot be unambiguously determined whether the methyl
group (X) is in position 7 (and therefore coming from 16 c) or
in position 6 (coming from 6 c). The formation of 16 starting
from 6 may be rationalized as a formal 4-1 phenyl shift.
Phenyl migrations in unsaturated systems are rare although
there are precedents.[45] In our complexes, this shift could be
envisaged as an initial olefinic C�C(Ph) bond activation
promoted by the very electrophilic platinum center; this
reaction leads to intermediate PtIV species, followed by a
subsequent C�C reductive elimination to form the final
observed butadienyl isomers 16 (see Scheme 7). Oxidative
additions of C�C bonds have been achieved in the presence of
highly reactive species, and those that lead to the formation of
strong M�aryl bonds are particularly favorable.[46]


Conclusion


The present study provides novel reactivity patterns for
P-coordinated alkynyl phosphanes. Unusual binuclear Pt2 (6,
8, 9) or Pd�Pt (7) complexes stabilized by 2,3-bis(diphenyl-
phosphanyl)-3,4-butadien-1-yl bridging ligands have been


Scheme 7. Proposed mechanism for the reaction of 6.
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prepared by reaction of cis-[M(C6F5)2(PPh2C�CR)-
(PPh2C�CR�)] (R�R��Ph, Tol or R�Ph, Tol, R�� tBu)
with cis-[Pt(C6F5)2(thf)2] 1 in CH2Cl2 under relatively mild
conditions. A likely reaction sequence (Scheme 4) for the
unprecedented sequential insertion of both P-coordinated
alkynyl phosphanes into the Pt�C6F5 bond of the ™cis-
Pt(C6F5)2∫ synthon suggests the initial formation of the
expected bis(�2-alkyne) adducts, which were observed by
NMR studies at low temperature. The formation of these
1:1 adducts probably requires the existence of a highly
reactive, three-coordinated, 14 electron ™cis-Pt(C6F5)2(thf)∫
species, which is consistent with the lack of reactivity between
[M](PPh2C�CR)(PPh2C�CtBu) (R�R� 2, 3 ; R�R� 4, 5) and
cis-[Pt(C6F5)2(thf)2] 1 in donor solvents such as acetone or
THF. The subsequent insertion steps (first insertion in the
Pt�Pt 2/1 system or second insertion in the Pd�Pt 3/1 system)
are believed to be rate-determining [or slower in relation to
the formation of the bis(�2-alkyne) adducts] and give rise to a
formal 14-electron Pt(�-, �-butadienyl)(C6F5) fragment occa-
sionally stabilized by a donor molecule (THF, H2O). The
overall process is regio- and stereoselective leading in the case
of cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CtBu)] to a very crowd-
ed butadienyl {PPh2}2C(tBu)�C�C(C6F5)(R) backbone, which
stabilizes a very unusual T-shaped unsaturated three-coordi-
nated platinum center as confirmed by X-ray diffraction (9).
Complexes 6 exhibit a rich coordination chemistry, and are
stable enough to react with donor ligands to form similar
diplatinum complexes [Pt(C6F5)(L)�-{C(R)�C(PPh2)-
C(PPh2)�C(R)(C6F5)}Pt(C6F5)2] (L�CO, py, PPh2H, CNtBu
10 ± 13) or related �1-vinyldiphosphane derivatives cis,cis-
[Pt(C6F5)(L)2�-{1-�C1:2-�PP��C(R)�C(PPh2)C(PPh2)�C(R)-
(C6F5)}Pt(C6F5)2] [L�CNtBu 14, 1/2 (2,2�-bipy) 15]; these
latter are formed by displacement of the �2-olefin function.
However, complexes 6 and 7 are unstable in solution and
evolve through a formal 4-1 phenyl shift to related orange �,�-
butadienyl species [Pt(C6F5)(S)�-{C(C6F5)�C(PPh2)-
C(PPh2)�C(R)2}M(C6F5)2] (16, 18) and white naphthalene-
based diphenylphosphane mononuclear compounds 17 and
19. We are currently investigating further synthetic applica-
tions of these P-coordinated alkynylphosphanes.


Experimental Section


General : All reactions and manipulations were carried out under a
nitrogen atmosphere by using Schlenk techniques and distilled solvents
purified by known procedures. The spectroscopic instrumentation em-
ployed has been previously reported.[20a] PPh2C�CR (R�Ph,[47] tBu,[47]


Tol[48]), cis-[Pt(C6F5)2(tht)2],[49] (NBu4)2[Pd(�-Br)(C6F5)2]2,[49] and cis-
[Pt(C6F5)2(thf)2] 1[50] were prepared according to literature methods. The
synthesis of complexes 2 a, 2b, 3a, 3 b, 6 a, and 7 a as well as 10a ± 12 a, 13a,
and 14 a was reported as supporting information,[12] and is therefore not
included in this work. Complex cis-[Pt(C6F5)2(PPh2C�CtBu)(tht)] used as
precursor for the synthesis of compounds 4 and 5 has been prepared as in
the following section.


Synthesis of cis-[Pt(C6F5)2(PPh2C�CtBu)(tht)]: A solution of PPh2C�CtBu
(0.098 g, 0.367 mmol) in CH2Cl2 (20 mL) was treated with cis-
[Pt(C6F5)2(tht)2] (0.259 g, 0.367 mmol), and the mixture was stirred for
1 hour. Evaporation to a small volume and addition of n-hexane (�5 mL)
afforded cis-[Pt(C6F5)2(PPh2C�CtBu)(tht)] as a white solid (0.208 g, 64%
yield).


1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.64 (dd, o-H; Ph), 7.35 (m, 6H;
Ph), 2.83 (st, 3J(Pt,H)� 35 Hz, 4H; �-CH2, tht), 1.69 (st, 4H; �-CH2, tht),
1.33 (s, tBu); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���118.3, �118.2 (m,
3J(Pt,o-F)� 400, 370 Hz; 4o-F), �160.5 (t; 1p-F), �162.8 (m; 2m-F),
�163.3 (dt; 1p-F), �164.7 (m; 2m-F); 31P{1H} NMR (121.5 MHz, CDCl3,
20 �C): ���7.22 (s, 1J(Pt,P)� 2485 Hz); IR: �� � 2203 (m), 2163 (s) (C�C),
801 (vs), 787 cm�1 (s)(C6F5)X-sens ; MS (ES�): m/z (%): 895 (10)
[Pt(PPh2C2tBu)2(C6F5)��H], 727 (16) [Pt(PPh2C2tBu)2


�], 549 (100)
[Pt(PPh2C2tBu)(tht)�], 461 (50) [Pt(PPh2C2tBu)�]; elemental analysis calcd
(%) for C34H27F10PPtS (883.7): C 46.21, H 3.08, S 3.63; found: C 46.20, H
3.37, S 3.61.


The following notation was employed for the carbon assignment in the tolyl
derivatives.


Ph Ph


CH3P    Cα ≡ Cβ
1


2
3


4


5
6


Synthesis of cis-[Pt(C6F5)2(PPh2C�CTol)2] 2c : PPh2C�CTol (0.281 g,
0.935 mmol) was added to a colorless solution of cis-[Pt(C6F5)2(tht)2]
(0.300 g, 0.425 mmol) (2.2:1 molar ratio) in CH2Cl2 (15 mL), and the
mixture stirred for one hour at room temperature. The solvent was
removed under vacuum, and the residue treated with EtOH (�5 mL), and
this afforded 2c as a white solid (0.427 g, 89% yield).
1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.66 (m, 8H; Ph), 7.24 (m, 12H;
Ph), 6.85 (AB, J(H,H)� 7.7 Hz, �A � 6.95, �B� 6.75, 8H; C6H4), 2.31 (s, 6H;
C6H4�CH3); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���117.8 (m, 3J(Pt,o-
F)� 327 Hz; o-F), �162.84 (t; p-F), �164.0 (m; m-F); 31P{1H} NMR
(121.5 MHz, CDCl3, 20 �C): ���6.18 (s, 1J(Pt,P)� 2407 Hz); 13C{1H}
NMR (75.5 MHz, CDCl3, 20 �C): �� 145.0 (dd, 1J(C,F)� 232, 2J(C,F)�
36 Hz; C6F5), 140.2 (s; C4, Tol), 136.8 (brd, 1J(C,F)� 233 Hz; C6F5), 132.7
(AXX�, 2J(C,P)� 4J(C,P)� 12.1 Hz; o-C, PPh2), 131.6 (s; p-C, PPh2), 130.4
(s; CH, Tol), 130.1 (AXX�, four lines are observed, 1J(C,P)� 3J(C,P)�
66 Hz; i-C, PPh2), 128.5 (s; CH, Tol), 127.9 (AXX�, 3J(C,P)� 5J(C,P)�
11.5 Hz; m-C, PPh2), 117.0 (br s; C1, Tol), 108.3 (AXX�, 2J(C,P)�
4J(C,P)� 16.0 Hz; �C�Tol), 79.1 (d, AXX�, 1J(C,P)� 3J(C,P)� 105.6 Hz,
2J(Pt,C�)� 19 Hz;�PC�


�), 21.35 (s; C6H4CH3), 21.32 (s; C6H4CH3) (These
signals are tentatively attributed to the presence of two different rotamers
in solution); IR: �� � 2181 (vs, C�C), 796 (m), 780 cm�1 (m)(C6F5)X-sens ; MS
(FAB�): m/z (%): 1130 (12) [M��H]; elemental analysis calcd (%) for
C54F10H34P2Pt (1129.9): C 57.40, H 3.03; found: C 57.75, H 3.18.


Synthesis of cis-[Pd(C6F5)2(PPh2C�CTol)2] (3 c): PPh2C�CTol (0.354 g,
1.180 mmol) was added to a pale yellow solution of (NBu4)2[Pd(�-
Br)(C6F5)2]2 (0.450 g, 0.295 mmol) in CH2Cl2 (20 mL), and this immediately
gave a colorless solution. Once the mixture had been stirred for one hour,
the resulting solution was evaporated to dryness, and the residue was
treated with cold EtOH (�8 mL) to give 3c as a white solid (0.467 g, 76%
yield).
1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.62 (m, 8H; Ph), 7.24 (m, 12H;
Ph), 6.87 (AB, J(H,H)� 6.4 Hz, �A � 6.96, �B � 6.78, 8H; C6H4), 2.32 (s,
6H; C6H4�CH3); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���115.5 (dm; o-
F), �162.0 (t; p-F), �163.1 (m; m-F); 31P{1H} NMR (121.5 MHz, CDCl3,
20 �C): �� 0.07 (s); 13C{1H} NMR (75.5 MHz, CDCl3, 20 �C): �� 144.7 (dd,
1J(C,F)� 232 Hz, 2J(C,F)� 21 Hz; C6F5), 140.2 (s; C4, Tol), 137.2 (brdt,
1J(C,F)� 253 Hz; C6F5), 135.7 (brd, 1J(C,F)� 264 Hz; C6F5), 132.5 (AXX�,
2J(C,P)� 4J(C,P)� 13.0 Hz; o-C, PPh2), 131.5 (s; p-C, PPh2), 130.5 (AXX�,
four lines are observed, 1J(C,P)� 3J(C,P)� 55.1 Hz; i-C, PPh2), 130.3 (s,
CH; Tol), 128.5 (s; CH, Tol), 128.0 (AXX�, 3J(C,P)� 5J(C,P)� 11.2 Hz; m-
C, PPh2), 117.2 (br s, C1, Tol), 109.2 (AXX�, 2J(C,P)� 4J(C,P)� 14.2 Hz;
�C�Tol), 79.4 (dd, AXX�, 1J(C,P)� 3J(C,P)� 91.6 Hz; �PC��), 21.35 (s;
C6H4�CH3), 21.32 (s; C6H4�CH3); IR: �� � 2178 (vs; C�C), 777 cm�1


(m)(C6F5)X-sens ; MS (ES� ionized with Ag�): m/z (%): 1149 (100) [M��Ag],
876 (32) [M��C6F5]; elemental analysis calcd (%) for C54F10H34P2Pd
(1041.2): C 62.29, H 3.29; found: C 62.05, H 3.03.


Synthesis of cis-[Pt(C6F5)2(PPh2C�CR)(PPh2C�CtBu)] (R�Ph 4, Tol 5):
A solution of cis-[Pt(C6F5)2(PPh2C�CtBu)(tht)] (0.200 g, 0.226 mmol) in
CH2Cl2 (25 mL) was treated with PPh2C�CPh (0.065 g, 0.226 mmol), and
the mixture was stirred for one hour at room temperature. Evaporation to a
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small volume (�2 mL) and addition of EtOH (�8 mL) resulted in the
precipitation of 4 as a white solid (0.160 g, 65% yield).


Complex 5 was prepared as a white solid following a similar procedure. cis-
[Pt(C6F5)2(PPh2C�CtBu)(tht)] (0.280 g, 0.317 mmol), PPh2C�CTol
(0.095 g, 0.317 mmol), (0.242 g, 70% yield).


Data for 4 : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.62 (m, 7H; Ph), 7.36
(m, 16H; Ph), 6.87 (m, 2H; Ph), 0.82 (s, 9H; �C(CH3)3); 19F NMR
(282.4 MHz, CDCl3, 20 �C): ���117.9 (m, 3J(Pt,o-F)� 325 Hz; 4o-F),
�162.8 (t; 1p-F), �163.0 (t; 1p-F), �164.0 (m; 4m-F); 31P{1H} NMR
(121.5 MHz, CDCl3, 20 �C): ���6.80 (br s, 1J(Pt,P1)� 2402 Hz), �8.11
(br s, 1J(Pt,P2)� 2386 Hz); 13C{1H} NMR (75.5 MHz, CDCl3, 20 �C): ��
145.2 (brdm, 1J(C,F)� 240 Hz; C6F5), 136.7 (brd, 1J(C,F)� 257 Hz; C6F5),
132.9 (d, 2J(C,P)� 12.5 Hz, o-C; Ph, PPh2), 132.5 (d, 2J(C,P)� 12.4 Hz, o-
C; Ph, PPh2), 131.6 (s; o-C, Ph), 130.6 (s; p-C, PPh2), 130.2 (s; p-C, PPh2),
129.7 (s; p-C, Ph), 127.9 ± 127.6 (m; m-C, Ph, PPh2), 120.0 (d, J(C,P)� 2 Hz;
i-C, ��Ph), 118.2 (d, 2J(C,P)� 12.6 Hz; �C�tBu), 107.4 (d, 2J(C,P)� 14 Hz;
�C�Ph), 80.1 (dd, 1J(C,P)� 97.1 Hz, 3J(C,P)� 5.9 Hz; C� , �PC�


�C�Ph),
69.5 (dd, 1J(C,P)� 103.5, 3J(C,P)� 5.4 Hz; C� , �PC��C�tBu), 29.3 (s;
C(CH3)3), 28.0 (s; CMe3); IR: �� � 2207 (m), 2180 (s) (C�C), 796 (m),
778 cm�1 (m)(C6F5)X-sens ; MS (apci�): m/z (%): 1081 (78) [M�]; elemental
analysis calcd (%) for C50F10H34P2Pt (1081.8): C 55.51, H 3.17; found: C
55.77, H 2.89.


Data for 5 : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.68 (m, 8H; Ph), 7.64
(m, 12H; Ph), 6.86 (AB, J(H,H)� 8.0 Hz, �A � 6.98, �B� 6.75, 4H; C6H4),
2.32 (s, 3H; C6H4�CH3), 0.81 (s, 9H; �C(CH3)3); 19F NMR (282.4 MHz,
CDCl3, 20 �C): ���117.9 (m, 3J(Pt,o-F)� 320 Hz; 4o-F), �162.9 (t;
1p-F), �163.0 (t; 1p-F), �164.1 (m; 4m-F); 31P{1H} NMR (121.5 MHz,
CDCl3, 20 �C): ���7.01 (s, 1J(Pt,P1)� 2426 Hz), �8.11 (s, 1J(Pt,P2)�
2423 Hz); 13C{1H} NMR (75.5 MHz, CDCl3, 20 �C): �� 145.2 (dd,
1J(C,F)� 232 Hz, 3J(C,F)� 24 Hz; C6F5), 140.2 (s; C4, Tol), 136.6 (brd,
1J(C,F)� 253 Hz; C6F5), 132.9 (d, 2J(C,P)� 12.5 Hz; o-C, PPh2), 132.5 (d,
2J(C,P)� 12.5 Hz; o-C, PPh2), 131.6 (d, 4J(C,P)� 1.4 Hz; C2,6, Tol), 130.8
(dd, 1J(C,P)� 63.8, 3J(C,P)� 1.7 Hz; i-C, PPh2), (for the other i-C(PPh2)
signal one of doublets is seen, the other is masked by the signal at 130.1),
130.4 (d, 4J(C,P)� 2.4 Hz, p-C, PPh2), 130.1 (d, 4J(C,P)� 2.3 Hz; p-C,
PPh2), 128.5 (s; C3,5, Tol), 127.81 (d, 3J(C,P)� 5.8 Hz; m-C, PPh2), 127.6 (d,
3J(C,P)� 5.7 Hz; m-C, PPh2), 118.1 (d, 2J(C,P)� 12.7 Hz;�C�tBu), 117.1 (d,
3J(C,P)� 3 Hz; C1, Tol), 107.9 (d, 2J(C,P)� 14.9 Hz; �C�Tol), 79.3 (dd,
1J(C,P)� 99, 3J(C,P)� 5.9 Hz; C� , �PC��C�Tol), 69.6 (dd, 1J(C,P)� 101.3,
3J(C,P)� 6.2 Hz; C� , �PC��C�tBu), 29.3 (d, 4J(C,P)� 0.98 Hz; C(CH3)3),
27.9 (d, 3J(C,P)� 1.8 Hz; CMe3), 21.2 (s; C6H4CH3); IR: �� � 2214 (m), 2176
(s) (C�C), 798 (m), 780 cm�1 (m)(C6F5)X-sens ; MS (FAB�): m/z (%): 1095 (7)
[M�]; elemental analysis calcd (%) for C51F10H36P2Pt (1095.9): C 55.90, H
3.31; found: C 55.91, H 3.67.


Synthesis of [Pt(C6F5)(S)�-{C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}-
M(C6F5)2] (M�Pt 6c, Pd 7c): cis-[Pt(C6F5)2(thf)2] 1 (0.089 g, 0.133 mmol)
was added to a stirred solution of cis-[Pt(C6F5)2(PPh2C�CTol)2] 2 c (0.150 g,
0.133 mmol) in CH2Cl2 (15 mL) at 0 �C, immediately forming an orange
solution. After stirring the mixture at 0 ± 10 �C for 45 min, the resulting
solution was evaporated to a small volume (�2 mL). The addition of
n-hexane (10 mL) gave 6c as a deep yellow solid (0.176 g, 80% yield).


Complex 7 c was prepared similarly as a brown-yellow solid starting from
cis-[Pt(C6F5)2(thf)2] (0.068 g, 0.100 mmol) and cis-[Pd(C6F5)2(PPh2C�CTol)2]
3c (0.104 g, 0.100 mmol) (0.68 g, 43% yield).


Data for 6c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 9.25 (m, 2H), 7.80 (s,
4H), 7.30 ± 6.27 (m, 18H), 6.28 (d, J� 7.5 Hz, 2H), 5.38 (d, J� 7.3 Hz, 2H;
aromatics), 1.99 (s, 3H; C6H4CH3), 1.91 (s, 3H; C6H4CH3), 1.89 (s; H2O),
signals due to 0.6 mole of THF are observed: 3.4 (s; OCH2), 1.52 (s; CH2);
19F NMR (282.4 MHz, CDCl3, 20 �C): ���114.1 (br s, 3J(Pt,o-F)� 330 Hz,
1F), �116.1 (br s, 3J(Pt,o-F)� 300 Hz, 1F), �116.9 (br s, 3J(Pt,o-F)�
330 Hz, 1F), �118.3 (br s, 3J(Pt,o-F)� 290 Hz, 1F, 3J(Pt,o-F)� 440 Hz,
2F) (o-FB,C,C�) �127.8 (br s; 1o-FA), �129.6 (d, 4J(Pt,o-FA)� 95 Hz; 1o-FA),
�152.8 (t; 1p-FA), �158.0 (m; 1m-FA), �158.6 (t; 1p-F), �161.0 (m; 1m-
FA), �162.2 (t; p-F), �162.5 (m; 2m-F), �163.3 (t; p-F), �164.2 (m; 2m-
F), �164.8 (m; 1m-F), �165.1 (m; 1m-F); 31P{1H} NMR (121.5 MHz,
CDCl3, 20 �C): �� 36.0 (br s, 1J(Pt2,P1)� 2252 Hz), 25.0 (br s, 1J(Pt2,P2)�
2285, 3J(Pt1,P2)� 305, 2J(P1,P2) less than 5 Hz); 13C{1H} NMR (75.5 MHz,
CDCl3, �50 �C): �� 160.3 ± 117.5 (C6F5, Ph), 97.5 (dm, J(C,P)� 114.2 Hz;
�C�P), 71.5 (dm, J(C,P)� 48.1 Hz; �C�P), 22.7 (C6H4CH3), 21.1
(C6H4CH3); IR: �� � 3602 (w; OH), 1520 (s), 1504 (vs), 1064 (vs), 992 (s),


981 (m), 959 (vs), 820 (m), 792 (m), 779 cm�1 (m) (C6F5); MS (FAB�): m/z
(%): 1491 (26) [Pt2(C6F5)2{(PPh2C2Tol)2(C6F5)}�], 1324 (21) [Pt2(C6F5)-
{(PPh2C2Tol)2(C6F5)}�], 1156 (48) [Pt2{(PPh2C2Tol)2(C6F5)}��H], 1079
(24) [Pt2(C6F5)(PPh2C2Tol)(PPhC2Tol)��H], 1003 (26) [Pt2(C6F5)-
(PPhC2Tol)2


�], 962 (46) [Pt{(PPh2C2Tol)2(C6F5)}�]; elemental analysis
calcd (%) for C68.4F20H39.6OP2Pt2 (1709.6) with S� 0.4H2O� 0.6THF: C
48.06, H 2.33; elemental analysis calcd (%) for C66F20H34P2Pt2 (1659.1): C
47.78, H 2.06; found: C 48.06, H 1.90.


Data for 7c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 9.26 (m, 2H), 7.82 (s,
4H), 7.30 ± 6.40 (m, 18H), 6.29 (d, J� 7.7 Hz, 2H), 5.42 (d, J� 7.7 Hz, 2H;
aromatics), 1.99 (s, 3H; C6H4CH3), 1.96 (s, 3H; C6H4CH3), 1.78 (s; H2O),
signals due to 0.6 mole of THF are observed: 3.45 (s; OCH2), 1.56 (s; CH2);
19F NMR (282.4 MHz, CDCl3, 20 �C): ���111.6 (m; 1o-FCC�), �114.1 (m;
2o-FCC�), �116.1 (m; 1o-FCC�), �118.3 (m, 3J(Pt,o-F)� 465 Hz; 2o-FB,),
�128.2 (m; 1o-FA), �129.8 (m; 1o-FA), �152.6 (t; 1p-FA), �157.5 (m; 1m-
FA), �158.4 (t; 1p-F), �160.7 (m; 1m-FA), �161.4 (t; p-F), �162.4 (m; 1p-
F� 2m-F), �163.2 (m; 1m-F), �163.7 (m; 1m-F), �164.1 (m; 1m-F),
�164.5 (m; 1m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 42.45 (br;
P1), 32.39 (br, 3J(Pt1,P2)� 290 Hz; P2); IR: �� � 3604 (w, OH), 1519 (s), 1504
(s), 1063 (s), 994 (m), 981 (m), 957 (s), 816 (m), 801 (m), 778 cm�1 (s) (C6F5);
MS (ES�): m/z (%): 1403 (100) [M��C6F5], M�PtPd(C6F5)4(PPh2C2Tol)2;
elemental analysis calcd (%) for C68.4F20H39.6OP2PdPt (1620.9) with S�
0.6THF� 0.4H2O: C 50.69, H 2.46; elemental analysis calcd (%) for
C66F20H34P2PdPt (1570.4): C 50.48, H 2.18; found: C 49.96, H 2.65.


Control of the formation of 6 and 7 by NMR spectroscopy: The control of
the formation of 6a and 7 a has already been reported.[12] Monitoring the
reactions by multinuclear NMR spectroscopy in CDCl3 at room temper-
ature revealed that the formation of the insertion products 6 c or 7 c
(together with decomposition in the latter case) takes place almost
instantaneously (within 5 min). However monitoring the reaction between
2c and cis-[Pt(C6F5)2(thf)2] 1 in CDCl3 at �50 �C by 31P{1H}, 19F, and
1H NMR spectroscopy (Table 5) revealed that this reaction takes place
through the formation of the �2-bis(alkyne) adduct, [Pt(C6F5)2�-
{�P :�2(PPh2C�CTol)2}Pt(C6F5)2] 6�c. At �50 �C, the proportion of 6�c is
very small and remains at the initial molar ratio observed, which was
essentially constant between �50 to �30 �C. Upon further warming, the
proportion of 6�c increased slightly. At 0 �C, the final double inserted
derivative 6c started to appear and it increased its proportion with the
temperature (Table 5).


Data for 6�c : 1H NMR (300.1 MHz, CDCl3, 0 �C): �� 2.32 (s; Tol) the rest
of the signals overlapped with those of 6 c and 2 c ; 19F NMR (282.4 MHz,
CDCl3, 0 �C): ���117.9 o-F (overlapping with the signal of 2c), �159.0 (t;
p-F), �161.3 (t; p-F), �163.3 (m; m-F); 31P{1H} NMR (121.5 MHz, CDCl3,
0 �C): ���2.66 (s, 1J(Pt,P)� 2380 Hz).


The Pd�Pt reaction system (3c/cis-[Pt(C6F5)2(thf)2] 1) showed similar
behavior to that described for the Pt�Pt reaction system (2 c/1) between
�50 to �30 �C, and it revealed the presence of the reactants and the �2-
bis(alkyne) adduct 7�c (Table 6). However, at �20 �C a new intermediary
named 7��c was also formed, which we proposed was the monoinserted
alkyne ± vinyl product analogous to that described for PPh2C�CPh.[12] This
intermediate exhibited two different P resonances at 0 �C: �� 10.89 (br),
�3.28 (br), although the signals in the 19F and 1H NMR spectrum could not
be assigned. It appeared in very low proportion and remained essentially
constant at increasing temperature (based on the 31P{1H} NMR spectra,


Table 5. Control of the formation of 6.


T [�C] 2c 6�c 6 c


� 50 to �30 1 0.1 ±
� 20 1 0.25 ±
� 10 1 0.7 ±
0 1 1 0.3
5 � 0.9 1 0.9
10 � 0.30 0.25 1
20 � 0.1 ± 1
20 �C/30 min traces ± 1
20 �C/1 h ± ± 1
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Table 6). Besides the increasing proportion of 7�c with temperature, the
double inserted product started to form at 5 �C. The amount of 7c gradually
grew in the reaction mixture with a concomitant decrease of 3c and 7�c, and
at 15 �C, 7��c was not observed. Within 1 h at 20 �C, the formation of 7 c was
completed, although small amounts of unidentified decomposition species
(detected by 19F NMR spectroscopy up 10 �C) were also present probably
due to the low stability of 7c in solution.


Data for 7�c : 1H NMR (300.1 MHz, CDCl3, 0 �C): �� 2.32 (s; Tol). The rest
of the signals overlap with the signals of 3c ; 19F NMR (282.4 MHz, CDCl3,
0 �C): ���115.3, o-F (overlapping with the signal of 3 c), �158.9 (t; p-F),
�160.5 (t; p-F), �162.4 (m; m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 0 �C):
�� 9.55 (s).


Synthesis of [Pt(C6F5)(S)�-{C(tBu)�C(PPh2)C(PPh2)�C(R)(C6F5)}-
Pt(C6F5)2] (R�Ph 8, Tol 9): cis-[Pt(C6F5)2(thf)2] (0.087 g, 0.129 mmol)
was added to a solution of cis-[Pt(C6F5)2(PPh2C�CPh)(PPh2C�CtBu)] 4
(0.140 g, 0.129 mmol) in CH2Cl2 (20 mL) at room temperature to give a
deep yellow solution. The mixture was stirred for one hour, evaporated to a
small volume (�3 mL), and treated with n-hexane (�8 mL), which caused
the precipitation of a deep yellow solid 8 (0.180 g, 86% yield).


Complex 9 was prepared, as described for 8, by treating cis-
[Pt(C6F5)2(PPh2C�CTol)(PPh2C�CtBu)] 5 (0.150 g, 0.137 mmol) with cis-
[Pt(C6F5)2(thf)2] (0.092 g, 0.137 mmol). A deep yellow solid was formed
(0.161 g, 72% yield).


Data for 8 : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 8.56 (m, 2H), 7.79 ±
6.78 (m, 21H), 6.46 (d, J(H,H)� 7.5 Hz, 2H; aromatics), 0.50 (s, 9H;
C(CH3)3), signals due to 0.4 mole of THF were observed: 3.72 (br s; OCH2),
1.83 (br s; CH2); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���112.8 (br s,
3J(Pt,o-F)� 497 Hz, 2F), �115.5 (br s, 3J(Pt,o-F)� 333 Hz, 1F), �115.8
(br s, 3J(Pt,o-F)� 243 Hz, 1F), �117.3 (brm, 3J(Pt,o-F)� 310 Hz, 1F),
�117.6 (brm, 3J(Pt,o-F)� 220 Hz, 1F) (o-FB,C,C�), �128.6 (dm, 4J(F,Pt)�
79 Hz, J(F,F)� 25 Hz; 1o-FA), �129.8 (dm, 4J(F,Pt)� 96, J(F,F)� 24 Hz;
1o-FA), �150.9 (t; 1p-FA), �154.0 (t; 1p-F), �159.5 (m; 2m-F), �161.2 (m;
2m-F), �161.8 (t; 1p-F), �162.6 (t; 1p-F), �164.0 (m; 2m-F), �164.5 (m;
2m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 39.7 (br s,
1J(Pt2,P2)� 2303, 3J(Pt1,P2)� 361 Hz), 34.4 (br s, 1J(Pt2,P1)� 2283 Hz); IR:
�� � 1523 (s), 1504 (vs), 1063 (s), 989 (m), 976(m), 959 (s), 788 (m), 778 cm�1


(m) (C6F5); MS (ES-): m/z (%): 1610 (7) [M�]; elemental analysis calcd (%)
for C62.8F20H37.2O0.4P2Pt2 (1630.3) with S� 0.4THF: C 46.27, H 2.30;
elemental analysis calcd (%) for C62F20H34P2Pt2 (1611.0): C 46.22, H 2.13;
found: C 46.64, H 1.89.


Data for 9 : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 8.63 (m, 2H), 7.70 (m,
3H), 7.54 (m, 3H), 7.34 (m, 3H), 7.19 (s, 4H), 6.95 (s, 3H), 6.76 (m, 2H),
6.65 (d, J� 6.98 Hz, 2H), 6.37 (d, J� 7.66 Hz, 2H; aromatics), 2.01 (s, 3H;
C6H4CH3), 0.50 (s, 9H; C(CH3)3), signals due to 0.35 mole of THF were
observed: 3.71 (br s, OCH2), 1.83 (br s, CH2); 19F NMR (282.4 MHz, CDCl3,
20 �C): ���112.8 (br s, 3J(Pt,o-F)� 440 Hz, 2F), �115.4 (br s, 3J(Pt,o-F)�
300 Hz, 1F), �115.7 (m, 3J(Pt,o-F)� 235 Hz, 1F), �117.4 (m, 3J(Pt,o-F)�
300 Hz, 1F), �117.5 (m, 3J(Pt,o-F)� 270 Hz, 1F) (o-FB,C,C�), �128.8 (dm,
4J(F,Pt)� 85 Hz; o-FA), �129.7 (brm; 1o-FA), �151.0 (t; 1p-FA), �154.2 (t;
1p-F), �159.6 (m; 2m-F), �161.3 (m; 2m-F), �161.9 (t; 1p-F), �162.7 (t;
1p-F), �164.0 (m; 2m-F), �164.6 (m; 2m-F); 31P{1H} NMR (121.5 MHz,
CDCl3, 20 �C): �� 40.0 (br s, 1J(Pt2,P2)� 2308, 3J(Pt1,P2)� 379 Hz), 34.2
(br s, 1J(Pt2,P1)� 2263 Hz); IR: �� � 3602 (w; OH), 1520 (s), 1503 (vs), 1064
(s), 994 (m), 976 (m), 957 (s), 803 (w), 793 (m), 780 cm�1 (m) (C6F5); MS
(ES�): m/z (%): 1457 (32) [M��C6F5], 1290 (17) [M�� 2C6F5], 1122 (41)
[M�� 3C6F5�H]; elemental analysis calcd (%) for C63.7F20H38.8O0.35P2Pt2


(1641.9) with S� 0.35THF: C 46.60, H 2.38; elemental analysis calcd (%)
for C63F20H36P2Pt2 (1625.1): C 46.56, H 2.23; found: C 46.98, H 1.89.


Synthesis of [Pt(C6F5)(L)�-{C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}-
Pt(C6F5)2] (L�CO 10c, py 11c, PPh2H 12c): Bubbling CO for 5 min or
addition of the corresponding ligand (0.090 mmol: 7.3 �L of pyridine,
15.6 �L of PPh2H) to solutions which contained 6c (0.15 g, 0.090 mmol) in
CH2Cl2 (15 mL) at room temperature, immediately produced in each case
dark orange solutions. After 5 min (CO) or 30 min (the rest) of stirring, the
solutions were evaporated to a small volume (�2 mL). Addition of n-
hexane (5 mL) and standing at �30 �C gave microcrystalline yellow (10c)
or orange solids (11c, 12c) (0.121 g, 80% yield 10c ; 0.127 g, 80% 11 c ;
0.151 g, 90% 12c).


Data for 10 c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 8.96 (m, 2H), 7.79
(m, 3H), 7.33 ± 6.53 (m, 17H), 6.46 (d, J(H,H)� 8.0 Hz, 2H), 6.29 (d,
J(H,H)� 7.8 Hz, 2H), 5.16 (d, J(H,H)� 7.8 Hz, 2H) (aromatics), 2.08 (s,
3H; C6H4CH3), 2.03 (s, 3H; C6H4CH3); 19F NMR (282.4 MHz, CDCl3,
20 �C): ���114.3 (br s, 3J(Pt,o-F)� 322 Hz), �116.0 (br s, 3J(Pt,o-F)�
335 Hz), �117.0 (br s, 3J(Pt,o-F)� 320 Hz), �117.8 (dm, 3J(Pt,o-F)� can
not be calculated), �118.5 (br s, 3J(Pt,o-F)� 209 Hz), �119.5 (m, 3J(Pt,o-
F)� 437 Hz) (6o-FBCC�), �125.6 (st; o-FA), �128.8 (dm, 4J(F,Pt)� 85,
J(F,F)� 26 Hz; o-FA), �151.1 (t; 1p-FA), �157.7 (t; 1p-F), �158.4 (m; 1m-
FA), �159.0 (m; m-FA), �161.1 (m; 1m-F), �161.8 (t; 1p-F), �162.4 (m;
1m-F), �162.8 (t; 1p-F), �164.0 (m; 2m-F), �164.5 (m; 1m-F), �164.9
(m; 1m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 34.51 (br s,
1J(Pt2,P1)� 2206 Hz), 26.82 (br s, 1J(Pt2,P2)� 2261, 3J(Pt1,P2)� 196 Hz); IR:
�� � 2105 (vs), 2058 (w) (CO), 1520 (s), 1502 (s), 1065 (s), 995 (s), 958 (s), 805
(s), 792 (s), 781 cm�1 (s) (C6F5); MS (ES-): m/z (%): 1659 (20) [M��CO];
elemental analysis calcd (%) for C67F20H34OP2Pt2 (1687.1): C 47.70, H 2.03;
found: C 47.77, H 2.05.


Data for 11 c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 9.27 (m, 2H), 8.70
(br s, 2H), 7.88 (s, 4H), 7.51 ± 6.60 (m), 6.20 (br s) (21H), 6.29 (d, J(H,H)�
7.7 Hz, 2H), 5.41 (d, J(H,H)� 7.6 Hz, 2H) (aromatics), 1.97 (s, 3H;
C6H4CH3), 1.78 (s, 3H; C6H4CH3); 19F NMR (282.4 MHz, CDCl3, 20 �C):
���114.0 (br s, 3J(Pt,o-F)� 328 Hz), �116.2 (br s, 3J(Pt,o-F)� 288 Hz),
�116.9 (br s, 3J(Pt,o-F)� 384 Hz), �118.5 (br s, 3J(Pt,o-F)� 237 Hz),
�118.8 (d, 3J(Pt,o-F)� 480 Hz), �121.3 (m, 3J(Pt,o-F)� 445 Hz; 6o-FBCC�),
�128.9 (m; 2o-FA), �153.1 (t; 1p-FA), �157.0 (m; 1m-FA), �160.5 (t; 1p-
F), �161.3 (m; m-FA), �162.3 (t; 1p-F), �162.9 (1m-F), �163.4 (t; p-F, m-
F), �164.08 (m; 1m-F), �164.4 (m; 1m-F), �164.8 (m; 1m-F), �165.1 (m;
1m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 36.5 (br s,
1J(Pt2,P1)� 2248 Hz), 22.7 (br s, 1J(Pt2,P2)� 2282, 3J(Pt1,P2)� 293 Hz); IR:
�� � 1520 (s), 1500 (vs), 1063 (vs), 993 (s), 959 (vs), 800 (s), 789 (s), 778 cm�1


(sh) (C6F5); MS (FAB�): m/z (%): 1492 (9) [Pt2(C6F5)2{(PPh2C2Tol)2-
(C6F5)}��H], 1157 (75) [Pt2{(PPh2C2Tol)2(C6F5)}�]; elemental analysis
calcd (%) for C71F20H39NP2Pt2 (1738.2): C 49.06, H 2.26, N 0.81; found: C
49.02, H 2.68, N 1.17.


Data for 12 c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 9.14 (m, 2H), 7.83 ±
6.43 (m, 32H), 6.16 (d, J(H,H)� 7.8 Hz, 2H), 5.19 (d, J(H,H)� 7.8 Hz, 2H)
(aromatics), 4.29 (dd, 1J(P,H)� 373, 4,5J(P,H)� 4.8 Hz, 1H; PPh2H), 1.97 (s,
3H; C6H4CH3), 1.94 (s, 3H; C6H4CH3); 19F NMR (282.4 MHz, CDCl3,
20 �C): ���114.2 (m, 3J(Pt,o-F)� 350 Hz; 1o-F), �116.0 (m, 3J(Pt,o-F)�
275 Hz; 1o-F), �116.6 (m, 3J(Pt,o-F)� 370 Hz; 1o-F), �118.07 (dm,
3J(Pt,o-F)� 450 Hz; 2o-F), �118.4 (m, 3J(Pt,o-F)� 60 Hz; 1o-F) (o-FBCC�),
�125.4 (m; 1o-FA), �128.2 (m, 4J(F,Pt)� 90 Hz; 1o-FA), �152.5 (t; 1p-
FA), �157.6 (m; 1m-FA), �160.7 (m; 1m-FA), �162.2 (2t overlapped; 2p-
F), �163.20 (m; m-F), �163.37 (t; 1p-F), �164.1-(-165.2) (m; 5m-F);
31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 36.7 (br s, 1J(Pt2,P1)�
2204 Hz), 25.9 (br s, 1J(Pt2,P2)� 2239, 3J(Pt,P2)� 180 Hz), 12.5 (m,
1J(Pt1,P3)� 1775 Hz); IR: �� � 1520 (s), 1504 (vs), 1064 (s), 994 (s), 958
(vs), 803 (s), 792 (m), 785 cm�1 (w) (C6F5); MS (FAB�): m/z (%): 1845 (4)
[M�], 1677 (14) [M��C6F5 �H], 1492 (15) [M��C6F5�PPh2H],
1342 (15) [Pt2{(PPh2C2Tol)2(C6F5)}(PPh2H)��H]; elemental analysis
calcd (%) for C78F20H45P3Pt2 (1845.3): C 50.77, H 2.46; found: C 51.01, H
3.13.


Synthesis of [Pt(C6F5)(CNtBu)�-{C(Tol)�C(PPh2)C(PPh2)�C(Tol)-
(C6F5)}Pt(C6F5)2] (13 c) and cis,cis-[Pt(C6F5)(CNtBu)2�-{1-�C1:2-�PP�-
C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}Pt(C6F5)2] (14 c): A solution of
CNtBu (0.044�, 2 mL, 0.0885 mmol) in diethyl ether was added to a
stirred solution of 6c (0.155 g, 0.093 mmol) in CH2Cl2 (15 mL) at room
temperature (0.95:1 molar ratio), and the mixture was stirred for 30 min.
The resulting pale-orange solution was evaporated to a small volume
(�2 mL) and treated with n-hexane (5 mL) to give a yellow solid (0.137 g,


Table 6. Control of the formation of 7.


T [�C] 3c 7�c 7��c 7 c


� 50 to �30 1 0.06 ± 0.07 ± ±
� 20 1 0.09 0.06 ±
� 10 1 0.3 0.06 ±
0 0.98 1 0.13 ±
5 0.6 1 0.15 0.3
15 0.3 0.3 ± 1
20 �C/1 h ± ± ± 1
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89% yield) identified by NMR spectroscopy as [Pt(C6F5)(CNtBu)�-
{C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}Pt(C6F5)2] 13 c.


The compound 14c was obtained as a pure lemon-yellow solid, in a similar
way, by addition of CNtBu (20.5 �L, 0.180 mmol) to a solution of 6 c
(0.150 g, 0.090 mmol) in a 2:1 molar ratio (0.120 g, 70% yield).


Data for 13 c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 9.07 (m, 2H), 7.73
(m), 7.29 ± 6.33 (m, 22H), 6.25 (d, J(H,H)� 7.78 Hz, 2H), 5.17 (d, J(H,H)�
7.77 Hz, 2H) (aromatics), 2.02 (s, 3H; C6H4CH3), 2.00 (s, 3H; C6H4CH3),
1.07 (s, 9H; CNtBu); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���114.5
(br s, 3J(Pt,o-F)� 325 Hz), �115.8 (br s, 3J(Pt,o-F)� 260 Hz), �116.8 (br s,
3J(Pt,o-F)� 300 Hz), �117.8 (dm), �118.1 (br s), �119.7 (m, 3J(Pt,o-F)�
430 Hz) (6o-FBCC�), �125.8 (m, 4J(Pt,o-F)� 100 Hz; 1o-FA), �129.1 (m,
4J(Pt,o-F)� 110 Hz; 1o-FA), �153.1 (t; 1p-FA), �159.4 (m; 1m-FA),
�160.1 (t; 1p-F), �160.8 (m; 1m-FA), �162.3 (t; 1p-F), �162.8 (m; 1m-
F), �163.4 (t; 1p-F), �164.1 (m; 3m-F), �164.8 (m; 1m-F), �165.2 (m;
1m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 32.62 (s, 1J(Pt2,P1)�
2235 Hz), 26.21 (s, 1J(Pt2,P2)� 2254, 3J(Pt1,P2)� 181 Hz); IR: �� � 2208 (s;
C�N), 1519 (s), 1505 (s), 1066 (vs), 990 (s), 956 (s), 803 (s), 793 (s), 780 cm�1


(s) (C6F5); MS (FAB�): m/z (%): 1658 (5) [M��CNtBu], 1491 (15) [M��
C6F5�CNtBu], 1407 (21) [M�� 2C6F5], 1323 (15) [M�� 2C6F5 �
CNtBu�H]; elemental analysis calcd (%) for C71F20H43NP2Pt2 (1742.23):
C 48.95, H 2.49, N 0.80; found: C 49.49, H 2.49, N 0.80.


Data for 14 c : 1H NMR (300.1 MHz, CD3COCD3, �50 �C): �� 8.17 (m,
2H), 8.01 (m, 2H), 7.59 ± 6.96 (m, 20H), 6.65 (m, 3H), 6.13 (d, J� 7.02 Hz,
1H) (aromatics), 2.14 (s, 3H; C6H4CH3), 2.09 (s, 3H; C6H4CH3), 1.32 (s,
9H; CNtBu), 1.07 (s, 9H; CNtBu); 19F NMR (282.4 MHz, CD3COCD3,
�50 �C): ���106.3 (dd, 3J(Pt,o-F)� 363, J(F,F)� 53, 28 Hz; 1o-FB),
�114.3 (m, 3J(Pt,o-F)� 305 Hz), �114.7 (dm; 1o-FB), �115.7 (m),
�116.25 (m), �116.5 (m, 3J(Pt,o-F)� 230 Hz), (o-FCC�) (assignment based
on a COSY F ± F experiment at �50 �C), �124.6 (dd, J(F,F)� 53, 22 Hz;
1o-FA), �131.5 (d; 1o-FA), �155.4 (t; 1p-FA), �157.0 (t; 1p-F), �162.4 (m;
1m-FA), �164.4 (m; 3m-F � 2 p-F), �164.9 (m; 1m-FA), �165.6 (m; 3m-
F); (at �50 �C): ���110.0 (coalescence signal, o-F), �114.1 (br s, 3J(Pt,o-
F)� 310 Hz), �114.6 (br s), �115.2 (br s, 3J(Pt,o-F)� 286 Hz), �116.0 (br s,
3J(Pt,o-F)� 205 Hz) (o-FBCC�), �124.0 (d; 1o-FA), �131.1 (d; 1o-FA),
�156.0 (t; 1p-FA), �158.5 (t; 1p-F), �164.0 (br s, 2m-F), �164.7 (m; 1m-
F), �165.4 (m; 2p-F� 3m-F), �166.5 (br s, 2m-F); 31P{1H} NMR
(121.5 MHz, CD3COCD3, �50 �C): �� 29.07 (s, 1J(Pt2,P1)� 2308 Hz),
24.37 (br s, 1J(Pt2,P2)� 2234, 3J(Pt2,P2)� 219 Hz); IR: �� � 2220 (vs), 2194
(vs) (CN), 1518 (s), 1504 (vs), 1062 (vs), 998 (s), 974 (s), 958 (vs), 789 (s),
777 cm�1 (m) (C6F5); MS (FAB�): m/z (%): 1849 (8) [M��Na�H], 1659 (10)
[Pt2(C6F5)3{(PPh2C2Tol)2(C6F5)}��H], 1491 (7) [Pt2(C6F5)2{(PPh2C2Tol)2-
(C6F5)}�], 611 (61) [Pt(C6F5)2(CNtBu)��H], 555 (34) [Pt2(CNtBu)2


��H],
361 (24) [Pt(CNtBu)2


�]; elemental analysis calcd (%) for C76F20H52N2P2Pt2


(1825.4): C 50.01, H 2.87, N 1.53; found: C 49.75, H 3.25, N 1.75.


Synthesis of [Pt(C6F5)(2,2�-bipy)�-{C(R)�C(PPh2)C(PPh2)�C(R)(C6F5)}-
Pt(C6F5)2] (R�Ph 15a, Tol 15c): Complexes 15a and 15c were prepared as
orange solids following an analogous procedure to that described for 11 and
12. 15a : 6 a (0.140 g, 0.086 mmol), 2,2�-bipy (0.013 g, 0.086 mmol) (0.130 g,
85% yield). 15c : 6c (0.130 g, 0.0785 mmol), 2,2�-bipy (0.012 g,
0.0785 mmol) (0.131 g, 92% yield).


Data for 15 a : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 8.24 ± 6.04
(aromatics); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���107.6 (dm,
3J(Pt,o-F)� 455 Hz; 1o-FB), �115.8 (br s, 3J(Pt,o-F)� 340 Hz; 1o-F),
�116.6 (br s; 1o-F), �117.0 (br s; 2o-F), �117.5 (br s, 3J(Pt,o-F)� 226 Hz;
1o-F) (o-FBCC�), �125.4 (dm; 1o-FA), �133.7 (d, J(F,F)� 22.9 Hz; 1o-FA),
�155.4 (t, 1p-FA), �157.7 (m; 1m-F), �162.4 (m; 2m-F� 1p-F), �162.9
(m; 1m-F), �164.2 (t; 1p-F), �164.3 (t; 1p-F), �164.8 (m; 1m-F), �165.5
(m; 3m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 37.97 (br s,
1J(Pt2,P1)� 2260 Hz), 28.55 (br s, 1J(Pt2,P2)� 2214, 3J(Pt2,P2)� 230 Hz); IR:
�� � 1503 (vs), 1064 (s), 996 (s), 958 (vs), 800 (m), 787 (m), 776 cm�1 (s)
(C6F5); MS (FAB�): m/z (%): 1620 (20) [M��C6F5], 1452 (10) [M��
2C6F5], 519 (40) [Pt(C6F5)(bipy)��H], 351 (100) [Pt(bipy)�]; elemental
analysis calcd (%) for C74F20H38N2P2Pt2 (1787.2): C 49.73, H 2.14, N 1.57;
found: C 49.78, H 2.47, N 1.56.


Data for 15c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 8.21 ± 6.35
(aromatics), 1.99 (br s, 6H; C6H4CH3); 19F NMR (282.4 MHz, CDCl3,
20 �C): ���107.5 (m, 3J(Pt,o-F)� 411 Hz; 1o-FB), �115.7 (br s, 3J(Pt,o-
F)� 317 Hz; 1o-F), �116.8 (br s; 3o-F), �117.3 (br s, 3J(Pt,o-F)� 285 Hz;
1o-F) (o-FBCC�), �125.4 (m; 1o-FA), �133.7 (br s; 1o-FA), �155.6 (t; 1p-


FA), �158.1 (m; 1m-F), �162.7 (m; 3F), �163.1 (t; 1p-F), �164.4 (m; 2p-
F), �164.5 (m; 1m-F), �165.3 (m; 3m-F); 31P{1H} NMR (121.5 MHz,
CDCl3, 20 �C): �� 38.11 (s, 1J(Pt2,P1)� 2267 Hz), 28.24 (br s, 1J(Pt2,P2)�
2232 Hz, 3J(Pt2,P2)� 213 Hz); IR: �� � 1500 (sh), 1496 (vs), 1064 (vs), 996
(s), 958 (vs), 800 (m), 787 (m), 776 cm�1 (w) (C6F5); MS (FAB�): m/z
(%): 1815 (50) [M�], 1648 (34) [M��C6F5], 1481 (22) [M�� 2C6F5],
1296 (16) [M��Pt(C6F5)(bipy)], 1130 (90) [M��Pt(C6F5)2(bipy)],
519 (40) [Pt(C6F5)(bipy)��H]; elemental analysis calcd (%) for
C76F20H42N2P2Pt2 (1815.3): C 50.29, H 2.33, N 1.54; found: C 49.96,
H 2.69, N 1.02.


Reaction of [Pt(C6F5)(S)�-{C(Ph)�C(PPh2)C(PPh2)�C(Ph)(C6F5)}-
Pt(C6F5)2] 6a: preparation of [Pt(C6F5)(H2O)�-{C(C6F5)�C(PPh2)-
C(PPh2)�C(Ph)2}Pt(C6F5)2] 16 a and cis-[(C6F5)2Pt{C10H4-1-C6F5-4-Ph-
2,3-�PP�(PPh2)2}] 17a : The following experiments were carried out.


1) Compound 6a (0.08 g, 0.048 mmol) was dissolved in diethyl ether
(5 mL) in presence of air, and the yellow solution was exposed to
ambient light without stirring for 48 h. The resulting black mixture was
evaporated to dryness and analyzed by NMR spectroscopy, which
indicated the presence of three products: compound 6 a and two novel
complexes 16 a and 17a in an approximate molar ratio of 0.72:0.7:1
(6a :16a :17 a).


2) Under identical conditions but using THF as the solvent, mainly
complex 17a was observed in the final mixture.


3) Slow diffusion of n-hexane into a solution of complex 6a in diethyl ether
in ambient light generated a mixture of orange (16a) and white crystals
(17a) in a 2:1 approximate proportion, suitable for spectroscopic
characterization and for X-ray diffraction.


4) Compounds 16 a and 17a could also be separated from the final residue
obtained from 6a (0.1 g, 0.060 mmol) in THF after 24 h of exposure to
ambient light. After treatment of the residue with a mixture of diethyl
ether/n-hexane (1:5, 10 mL), 17a separated out as a white solid (0.030 g,
40% yield), and slow evaporation of the filtrate afforded orange crystals
(0.015 g, 19% yield) of 16a.


5) A solution of compound 6a in THF for only 24 h, but in the absence of
light, gave a mixture of 6a, 16a, and 17a in an approximate molar ratio
of 0.9:1:0.8.


6) Irradiation of a solution of 6a in THF (0.125 g, 0.075 mmol) through a
Pyrex glass at room temperature under an argon atmosphere with a
medium-pressure mercury lamp (125 W) gave the molar proportions
collected in Table 7.


Data for 16a (from crystals separated by hand): 1H NMR (300.1 MHz,
CDCl3, 20 �C): �� 9.42 (brm), 7.81 (m), 7.57 ± 6.64 (m, 30H) (aromatics),
1.65 (s; H2O); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���115.2 (br s,
3J(Pt,o-F)� 340 Hz; 1o-F), �117.7 (m; 3o-F), �118.4 (d, 3J(Pt,o-F)�
469 Hz; 2o-F), �132.4 (d; 1o-FA), �135.35 (d; 1o-FA), �155.2 (t; 1p-
FA), �157.4 (t; 1p-F), �161.8 (m; 2m-FA), �162.2 (p-F), �162.66 (m; 1m-
F), �162.8 (t; 1p-F), �163.33 (m; 1m-F), �163.8 (m; 1m-F), �164.0 (m;
1m-F), �164.43 (m; 2m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): ��
36.33 (br s, 1J(Pt,P)� 2159 Hz), 25.00 (br s, 1J(Pt,P)� 2278, 3J(Pt,P)�
320 Hz); MS (FAB�): m/z (%): 1648 (4) [M�], 1464 (25)
[Pt2(C6F5)3(PPh2C2Ph)2


��H], 1297 (25) [Pt2(C6F5)2(PPh2C2Ph)2
��H],


1102 (44) [Pt(C6F5)2(PPh2C2Ph)2
��H], 934 (62) [Pt(C6F5)(PPh2C2Ph)2


�],
379 (80) [Pt(PPh2)��H].


Data for 17a : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.45 ± 7.12 (m), 6.87
(m) (27H), 6.39 (d, J� 7.7 Hz, 2H); 19F NMR (282.4 MHz, CDCl3, 20 �C):
���116.5 (dm, 3J(Pt,o-F)� 275 Hz; 2o-F), �117.3 (dm, 3J(Pt,o-F)�
277 Hz; 2o-F), �133.75 (d; 2o-F, C�C6F5), �151.98 (t; 1p-F, C�C6F5),
�160.9 (m; 2m-F, C�C6F5), �162.51 (t; 1p-F), �162.58 (t; 1p-F), �164.7


Table 7. Results of the irradiation of 6 a.


time [min] 6a 16 a 17a


15 1 traces 0.2
25 1 ± 0.5
45 0.38 ± 1
60 ± ± 1
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(m; 4m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 46.57 (d,
1J(Pt,P)� 2290 Hz), 43.83 (d, 1J(Pt,P)� 2249 Hz, 2J(P,P) less than 5 Hz);
MS (apci� ): m/z (%): 1100 (100) [M��C6F5], 933 (30) [M�� 2C6F5];
elemental analysis calcd (%) for C58F15H29P2Pt (1267.9): C 54.94, H 2.31;
found: C 55.31, H 2.85.


Reaction of [Pt(C6F5)(S)�-{C(Ph)�C(PPh2)C(PPh2)�C(Ph)(C6F5)}-
Pd(C6F5)2] (7 a): characterization of [(C6F5)2Pd{C10H4-1-C6F5-4-Ph-2,3-
�PP�(PPh2)2}] (19 a): The reaction of 7a (0.05 mmol) in diethyl ether
(20 mL) at room temperature and ambient light over three days produced a
black solution, NMR spectra (31P and 19F) of which showed the presence of
complex 19a together with a small amount of 18a (analogous to the
species 17a with M�Pd). However, monitoring by NMR spectroscopy of a
sample after 24 h indicated the presence of 7a, 18a, and 19 a in an
approximate molar ratio of 0.13:0.18:1.


Data for 19a : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.56 ± 6.64 (m,
27H), 6.39 (d, J� 7.4 Hz, 2H); 19F NMR (282.4 MHz, CDCl3, 20 �C): ��
�114.2 (m; 2o-F), �115.1 (m; 2o-F), �133.95 (d; 2o-F; C�C6F5), �151.96
(t; 1p-F, C�C6F5), �160.82 (m; 2m-F, C�C6F5), �161.81 (t; 1p-F), �161.88
(t; 1p-F), �164.1 (m; 4m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C):
�� 52.74 (br s), 50.65 (br s); MS (FAB�): m/z (%): 1011 (32) [M��C6F5],
844 (60) [M�� 2C6F5], 767 (66) [M�� 2C6F5 �Ph].


Reaction of [Pt(C6F5)(S)�-{C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}-
Pt(C6F5)2] (6 c): characterization of [(C6F5)2Pt{7-CH3�C10H3-1-C6F5-4-Tol-
2,3-�PP�(PPh2)2}] (17 c): The following experiments were carried out with
complex 6c. A solution of 6 c (0.121 g, 0.071 mmol) in diethyl ether (25 mL)
at room temperature was exposed to ambient room light for 7 h. Analysis of
the final dark solution indicated the presence of 6c and 17 c (1:0.87 molar
ratio) together with a small amount of 16 c. After 24 h, only 17c and trace
amounts of 16 c were detected. Irradiation of a solution of 6 c (0.15 g,
0.088 mmol) in THF through Pyrex glass at room temperature under an
argon atmosphere with a medium-pressure mercury lamp (125 W) also
produced 17c (Table 8). However, in this case, other unidentified species
were also observed by 31P NMR spectroscopy.


Data for 17 c obtained from a mixture in diethyl ether after 24 h: 1H NMR
(300.1 MHz, CDCl3, 20 �C): �� 7.90 ± 6.57 (25H), 6.24 (d, J� 7.7 Hz, 2H)
(aromatics), 2.31 (s; CH3), 2.29 (s; CH3); 19F NMR (282.4 MHz, CDCl3,
20 �C): ���116.3 (m; o-F), �117.2 (m; o-F), �134.0 (dm; 2o-F; C�C6F5),
�152.3 (t; 1p-F, C�C6F5), �161.0 (m; 2m-F; C�C6F5), �162.7 (2 t; 2p-F),
�164.5 (m; 4m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 45.56 (d,
1J(Pt1,P1)� 2279 Hz), 43.52 (br s, 1J(Pt2,P2)� 2213 Hz); MS (FAB�): m/z
(%): 1491 (10) [M��Pt], 1128 (33) [M��C6F5], 962 (88) [M�� 2C6F5],
795 (55) [M�� 3C6F5], 377 (100) [PPh3C2Tol�].


Reaction of [Pt(C6F5)(S)�-{C(Tol)�C(PPh2)C(PPh2)�C(Tol)(C6F5)}-
Pd(C6F5)2] (7 c): characterization of [(C6F5)2Pd{7-CH3-C10H3-1-C6F5-4-
Tol-2,3-�PP�(PPh2)2}] (19 c): The results of the reaction of yellow solutions
of 7c (0.120 g, 0.075 mmol) in diethyl ether or THF (40 mL) in the presence
of light are collected in Table 9.


Data for 19c : 1H NMR (300.1 MHz, CDCl3, 20 �C): �� 7.45 ± 6.80 (23H),
6.66 (d, J� 7.8 Hz, 2H), 6.24 (d, J� 7.9 Hz, 2H) (aromatics), 2.30 (s;
2CH3); 19F NMR (282.4 MHz, CDCl3, 20 �C): ���114.1 (dm; 2o-F),
�115.0 (dm; 2o-F), �134.15 (dm, 2o-F; C�C6F5), �152.3 (t; 1p-F;
C�C6F5), �161.0 (m; 2m-F; C�C6F5), �161.9 (t; 1p-F), �162.0 (t; 1p-F),
�164.2 (m; 4m-F); 31P{1H} NMR (121.5 MHz, CDCl3, 20 �C): �� 51.7 (m),
50.58 (m); MS (FAB�): m/z (%): 1039 (55) [M��C6F5], 872 (100) [M��
2C6F5], 795 (70) [M�� 2C6F5 �Ph], 377 (100) [PPh3C2Tol�].


For [Pt(C6F5)(H2O)�-{C(C6F5)�C(PPh2)C(PPh2)�C(Tol)2}Pd(C6F5)2], 18c,
only the position of the o-F (C�C6F5): �132.5 (dm), �135.0 (dm) (data


extracted from the 19F NMR spectrum of a solution in THF) could be
assigned.


Crystallography : Data for 12a and 14 a have been previously given.[12]


Crystals of complexes 2 a, 2 b, 2c, 9, 14 c, and 16a were obtained at low
temperature (243 K) or room temperature (16a) by slow diffusion of n-
hexane into a solution of the respective compound in CHCl3/CCl4 (2a),
dichloromethane (2 b, 9), tetrahydrofuran (2c), acetone (9), or diethyl ether
(16a). Tables 1S and 2S, available as Supporting information, contain
details of the structural analyses for all complexes. Data for 2 c, 9, 14 c, and
16a were collected with a NONIUS kCCD area-detector diffractometer
and for 2 a and 2b with a four-circle SiemensP4 diffractometer by using
graphite-monochromated MoK� radiation. An empirical absorption cor-
rection based on psi-scan was carried out for 2 a and 2b and a scalepack for
2c, 9, 14 c, and 16a. The structures were solved (SHELXL-93[51] 2 a, 2b ;
SHELXL-97[52] 2c, 9, 14 c, 16a) by the Patterson method and refined by a
full-matrix least-squares method against F 2. All hydrogen atoms were
constrained to idealized geometries, and isotropic displacement parameters
of 1.2 (2a, 2 b) and 1.2, for the phenyl, and 1.5, for the methyl groups (2c, 9,
14c, 16a), times the Uiso value of their attached carbon were fixed. Lattice
solvent was found in 2 a (0.5CCl4), 2b (1CH2Cl2), 9 (0.5CH2Cl2, disordered
and two half molecules of water), 14 c (1CH3COCH3 in two different
positions), and 16 a (2/3diethyl ether). For 2a, 2c, and 9 a residual peak
(�1 eä�3) was observed close to the Pt atoms with no chemical meaning.


CCDC-172959 ± 172964 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Table 8. Results of the irradiation of 6 c.


time [min] 6 c 17 c


5 1 0.12
15 1 0.54
25 0.86 ±
35 0.25 1
45 ± 1


Table 9. Results of the reaction of 7 c.


time [h] 7 c 18c 19 c


diethyl ether
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Synthesis and Characterization of Upper and Lower Rim Functionalized
[6]Cavitands


Christoph Naumann, Brian O. Patrick, and John Sherman*[a]


Abstract: A [6]cavitand has been selec-
tively derivatized on both the lower and
upper rims. On the lower rim, two out of
six potential sites were oxidized to
produce a 1,4 substituted [6]cavitand
bisketone, which was converted to a
corresponding diol as well as a bisace-
tate [6]cavitand. The crystal structures


of the bisketone and the diol were
solved. On the upper rim, all six ArCH3


groups were selectively brominated to


ArCH2Br groups to produce the hexab-
romomethyl [6]cavitand, which was con-
verted to the corresponding hexabenz-
ylthiol and hexabenzylthioacetate
[6]cavitands. The conformational prop-
erties of all compounds are discussed.


Keywords: cavitands ¥ interconver-
sion ¥ NMR spectroscopy ¥ supra-
molecular chemistry


Introduction


[4]Cavitands have been known for 20 years and have found
use in numerous supramolecular applications such as in
recognition of neutral guests and as building blocks to create
carceplexes.[1±3] Recently we reported the synthesis and
characterization of the first [n]cavitands, where n� 5 ± 7.[4]


All possess benzylic methyl groups on the upper rims and
ArCH2Ar groups on the lower rims (Figure 1). The lower rims


Figure 1. Upper and lower rims, ™major∫ and ™minor∫ sets of
[6]cavitand 1.


are unusual; common [4]cavitands possess ArCH(R)Ar
groups.[1±3] The R groups typically enhance the solubility of
[4]cavitands and [4]cavitand-based derivatives such as carce-
plexes.[3] In addition, methyl groups on the upper rim can be
selectively brominated when R groups are present in the
lower rim, since the reactivity of the methine is low. However,
in the case of the footless [n]cavitands, the ArCH2Ar may be


vulnerable to attack as well. We recently reported that
[5]cavitands can be selectively brominated on the upper
rim.[5] The [6]cavitands are structurally quite different from
the [4]- and [5]cavitands, and thus offer new possibilities for
cavitand supramolecular chemistry. But one might be con-
cerned about the potential limitations for derivatization of
[6]cavitands for the reasons given. We report the successful
derivatization at the upper rim of [6]cavitand 1 despite the
potentially vulnerable lower rim. We also describe the
selective derivatization of [6]cavitand 1 at the lower rim.
The structure and dynamics of the new compounds are
discussed in detail. This diversification of the [n]cavitands will
hopefully enhance their utility to supramolecular chemists.


Results and Discussion


Derivatization of the lower rim


To set the stage for characterization of compounds 2 ± 9, the
symmetry and exchange pattern for 1 is summarized here.[4]


Whereas [4]- and [5]cavitands are rigid, bowl-shaped mole-
cules of C4v and C5v symmetry, respectively, [6]cavitands, as
well as [7]cavitands, are pinched and conformationally
mobile. Prototypical [6]cavitand 1 possesses ™major∫ and
™minor∫ sets of resonances in 2:1 ratios (Figure 1).[4] For
example, the twelve ArCH2Ar protons appear at four differ-
ent resonances: H5, H9 (4H each), and H8, H10 (2H each). 1D
NOESY (EXSY) experiments[6] demonstrated that exchange
occurs between H8 and H9 (2H: 2H), and H5 and H10 (2H:
2H), as illustrated in Figure 2.[4] The remaining four protons
of the ™major∫ set (2H each of H5 and H9) interconvert into
themselves, an NMR silent process (Figure 2b).
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[6]Cavitands 2 ± 4 were prepared as follows (Scheme 1):
treatment of [6]cavitand 1 with KMnO4 led to an oxidation
product (39%) that we assign
as bisketone 2.[7] Reduction of
bisketone 2 with LiAlH4 gave
diol 3 (32%), followed by ace-
tylation to bisacetate 4 (73%).


Bisketone 2 was character-
ized as follows: The mass spec-
trometry and 13C NMR results
suggest that oxidation of 1 gave
a conjugated bisketone (�CO�
186 ppm). Thus, the oxidation is
selective at the lower rim for
reasons that remain unclear,
and there is high selectivity for oxidation of only two of the
six ArCH2Ar moieties, presumably due to the unfavorable
conformation (with respect to orbital overlap of ArCH ¥ /
ArCH� with the arenes) at the remaining sites. The 1H NMR
spectrum indicates that the two carbonyls are in 1,4 positions:
in CDCl3, at �10 �C there are three resonances for the six
ArH protons at 2H each, and two of the three ArH
resonances interconvert (H2� and H2��).[8, 9] Similarly, diol 3
shows three para ArH signals at 2H each, two of which


interconvert, (H1 and H2��).[9] Bisacetate 4 possesses a very
similar 1H NMR spectrum to diol 3.


Compounds 2 ± 4 can exist in two basic 1,4 conformations: I
and II, which differ in the locations of the lower R groups
(R�O, OH, OAc, respectively) as illustrated in Figure 3. In
conformation I, the R groups are situated at the corners of the
rectangularly shaped [6]cavitand, whereas in conformation II
the R groups are situated in the middle of the long sides of the
rectangle. Conformation I is consistent with solution data for
diol 3 and bisacetate 4 (vide infra), and the crystal structure of
diol 3 (Figure 4). Neither conformation I nor conformation II
are consistent with the 1H NMR data for bisketone 2 (vide
infra). The crystal structure of 2 (Figure 5) shows a lower
symmetry version of II (chiral conformation IIa, Figure 3),
which is consistent with the solution data as well (vide infra).


Conformers I and IIa should yield telling chemical shift
differences for the potentially exchanging resonances x (x�,
x™), and y (Figure 3; see also Figure 6 for the OCH2O and
ArCH2Ar parts of the 1H NMR spectra for compounds 1 ± 3).
The corresponding �� values are shown in Table 1. With the
exception of the ArH protons, the �� values for 3 and 4 range


Figure 2. Illustration of exchange in [6]cavitand 1: a) as seen from the
lower rim. b) Side view: only half of the molecule is shown for clarity; the
OCH2O protons are not labeled.


Scheme 1. Synthesis of lower rim derivatives of [6]cavitand 1: i) KMnO4,
60 �C, DMA, 39%; ii) LiAlH4, THF; H�/H2O, 32%; iii) acetic anhydride,
pyridine, 73%.


Figure 4. Two views (ORTEP plot at 50% probability) of the X-ray crystal
structure of the diol 3. The unit cell also contained six acetone molecules
and another, marginally different diol 3. Hydrogen atoms are omitted for
clarity. The diol oxygen atoms are O(13) and O(14).


Figure 3. Schematic drawings of the possible conformations of compounds 2 ± 4 (R�O, OH, OAc, respectively).
The numbers represent the six arenes. The letters x (x�, x��), and y stand for ArCH2Ar or OCH2O resonances
situated in similar (x�, x��) or different (x, y) chemical environments.
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Figure 5. Two views (ORTEP plot at 50% probability) of the X-ray crystal
structure of the bisketone 2. The unit cell also contained six [D6]DMSO
molecules and another, marginally different bisketone 2. Hydrogen atoms
are omitted for clarity. The ketone oxygen atoms are O(13) and O(14).


Figure 6. Parts of the 1H NMR spectra of a) [6]cavitand 1 in CDCl3,
b) bisketone 2 in CDCl3, c) diol 3 in [D6]acetone. The aromatic protons and
the methyl protons are not shown. All spectra were recorded at�10 �C. See
Figure 2 for labels of [6]cavitand 1. Labels for 2 are given in Figure 7. Labels
for 3 are given in Figure 9.


from 0.4 ± 1.7 ppm. Such large ranges arise from the markedly
different shielding effects in the ∫corner™ and ∫center™
positions in conformation I (∫major™ and ∫minor™ sets in
Figure 1; positions x and y in Figure 3). Similar �� ranges
were observed for the prototype [6]cavitand 1 (Table 1 and
Figure 2).[4] In contrast, the �� values for bisketone 2 are
much smaller, which means such pairs of protons must be in


very similar environments, indicating that bisketone 2 exists in
solution in conformation IIa.


Conformation of bisketone 2 : Computer modeling[10] supports
the conclusion that bisketone 2 exists in conformation IIa
(Figure 3). The steric energy difference between conformers
IIa and I was calculated to be 24 kcalmol�1. Conformer IIa is
more stable than conformer I likely because of increased
conjugation and reduced angle strain for the carbonyls. We
conducted a detailed analysis of the exchange pattern for
bisketone 2 by 1D NOESY (EXSY) experiments[6] (in CDCl3,
at �10 �C, at 400 MHz) to support the conformational
conclusions and to explore the dynamic properties of 2. In
conformation IIa, a diagonal pair of the four arenes (arenes 3
and 6, Figure 3) next to the carbonyl ligands is twisted towards
each other to almost parallel planes, which results in the
carbonyls being in rather ™feet∫-like positions (Figure 5). That
geometry reduces the symmetry, and as a result, the H5 and H7


protons each split into two interconverting resonances (H5� ,
H5�� and H7� , H7�� , see Figure 6). Irradiation of the H7�


resonance yields exchange at H7�� , and irradiation at H5� yields
exchange at H5�� (Figure 7). H5� and H5�� are both correlated by


Figure 7. Illustration of exchange in bisketone [6]cavitand 2 as seen from
the lower rim.


COSY to H9, but not to each other. The H9 protons should be
split in H9� and H9�� , but the resonances likely coincide.
Similarly, H7� and H7�� are both correlated by COSY to H4, but
not to each other; H4� and H4�� coincide. In conformation I, the
H9 and H4 protons would both be situated in two very
different positions (x and y in Figure 3), and coinciding
resonances are highly unlikely. A schematic drawing of the
interconversion of conformational enantiomers of bisketone 2
is shown in Figure 8. The activation barrier for this inter-


Table 1. 1H NMR (�10 �C, 400 MHz) chemical shift differences [ppm]
between exchanging resonances for 1 ± 4. Labeling for compounds 1 ± 4
refers to Figure 2, 7, and 9, respectively.


ArH OCH2O ArCH2Ar


1[a] exchanging sets H1,H2 H3,H7 H4,H6 H5,H10 H8,H9


�� [ppm] 0.05 1.64 1.45 1.33 0.48
2[a] exchanging sets H2� ,H2�� H7� ,H7�� H5� ,H5��


�� [ppm] 0.44 0.17 0.09
3[b] exchanging sets H1,H2�� H3,H7� H4� ,H6 H5,H10 H8,H9


�� [ppm] 0.21 1.68 1.40 0.42 0.61
4[b] exchanging sets H1,H2�� H3,H7� H4� ,H6 H5,H10 H8,H9


�� [ppm] 0.11 1.66 1.38 0.37 0.65


[a] In CDCl3. [b] In [D6]acetone.







FULL PAPER J. Sherman et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3720 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163720


Figure 8. Interconversion of conformational enantiomers of bisketone 2.
The numbers 1 to 6 represent the six arenes. Interconversion between the
aromatic para protons H2� and H2�� is shown as an example; the same is true
for the other exchanging resonances in 2 (H5�/H5�� and H7�/H7��).


conversion was determined by 1D NOESY (EXSY) experi-
ments[6] (at �10 �C, both in CDCl3 and [D6]acetone), and
found to be 14.8 kcalmol�1 (Table 2).


Characterization of the diol and bisacetate products 3 and 4 :
Computer modeling[10] suggests that diol 3 and bisacetate 4
exist in conformation I, which is in agreement with the crystal
structure. The difference in steric energy between conformers
I and IIa was calculated to be 10 kcalmol�1 for 3 and
11 kcalmol�1 for 4. The ™axial∫ diastereotopic position of the
hydroxy groups in diol 3 (Figure 9b) can be seen in the crystal
structure but was independently derived from the exchange
and NOE data.[11]


The chemical shift, exchange, and NOE pattern for
bisacetate 4 is identical to that observed for diol 3, which
implies that the compounds exist in the same conformation.
For both diol 3 and bisacetate 4, H4�� and H7�� do not manifest
any exchange, whereas the other acetal resonances (H3, H4� ,
H6, H7�) exchange with each other. The interconversion of diol
3 and bisacetate 4 is summarized in Figure 10. The activation
barriers for interconversion of identical conformers was
determined by 1D NOESY (EXSY) experiments[6] for 3 and
4 (at 5 �C, in [D6]acetone), and found to be 16.2 and
15.5 kcalmol�1, respectively (see Table 2). The free hydroxyl
groups of 3 lead to a fourfold reduction in rate compared to
that for 4.


Derivatization on the upper rim


[6]Cavitand 1 was derivatized on its upper rim by radical
bromination at the benzylic methyl groups to give 5 (24%)


Figure 9. Illustration of exchange in diol 3 (R�H) and bisacetate 4 (R�
Ac); conformation I is shown: a) as seen from the lower rim. b) side view:
only half of the molecule is shown for clarity; the OCH2O protons are not
labeled; the OR groups are in ™axial∫ positions.


Figure 10. Interconversion for diol 3 (R�H) and bisacetate 4 (R�Ac).
The numbers 1 to 6 represent the six arenes. Conformation I is shown
(Figure 3).


(Scheme 1). Yields were expected and found to be lower than
those reported for cavitands having the lower rim position
blocked from radical attack by the presence of ™feet∫. Indeed,
considerable selectivity is required to produce 5, where
bromination must occur at six ArCH3 groups, with no
bromination at six Ar2CH2 groups.[12]


Characterization of the bromination product 5: To acertain
that benzyl bromide 5 contains all bromines on the upper rim,
the 1H NMR spectrum of 5 was obtained at�9 �C in CDCl3 at
400 MHz (Figure 11). The 2:1 symmetry of [6]cavitand 1 is


Figure 11. Parts of the 1H NMR spectra of 5. Labels are given in Figure 12
and are based on the general labeling for [6]cavitand 1 in Figure 2.


retained. For instance, the ArCH2Ar protons appear as four
doublets, two of which correspond to 4H each, and two to 2H
each, the same ™major∫ and ™minor∫ set situation as in
[6]cavitand 1 (see Figure 12a for labeling). The two benzylic
methyl resonances of [6]cavitand 1 (12H and 6H) are not
present in 5, but are replaced by two sets of doublets of 4H


Table 2. Summary of activation barriers for interconversion of [6]cavit-
ands 1 ± 4 obtained by 1D NOESY (EXSY) experiments at different
temperatures at 400 MHz. The rate constants were obtained by initial rate
approximation;[6] errors for rate constants are �20%.


Compound T Solvent Irradiated k �G�
263


[�C] proton [s�1] [kcalmol�1][a]


1 � 10 CDCl3 H8 2.2 14.9
2 � 10 CDCl3 H2�� 3.0 14.8


� 10 [D6]acetone H2�� 2.9 14.8
3 � 10 [D6]acetone H1 0.14 16.3


5 [D6]acetone H1 1.0 16.2
26 [D6]acetone H1 6.5 16.4
26 MeOD H1 5.4 16.5


4 5 [D6]acetone H10 3.8 15.5
5 � 10 CDCl3 H3 1.7 15.0
8 � 10 CDCl3 H8 0.30 16.0


26 CDCl3 H9 10.0[b] 16.1
9 26 CDCl3 H12 6.6 16.4


[a]� 0.1 kcalmol�1. [b] Corrected for NMR-silent protons.
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Figure 12. a) Labeling of benzyl bromide 5 based on COSY and 1D
NOESY experiments; b) Schematic drawing of exchange of ArCH2X
protons in 5 (X�Br) and 9 (X� SAc).


each and one singlet of 4H: the benzyl bromide protons of the
former ™major∫ set of the benzyl methyls are diastereotopic
and split in two doublets that show a geminal correlation by
COSY experiments, whereas the ™minor∫ set ArCH2Br
protons (H12) are equivalent (enantiotopic). Irradiation of
the only accessible ArCH2Br resonance (the doublet for H13,
see Figure 11) yields equal responses at H11 and H12. The
exchange seen between diastereotopic protons demonstrates
that 5 interconverts much the same as does 1 (see Figure 2 and
Figure 12b). The activation barriers for [6]cavitands 5 and 1
are almost the same (Table 2).


Further derivatizations of benzyl bromide 5 : Benzyl bromide
[6]cavitand 5 was converted to benzylthiol 8 in 56% yield
using standard conditions.[13] No clear signal was observed in
the MALDI-MS of 8. To confirm the structure, 8 was
acetylated, resulting in benzylthioacetate 9. The MALDI
spectrum of 9 shows peaks at m/z 1356 and m/z 1372 for the
sodium and potassium adducts. Benzylthioacetate 9 shows the
same exchange pattern as benzyl bromide 5. For instance, the
two positions for the singlet ArCH2SAc resonance (H12)
exchange into either of the two doublet ArCH2SAc reso-
nances (H11 and H13). The activation barriers for benzylthiol 8
(measured exchange between H8 and H9) and benzylthio
acetate 9 are somewhat larger than those for benzyl bromide 5
and [6]cavitand 1, as measured by 1D NOESY.


All rate constants for the interconversion processes in 2 ± 9
are summarized in Table 2.[6] The similar energy barriers for
[6]cavitands 3 ± 9 indicate that the interconversion of identical
conformers (I) is not highly sensitive to derivatization at the
upper (ArCH3) or lower (ArCH2Ar) rims.


Conclusion


[6]Cavitand 1 was selectively derivatized on the upper and
lower rim and thus, the door is open to a large variety of
potential new supramolecular chemistry. Especially interest-
ing is the conformational control, for example, on going from
bisketone 2 to diol 3. Based on solution and solid-state data
we showed that diol 3 (conformation I) is very similar in shape
(the two sets of three arenes form two cavities that are ™bent∫
with respect to each other) to the parent molecule [6]cavitand
1.[4] In contrast, bisketone 2 (conformation IIa) is much less
bent, and may offer a conformational alternative for upper
and lower rim derivatizations of [6]cavitands. For example,
upper rim derivatives in conformation IIa could lead to


capsular dimers, while derivatives in conformation Imay form
trimers or higher oligomers. Conformation IIa versions of
benzylthiol 8 might be good candidates for template assem-
bled synthetic proteins (TASP).[14, 15] Alternatively, the two
hydroxy groups of diol 3 could be used to form water-soluble
[6]cavitands, or the lower rim could be used to form well-
defined linkages: The problem with common [4]cavitands
substituted in the lower rim (having conformationally mobile
™feet∫ such as the hydroxypropyl group) is the reduced
influence of the cavitand to preorganize the self-assembly of
the lower rim functional groups.[16, 17] The two hydroxy groups
on 3 are conformationally immobile, and the formation of
intramolecular complexes should be easily avoided by judi-
cious choice of linkers. It will be interesting to see the effect of
conformational interconversion on future designs of higher
complexity.


Experimental Section


General : All chemicals were reagent grade and were not specially dried
before use, except THF, which was dried over Na and freshly distilled
before use. Matrix-assisted laser desorption ionization (MALDI) mass
spectra were recorded on a VG Tofspec in reflectron mode; the matrix was
p-nitroaniline. Liquid secondary ionization mass spectra (LSIMS) were
submitted to the mass spectrometry service laboratory at the chemistry
department and were run on a Kratos Concept IIH32. 1H NMR spectra
were recorded on a Bruker Avance 400 MHz or a Bruker AVA 500 MHz
spectrometer using the residual 1H of the deuterated solvent as a reference.
Column chromatography was performed using silicycle 230 ± 400 mesh
silica gel. Silica gel glass-backed analytical plates (0.2 mm, Aldrich) were
used for thin layer chromatography, with UV detection.


Analysis of 1D NOESY spectra : One-dimensional 1D NOESY (EXSY)
NMR spectra were recorded on a Bruker AVA 400 MHz spectrometer at
different temperatures. The pulse sequence used was selnogp.2 (avance-
version-00/02/07), a 1D NOESY that uses selective refocussing with a
shaped pulse. Dipolar coupling may be due to NOE or chemical
exchange.[6]


Synthesis of bisketone [6]cavitand 2 : KMnO4 (4.0 g, 25.3 mmol) was added
to a mixture of [6]cavitand 1 (4.0 g, 4.5 mmol) in DMA (300 mL). The clear
solution was stirred overnight at ambient temperature. The reaction
mixture was filtered, and the brown precipitate was rinsed thoroughly with
DMA. The combined DMA fractions were evaporated to dryness under
reduced pressure. The dark residue was taken up in acetone, and
precipitated starting material was removed by filtration. The filtrate was
evaporated to dryness, and the resulting crude product was dissolved in
CHCl3 and purified by column chromatography using the same solvent as
eluent. The remaining starting material eluted first, after that 2 was
obtained as a white powder after removal of the chloroform (1.6 g, 39%
yield). Also, a significant amount of starting material was obtained (1.5 g,
38% yield). An alternative synthesis is to stir the 1/KMnO4 mixture for 2 h
at 60 �C. Similar yields were obtained. 1H NMR (400 MHz, CDCl3,
�10 �C): �� 8.09 (s, 2H; ArH; H2�), 7.65 (s, 2H; ArH; H2��), 7.19 (s, 2H;
ArH; H1), 5.99 (m, 4H; OCH2O; H4), 5.08 (d, 2J(H,H)� 4.7 Hz, 2H;
OCH2O; H3), 5.02 (d, 2J(H,H)� 4.7 Hz, 2H; OCH2O; H6), 4.59 (d,
2J(H,H)� 6.8 Hz, 2H; OCH2O; H7�), 4.52 (d, 2J(H,H)� 12.4 Hz, 2H;
ArCH2Ar; H5�), 4.43 (d, 2J(H,H)� 12.4 Hz, 2H; ArCH2Ar; H5��), 4.42 (s
(br), 2H; OCH2O; H7��), 3.46 (d, 2J(H,H)� 12.3 Hz, 4H; ArCH2Ar; H9),
2.11 (s, 6H; ArCH3), 2.05 (s, 6H; ArCH3), 1.99 (s, 6H; ArCH3); HRMS
(�LSIMS, 3-NBA): 917.28136, Dev: 0.47 ppm, 54 (12C), 45 (1H), 14 (16O).


Synthesis of diol [6]cavitand 3 : Bisketone 2 (0.50 g, 0.54 mmol) was
dissolved in freshly distilled THF (50 mL), and excess LiAlH4 (0.1 g,
2.6 mmol) was added carefully. The suspension was stirred for two hours at
ambient temperature. The reaction was quenched by addition of H2O, and
the THF was removed under reduced pressure. The reaction mixture was
acidified (dilute HCl), and extracted with CHCl3 and in a second step with
ethyl acetate. The organic phases were combined, dried, and the solvents
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were removed under reduced pressure. The remaining solid was purified by
column chromatography using an eluent mixture of CH2Cl2/CH3OH�
98.5:1.5 (v/v). The first eluting product was not fully characterized and is
presumed to be an epimer of 3 (OH in axial and equatorial positions)
according to its mass spectrum and the fact that it shows six resonances for
the para ArH protons (0.31 g, 62% yield), followed by 3 (0.16 g, 32%
yield). Diol 3 can also be obtained directly from [6]cavitand 1 by treating
the crude oxidation-step mixture with LiAlH4. The epimeric product of 3
can be oxidized to bisketone 2 (KMnO4, DMA). 1H NMR (400 MHz,
[D6]acetone,�10 �C): �� 7.90 (s, 2H; ArH; H1), 7.70 (s, 2H; ArH; H2�), 7.69
(s, 2H; ArH; H2��), 6.47 (d, 2J(H,H)� 3.2 Hz, 2H; ArCH(OH)Ar), 6.01 (d,
2J(H,H)� 7.60 Hz, 2H; OCH2O; H3), 5.89 (dd, 4H; OCH2O; H4�, H4��), 5.25
(d, 2J(H,H)� 3.3 Hz, 2H; OH), 4.49 (d, 2J(H,H)� 7.5 Hz, 2H; OCH2O;
H6), 4.42 (d, 2J(H,H)� 11.6 Hz, 2H; ArCH2Ar; H8), 4.33 (d, 2J(H,H)�
7.4 Hz, 2H; OCH2O; H7�), 4.26 (d, 2J(H,H)� 7.1 Hz, 2H; OCH2O; H7��),
3.81 (dd, 4H; ArCH2Ar; H9, H5), 3.39 (d, 2J(H,H)� 11.9 Hz, 2H;
ArCH2Ar; H10), 2.04 (s, 12H; ArCH3), 2.03 (s, 6H; ArCH3); MALDI-
MS: 943 [M ¥Na�], calcd: 943.3; 959 [M ¥K�], calcd: 959.3.
HRMS (�LSIMS, 3-NBA): 920.30398, Dev: �0.47 ppm, 54 (12C), 48 (1H),
14 (16O).


Synthesis of bisacetate [6]cavitand 4 : A sample of 3 (100 mg, 0.11 mmol)
was dissolved in pyridine/acetic anhydride (1:1 (v:v; 20 mL)). The reaction
mixture was stirred at ambient temperature overnight. The liquids were
removed under reduced pressure, and the residue was dissolved in CHCl3,
and purified by column chromatography using chloroform as the eluent to
yield 4 as a white powder (80 mg, 73% yield). 1H NMR (400 MHz,
[D6]acetone, 5 �C): �� 7.72 (s, 2H; ArH; H2�), 7.67 (s, 2H; ArH; H1), 7.56 (s,
2H; ArH; H2��), 7.41 (s, 2H; ArCH(OAc)Ar), 6.02 (d(br), 2H; OCH2O;
H3), 5.94 (d, 2J(H,H)� 7.4 Hz, 2H; OCH2O; H4��), 5.91 (d, 2J(H,H)�
7.4 Hz), 2H; OCH2O; H4�), 4.53 (d(br), 2H; OCH2O; H6), 4.45 (d,
2J(H,H)� 11.9 Hz, 2H; ArCH2Ar; H8), 4.36 (d, 2H; OCH2O; H7�), 4.33
(d, 2J(H,H)� 7.3 Hz, 2H; OCH2O; H7��), 3.80 (dd, 2J(H,H)� 12.5 Hz,
12.7 Hz, 4H; ArCH2Ar; H5, H9), 3.43 (d, 2J(H,H)� 12.5 Hz, 2H; ArCH2-


Ar; H10), 2.33 (s, 6H; C(O)CH3), 2.00 (s, 6H; ArCH3), 1.98 (s, 12H;
ArCH3); MALDI-MS: 1003 [M�], calcd: 1004.3; 1042 [M ¥K�], calcd:
1043.3.


Synthesis of benzylbromide [6]cavitand 5 : [6]Cavitand 1 (1.00 g,
1.12 mmol) and N-bromosuccinimide (NBS; 1.27 g, 7.14 mmol) were added
to CCl4 (300 mL), and the mixture was stirred for 30 min at room
temperature before a spatula tip of 2,2�-azobis-(2-methylpropionitrile) was
added. The flask was irradiated for 15 h (desk lamp, 100 W, ca. 40 cm
distance to flask). The solvent was removed under reduced pressure, and
chloroform (50 mL) was added. This reaction mixture was purified by
column chromatography using chloroform as the eluent. The fractions
containing the main product (less polar than [6]cavitand) were combined
and precipitated by hexanes to yield [6]cavitand benzyl bromide 5 as a
white powder after filtration (0.36 g, 23.5% yield). 1H NMR (500 MHz,
CDCl3, �23 �C): �� 7.32 (s, 2H; ArH; H1), 7.29 (s, 4H; ArH; H2), 6.11 (d,
2J(H,H)� 7.3 Hz, 2H, OCH2O; H3), 5.99 (d, 2J(H,H)� 7.1 Hz, 4H,
OCH2O; H4), 4.70 (d, 2J(H,H)� 7.7 Hz, 4H, OCH2O; H7), 4.60 (d,
2J(H,H)� 7.3 Hz, 2H, OCH2O; H6), 4.57 (d, 2J(H,H)� 9.0 Hz, 4H,
ArCH2Br; H11), 4.51 (d, 4H, ArCH2Ar; H5), 4.50 (s, 4H, ArCH2Br; H12),
4.41 (d, 2J(H,H)� 8.9 Hz, 4H, ArCH2Br; H13), 4.01 (d, 2J(H,H)� 13.2 Hz,
2H, ArCH2Ar; H8), 3.34 (d, 2J(H,H)� 12.3 Hz, 4H, ArCH2Ar; H9), 3.14
(d, 2J(H,H)� 13.2 Hz, 2H, ArCH2Ar; H10). MALDI-MS: 1281 ([��], 5Br,
1H); other peaks at about half intensity are at 1199 (4Br, 2H), and 1361
(6Br), calcd. 1361.8.


Synthesis of benzylthiol and benzylthioacetate [6]cavitands 8 and 9


[6]Cavitand benzylthiol 8 : A sample of 5 (290 mg, 0.21 mmol) was
dissolved in degassed DMF (25 mL). Thiourea was added in excess
(220 mg, 2.9 mmol), and the reaction mixture was stirred at ambient
temperature under reduced pressure (0.01 mm) for 2 h. A degassed
aqueous 2 � NaOH solution (25 mL) was added to the reaction flask,
and the reaction mixture was stirred under reduced pressure (ca. 1 mm) for
30 min. The reaction contents were poured into a degassed aqueous acetic
acid solution (5vol%; 200 mL). The mixture was extracted with chloroform
three times, and the organic phases were dried and evaporated under
reduced pressure. The residue was taken up in chloroform, and subjected to
column chromatography using chloroform as the eluent to yield 8 as a white
powder after precipitation from hexanes (130 mg, 56% yield). 1H NMR
(500 MHz, CDCl3, 27 �C): �� 7.29 (s, 2H; ArH; H1), 7.22 (s, 4H; ArH; H2),


6.02 (d, 2J(H,H)� 7.3 Hz, 2H; OCH2O; H3), 5.95 (d, 2J(H,H)� 6.9 Hz, 4H;
OCH2O; H4), 4.59 (m, 6H; OCH2O; H7,6), 4.53 (d, 2J(H,H)� 11.8 Hz, 4H;
ArCH2Ar; H5), 3.97 (d, 2J(H,H)� 12.8 Hz, 2H; ArCH2Ar; H8), 3.68 ± 3.59
(m, 12H; ArCH2SH), 3.33 (d, 2J(H,H)� 12.2 Hz, 4H; ArCH2Ar; H9), 3.14
(d, 2J(H,H)� 12.4 Hz, 2H; ArCH2Ar; H10), 1.89 (m, 4H; ArCH2SH), 1.61
(m, 2H; ArCH2SH).


[6]Cavitand benzylthioacetate 9 : A small sample of benzylthiol 8 (10 mg)
was acetylated by stirring it in pyridine/acetic anhydride solution (5 mL of a
1:1 (v:v) solution) at ambient temperature for 12 h. The solvent was
evaporated, and the residue was dissolved in CHCl3 and filtered through a
silica gel pad to yield 9 (6 mg; 41% yield). 1H NMR (400 MHz, CDCl3,
26 �C): �� 7.24 (m, 2H; ArH; H1), 7.20 (s, 4H; ArH; H2), 5.97 (d (br),
2J(H,H)� 7.3 Hz, 2H; OCH2O; H3), 5.86 (d, 2J(H,H)� 7.5 Hz, 4H;
OCH2O; H4), 4.50 (m, 6H; OCH2O; H7,6), 4.28 (m, 8H; ArCH2SAc,
ArCH2Ar; H11, H5), 4.09 (s, 4H; ArCH2SAc; H12), 3.91 (m, 6H;
ArCH2SAc, ArCH2Ar; H13, H8), 3.30 (m, 4H; ArCH2Ar; H9), 3.09 (m,
2H; ArCH2Ar; H10), 2.29 (s, 18H; C(O)CH3); MALDI-MS: 1356 [M ¥
Na�], calcd: 1355.2; 1372 [M ¥ K�], calcd: 1371.2.


X-ray crystallography : A clear prism-shaped crystal of bisketone 2
(obtained by slow evaporation of [D6]DMSO), with dimensions of 0.40�
0.30� 0.30 mm, was mounted on a glass fiber and placed on a Rigaku/
ADSC CCD diffractometer under a �100(1) �C nitrogen stream. Data
were collected in 0.50� oscillations with 47.0 s exposures out to a maximum
2� value of 50.1� using MoK� radiation (�� 0.71069 ä). Data collection was
carried out in two scan sets; the first using� oscillations between�17.0 and
23.0�, the second using � oscillations between 0.0 and 190.0�. Each scan set
was carried out at ���90.0�, with the detector swing angle at�5.59� and a
crystal-to-detector distance of 38.45 mm. The unit cell was found to be
primitive monoclinic, with cell dimensions of a� 15.9811(6), b�
20.6386(8), and c� 33.842(1) ä, �� 96.47(2)�, and V� 11090.9(7) ä3. The
collected data (71788 reflections in total) were processed and corrected for
absorption and Lorentz and polarization effects using the d*TREK
program[18] (�� 0.21mm�1, Tmax� 0.939, Tmin� 0.920). The space group
was determined to be P21/n on the basis of systematic absences. The
structure was solved by direct methods[19] and expanded using Fourier
techniques.[20] The material crystallizes with two molecules in the asym-
metric unit. In addition there are six DMSO solvent molecules in the
asymmetric unit. The calculated density is 1.38 gcm�3. Refinements were
carried out against �F 2 � using SHELXL97.[21] All non-hydrogen atoms
were refined anisotropically, while hydrogen atoms were included in
calculated positions but were not refined. The final residuals are: R1�
0.054 (12028 reflections with I� 2�(I), 1513 parameters), wR2� 0.146
(using all 19457 reflections, 1513 parameters), with minimum and
maximum residual electron density peaks of �0.67 and 0.67 e�ä�3,
respectively.


A clear chip shaped crystal of diol 3 (obtained by slow evaporation of
acetone), with dimensions of 0.50� 0.50� 0.20 mm, was mounted on a
glass fiber and placed on a Rigaku/ADSC CCD diffractometer under a
�100(1) �C nitrogen stream. Data were collected in 0.50� oscillations with
176.0 second exposures out to a maximum 2� value of 46.5� using MoK�


radiation (�� 0.71069 ä). Data collection was carried out in two scan sets;
the first using � oscillations between �17.0 and 23.0�, the second using �
oscillations between 0.0 and 190.0�. Each scan set was carried out at ��
�90.0�, with the detector swing angle at �5.65� and a crystal-to-detector
distance of 38.14 mm. The unit cell was found to be primitive monoclinic,
with cell dimensions of a� 26.900(3), b� 16.053(1), c� 28.235(2) ä, ��
100.98(1)�, and V� 11980(2) ä3. The collected data (66042 reflections in
total) were processed and corrected for absorption and Lorentz and
polarization effects using the d*TREK program[18] (�� 0.09mm�1, Tmax�
0.983, Tmin� 0.957). The space group was determined to be P21/a on the
basis of systematic absences. The structure was solved by direct methods[19]


and expanded using Fourier techniques.[20] The material crystallizes with
two molecules in the asymmetric unit. In addition there are six acetone
solvent molecules in the asymmetric unit. The calculated density is 1.21
gcm�3. Refinements were carried out against �F 2 � using SHELXL97.[21] All
non-hydrogen atoms except those of the solvent molecules were refined
anisotropically, while hydrogen atoms were included in calculated positions
but were not refined. The final residuals are: R1� 0.156 (8579 reflections
with I� 2�(I), 1355 parameters), wR2� 0.403 (using all 16872 reflections,
1355 parameters), with minimum and maximum residual electron density
peaks of �0.59 and 0.98 e�ä�3, respectively. The cavitand molecules
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appear to be mildly disordered with respect to the position of their
respective hydroxy groups. In the case of both cavitand molecules electron
density in geometries consistent with C-O single bonds was found in
positions x� and x��, as described in Figure 3. No significant residual electron
density was found in position y, which is the conformation found for
bisketone 2. The major and minor disordered OH fragments were refined
with anisotropic and isotropic thermal parameters, respectively. Final
occupancies were refined to roughly 0.85 and 0.15 for the major and minor
fragments. While the final residuals are rather large, this is likely a result of
the large quantity of light-atom solvent molecules in the asymmetric unit
and the disordered nature of the two cavitand molecules which, taken
together, likely diminish the scattering ability of the crystal. CCDC-182302
(2) and CCDC-182303 (3) contain the supplementary crystallographic data
(excluding structure factors) for the structures reported in this paper. These
data can be can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).
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Abstract: A variety of heterogeneous
catalysts for the radical chain oxidation
of cyclohexane has been prepared by
immobilization of the well-defined co-
balt acetate oligomers [py3Co3(�3-
O)(OH)(O2CCH3)5](PF6) (1) and [py4
Co2(OH)2(O2CCH3)3](PF6) (2) on car-
boxy-modified mesoporous silica sup-
ports A ±D by carboxylate exchange.
The catalytic oxidation of cyclohexane
with tert-butyl hydroperoxide (TBHP)


in the presence of these homogeneous
and immobilized cobalt acetate com-
plexes afforded the corresponding alco-
hol and ketone in high yield. The
immobilization of 1 and 2 results in a


significant increase of catalytic activity.
TBHP acts as a radical initiator and as
source of molecular oxygen, which is
also involved in the overall oxidation
process. The rate of cyclohexane con-
version is limited by the diffusion of
molecular oxygen, and steady-state con-
centrations of cyclohexanone (K, ke-
tone) and cyclohexanol (A, alcohol) are
established; these determine the max-
imum K:A ratio.


Keywords: carboxylate ligands ¥
cobalt ¥ heterogeneous catalysis ¥
immobilization ¥ oxidation ¥
mesoporous materials


Introduction


The aerobic oxidation of cyclohexane to a mixture of cyclo-
hexanol and cyclohexanone (the so-called K ±A oil), under
mild conditions is of great industrial significance, since these
two products are intermediates in the manufacture of nylon-6
and nylon-6,6.[1] The worldwide production of cyclohexanol
and cyclohexanone exceeds 106 tonnesperyear. Industrially,
cyclohexane is oxidized at 398 ± 438 K and 8 ± 15 bar air to
give an initial mixture of alcohol, ketone, and the intermedi-
ate cyclohexylhydroperoxide (CHHP), which is decomposed
either directly or in a separate step to yield additional ketone
and alcohol.[2] Cobalt carboxylate complexes are the most
widely employed homogeneous catalysts to achieve these
transformations. However, the application of these homoge-
neous catalysts is restricted by their generally short lifetime.
The role of cobalt acetate as catalyst in the catalytic process
has been studied intensely,[3] and it is now well-established
that ™cobalt(���) acetate∫ consists of various combinations of
monomers, dimers, trimers, and mixed-valence trimers.[4]


However, the well-defined oligomers [py3Co3(�3-O)(OH)-
(O2CCH3)5](PF6) (1) and [py4Co2(OH)2(O2CCH3)3](PF6) (2)
have been isolated in high yields from cobalt acetate solutions
in the presence of pyridine (py).[5]


It is equally well-established that the autoxidation of
cyclohexane proceeds by free-radical pathways (Scheme 1).
However, the high degree of complexity of these reactions is
very challenging, and (predictive) chemical models of the
overall oxidation process are evolving only slowly.[6]


Scheme 1. Radical chain oxidation of cyclohexane.


Conversions in the industrial process have to be limited to a
maximum of below 10%, to avoid overoxidation to other,
unwanted products, since the desired products, cyclohexanol
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and cyclohexanone, are more
readily oxidized than cyclohex-
ane itself. Another drawback of
the industrial process is the fact
that the cyclohexanol produced
has to be subsequently convert-
ed into the desired product
cyclohexanone, which repre-
sents an additional step. Thus,
an increase of the ketone:alco-
hol ratio (K:A), which is gen-
erally close to 1 in the industrial
production, would mean a sig-
nificant improvement of the
overall process.
In a preceding study, it was


demonstrated that the immobi-
lization of the well-defined tri-
nuclear cobalt acetate 1 inside
the channels of the hexagonal
mesoporous support MCM-41,
which had been functionalized
with carboxylic acid surface
grafts, results in a durable and
selective catalyst 1A for the
oxidation of cyclohexane (Scheme 2).[7] Moreover, this im-
mobilized catalyst exhibited a high selectivity for cyclohex-
anone in a catalytic system which employed tert-butyl hydro-
peroxide (TBHP) as a sacrificial oxidant and no solvents other
than the substrate cyclohexane. The use of 1 had been
prompted by the observation that this cobalt acetate oligomer
had shown promising selectivities in the catalytic oxidation of
adamantane.[8] However, the catalytic behavior of the homo-
geneous complex 1 and of other cobalt acetate oligomers in
the cyclohexane/TBHP system has not been reported so far.
Therefore, we present herein the results of our study on the
performance of the homogeneous cobalt acetate oligomers 1
and 2 in comparison to their respective immobilized ana-
logues on a variety of carboxylate-modified silica supports.
In the preceding study,[7] the functionalization of the


support surface was effected by derivatizing previously
grafted 3-bromopropylsilane
tethers with glycine. However,
the low efficiency of the reac-
tion between the amine part of
the glycine and the bromoalkyl
group limited the degree of
glycine derivatization and,
hence, the loading of the modi-
fied support with the catalyst
complex. The target of the
present study was to overcome
this limitation by developing
new, more efficient pathways
of derivatizing MCM-41 with
carboxylic acid grafts and,
thereby, to achieve a higher
loading of the support with the
oligonuclear cobalt acetate


complex. Moreover, we wished to study the influence of the
nature of the immobilized cobalt acetate complex and to gain
a deeper insight into the solvent-free cyclohexane/TBHP
system in an attempt to optimize the achievable K:A ratio.


Results and Discussion


Our first approach towards the synthesis of a carboxy-
functionalized mesoporous support comprised the acid-cata-
lyzed hydrolysis of 3-cyanopropyl-grafted siliceous MCM-41
(3), which had been obtained from a reaction of the mesopore
with 3-(trichlorosilyl)butyronitrile (Scheme 3). The grafted
compound 3 was converted into the carboxylate derivative B
by treatment with aqueous sulfuric acid at 150 �C in an
analogous manner to a reported procedure for functionalizing


Scheme 2. Immobilization of oligonuclear cobalt acetate complexes on carboxy-functionalized MCM-41.


Scheme 3. Preparation of novel carboxy-functionalized MCM-41 derivatives.
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a cyanoalkyl-modified silica surface with carboxylic acid
groups.[9] However, the harsh conditions of the hydrolysis step
resulted in a partial collapse of the mesoporous support
during the synthesis of B. This mesopore collapse manifested
itself in a reduction of the BET surface area Atot from 975 to
690 m2g�1, and in a reduction of the average pore diameter
Dav from 24 to 22 ä, as determined before and after
hydrolysis, respectively. An alternative, a more gentle ap-
proach for functionalizing the mesopore surface with carbox-
ylic acid grafts is represented by the reaction of MCM-41 with
the linker 4, which afforded the modified supportD. Linker 4,
which itself is accessible through the ring-opening aminolysis
of glutaric anhydride by 3-aminopropyltrimethoxysilane,[10]


cannot be stored indefinitely because it undergoes slow
polymerization as a result of carboxylic acid attack at the
trialkoxysilane terminus. Therefore, it has to be freshly
prepared before the immobilization step. An analogous
reaction of glutaric anhydride with 3-(methylamino)propyl-
trimethoxysilane afforded the�-methyl derivative 5, which in
turn was grafted onto MCM-41 to give support C. The
kinetically controlled protection of the silanol groups on the
external surface of MCM-41 with an equivalent quantity of
dichlorodimethylsilane[7] guaranteed the location of the sub-
sequently introduced carboxylic acid grafts inside the meso-
porous channels in all of the novel modified supports.
Moreover, any residual silanol groups on the surface of the
carboxy-derivatized mesoporous supports B and C were
protected by reaction with excess dimethoxydimethylsilane.
However, in case of derivative D, the residual silanol groups
and the amide proton were left unprotected for an assessment
of the influence of these weakly acidic sites on the course of
the catalytic reaction.
For the immobilization of the cobalt acetate oligomers 1


and 2 on the carboxylate-modified supports, we utilized the
tendency of the bridging acetate ligands in these complexes to
undergo exchange reactions with other carboxylic acids (see
Scheme 2).[5b] However, an irreversible anchoring of 1 and 2
by a partial ligand exchange with surface-tethered carboxy
groups requires the removal of the released acetic acid from
the equilibrium. The immobilization was, thus, carried out by
stirring the respective cobalt acetate complex with an excess
of the carboxy-functionalized support in boiling CHCl3, while
the released acetic acid was trapped in the gas phase by
passing the reflux through a Soxhlet thimble filled with
anhydrous Na2CO3. Any residual, physically adsorbed cobalt
acetate was subsequently removed by Soxhlet extraction of
the as-prepared material with CH2Cl2. The application of this
procedure on all possible permutations of cobalt acetate
complexes and carboxy-functionalized supports afforded the
series 1B ±D of immobilized trinuclear complex 1 and the
series 2B ±D of immobilized dinuclear complex 2 (Scheme 2).
Under identical reaction conditions, the extent of cobalt
acetate incorporation, expressed by the Co content deter-
mined by X-ray fluorescence (XRF) analysis, spanned the
range between 0.237 and 0.925 wt% for 2C and 1B, respec-
tively. Hence, the loadings achieved by this immobilization
procedure generally exceed the Co content of 0.189 wt%
determined for a sample of 1A that was prepared in
accordance with the previously reported procedure.


The homogeneous cobalt acetate oligomers 1 and 2, and all
immobilized catalysts 1A ± 1D and 2B ± 2Dwere subjected to
catalytic cyclohexane oxidation tests in the presence of TBHP
under conditions similar to those of the original report. In
agreement with the reported behavior for the catalytic system
involving 1A, cyclohexanone, after an initial phase of
predominant production of cyclohexanol, represents the
principle product in all systems studied. A comparison of
the catalytic runs with either the homogeneous complexes 1, 2,
or the immobilized catalyst 1B (performed in the presence of
equimolar quantities of Co), reveals some significant differ-
ences in the catalytic performance (Figure 1). Both homoge-


Figure 1. Comparison of the course of the catalytic oxidation of cyclo-
hexane with TBHP in presence of cobalt acetate oligomers 1 and 2 and
immobilized catalyst 1B, respectively. A quantity of 2.6 mmolL�1 of Co was
present in all reactions.


neous cobalt acetate catalysts exhibit inferior activities under
the conditions applied, as indicated by the lower rate of
ketone and alcohol formation relative to the immobilized
counterpart 1B. Furthermore, this reduced ability of the
homogeneous catalysts to catalyze the decomposition of
peroxide intermediates leads to relatively higher concentra-
tion of CHHP, which represents the main product in the
reaction mixture of both 1 and 2 at runtimes under 2200 and
1200 min, respectively. The higher activity of the immobilized
catalyst 1B may be explained by the high dispersion of
complex 1 on the support surface, while the low solubility of 1
and 2 in the reaction medium might prevent a complete
dissolution of the homogeneous complexes under the reaction
conditions employed.
An accurate monitoring of the TBHP concentration


revealed that all catalytic systems underwent an initial phase
of rapid TBHP decomposition, accompanied by vigorous
evolution of molecular oxygen, which in some cases resulted
in the complete consumption of TBHP and termination of the
catalytic cyclohexane conversion. This initial TBHP decom-
position activity decreased rapidly within the first hour.
Addition of neat TBHP after that time did result in further
hydroperoxide decomposition, but not at the initial rate. A
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simple concentration dependence of the TBHP decomposi-
tion rate must therefore be excluded, while a change in the
activity pattern resulting from a structural change of the
catalyst complex is a more likely explanation. Hints for such
structural changes were found in an in situ EXAFS study on
1A in the active state.[7] A modification of the experimental
procedure by direct addition of half of the oxidant at the start,
followed by the gradual addition of the second half during the
first hour of the catalytic experiment left a sufficient concen-
tration of TBHP at the end of the initial phase of rapid
decomposition to guarantee further cyclohexane conversion.
The decomposition of large amounts of TBHP under


formation of molecular oxygen does not represent an
unproductive loss of the oxidant. Volumetric monitoring of
the released gas revealed that the amount of dioxygen reaches
a maximum shortly after the end of the initial TBHP
decomposition phase after �150 min. Subsequently, it is
consumed again in the course of the catalytic cyclohexane
oxidation. The formation, as well as consumption, of dioxygen
is indicative of a catalytic system that proceeds via free-radical
chains, which originate from a Haber ±Weiss hydroperoxide
decomposition cycle[11] (Scheme 1, Eqs. (1) and (2)) and
partially terminate in Russell recombination steps[12]


(Scheme 1, Eq. (7)). This underlying mechanism also explains
the formation of the detected monooxygenated products
CHHP, cyclohexanol, cyclohexanone, and of the coupling
products tert-butylcyclohexylperether (TBCP) and tert-butyl
peroxide (TBP), while the detected adipic acid (AA) repre-
sents the principal product of overoxidation.[2, 3] The typical
variation of the concentrations of these compounds during the
course of the catalytic reaction, exemplified by a reaction that
employed catalyst 1B, is represented in Figure 2.


Figure 2. Course of the oxidation of cyclohexane with TBHP in the
presence of immobilized catalyst 1B. The amount of released molecular
oxygen is given with respect to the liquid volume of the reaction mixture to
facilitate comparison.


The initially high rate of cyclohexanol formation decreases
in all systems investigated until the cyclohexanol concentra-
tion reaches a steady-state level of 160� 5 mmolL�1. The
steady-state nature of this limiting concentration has been


confirmed in a separate experiment by the addition of excess
cyclohexanol to a catalytic run involving catalyst 1B. Con-
sequently, the system responded by a relaxation of the
elevated alcohol concentration towards the original steady-
state value (Figure 3a), thereby indicating the consumption of


Figure 3. a) Response of the catalytic system with catalyst 1B to the
addition of an excess of cyclohexanol at t� 300 min. b) Response of the
same system to the addition of an excess of cyclohexanone at t� 100 min.
Dashed lines represent the behavior of the undisturbed system.


cyclohexanol in subsequent oxidation steps. The CHHP and
TBP concentrations adopt similar steady-states in all catalytic
systems within the first 500 min of the catalytic reaction. The
cyclohexanone concentration increases steadily in all systems
during the course of the reaction, thereby resulting in a
continuous rise of the K:A ratio with increasing runtime, until
the cyclohexanone concentration approaches a steady-state
level near 500 mmolL�1. Yet, this steady-state of cyclohex-
anone concentration is never fully established under the
applied standard conditions since the near-complete con-
sumption of the oxidants TBHP and molecular oxygen at
extended reaction times results in a general decrease in the
rate of reaction.
An artificial increase in the cyclohexanone concentration


well above its steady-state level by addition of a surplus of
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cyclohexanone at the beginning of the catalytic reaction
resulted in a decrease from this elevated level because of the
increased efficiency of substrate-dependent overoxidation
processes (Figure 3b). However, the rate of this decrease
towards the steady-state level is significantly lower than the
respective rate for cyclohexanol. This difference in rates of
oxidation is one of the causes of the increasing K:A ratio in
the catalytic system studied. An additional contribution to the
predominance of cyclohexanone over cyclohexanol in the
TBHP-promoted oxidation of cyclohexane derives from the
lack of an �-proton in tBuOO. , which will favor the decay
under formation of cyclohexanone in a mixed Russell
termination between this radical and c-C6H11OO


. (Scheme 4).


Scheme 4. Mixed Russell termination step between tBuOO. and
c-C6H11OO


. .


The independence of the steady-state concentrations of
cyclohexanol and cyclohexanone on the catalyst concentra-
tion was also revealed in a series of experiments that used the
catalyst 1B at various concentrations (Figure 4). The exis-
tence of steady-state concentrations of both cyclohexanol and
cyclohexanone limits the theoretically achievable K:A ratio in
the system under consideration. Moreover, this limiting K:A
value can be approached only at the price of a decreased
selectivity for monooxygenated products, since allowing the
system to proceed to a conversion of �15% results in a
considerable degree of overoxidation under predominant
formation of adipic acid (Table 1). Trace amounts of 6-hy-
droxycaproic, glutaric, succinic, and valeric acids were also
detected in the reaction mixture as a result of further


Figure 4. Time-dependence of the concentrations of cyclohexanone (solid
lines) and cyclohexanol (dashed lines) in the course of the catalytic
oxidation of cyclohexane in presence of different amounts of immobilized
catalyst 1B.


overoxidation processes. The gradually increasing concentra-
tion of carboxylic acids in the reaction mixture may also
explain the observed leaching of the cobalt acetate complexes
from the supports at extended reaction times (Table 1), since
these acids are able to replace the carboxylate tethers of the
immobilized complexes, thereby reversing the original im-
mobilization procedure.
The initial rate of the catalytic cyclohexane conversion that


used the immobilized catalysts 1A ± 1D and 2B ± 2D, ex-
pressed in terms of the respective cyclohexane conversion at a
runtime of 100 min[13] and under consideration of blank
effects, exhibits a linear dependence with respect to cobalt
loading (Figure 5). An influence of the nature of the various
immobilized cobalt acetate complexes, supports, or tethers on
the course of the catalytic reaction was not noticed, even at
this early stage. Moreover, even the early correlation with the
Co concentration will be obscured when the catalytic system
evolves towards its equilibrium state. Therefore, any compar-
ison of the catalytic performance after the early stage of the
catalysis in terms of turnover numbers is meaningless.


Table 1. Oxidation of cyclohexane with TBHP catalyzed by cobaltic acetate oligomers.[a]


t� 100 min t� 4000 min
Cat [Co] [K] [A] [CHHP] [TBCP] Conv.[b] [K] [A] [CHHP] [TBCP] [AA] K/A Smono[c] Conv.[b] Leach.[d]


no. [m�] [m�] [m�] [m�] [m�] [mol%] [m�] [m�] [m�] [m�] [m�] [%] [%] [%]


±[e] 0 12 18 52 1 1.51 49 36 159 4 3 1.36 98.81 4.55 ±
1 2.59 24 38 72 5 2.65 316 111 137 14 62 2.85 90.31 12.21 ±
2 2.6 10 14 70 1 1.81 301 104 171 15 53 2.89 91.77 12.32 ±


1A 0.32 24 37 74 3 2.47 474 136 108 29 111 3.49 87.06 15.13 0.08
1B 1.58 147 131 44 17 6.25 497 128 80 23 108 3.89 87.08 15.42 0.98
1C 1.15 141 121 47 15 5.86 468 144 39 42 101 3.24 87.28 14.36 2.07
1D 1.25 124 123 49 13 5.59 445 121 85 33 113 3.69 85.82 14.41 0.90
2B 0.60 57 92 54 9 3.82 509 142 64 35 128 3.58 85.42 15.82 3.06
2C 1.06 107 116 51 14 5.20 532 150 60 34 119 3.56 86.70 16.15 2.87
2D 0.82 62 94 65 9 4.22 545 140 54 39 121 3.89 86.54 16.48 2.60


[a] General conditions: 6 mL of a mixture of cyclohexane (5.58 molL�1), TBHP (3.14 molL�1) and chlorobenzene (0.44 mol L�l), amount of catalyst as
indicated in text, 343 K. [b] Conversion of cyclohexane.[13] [c] Selectivity for monooxygenated products after 4000 min, calculated as 100([mono])/([mono]�
[AA]), where [mono]� [K] � [A] � [CHHP] � [TBCP]. [d] amount of Co in solution after 4000 min, referred to total amount of Co. [e] Blank reaction in
absence of immobilized catalyst. K� cyclohexanone, A� cyclohexanol, CHHP� cyclohexyl hydroperoxide, TBCP� tert-butylcyclohexylperether, AA�
adipic acid.
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Figure 5. Correlation of the cyclohexane conversion at t� 100 min with
the Co loading of the immobilized catalyst employed, 1A± 1D and 2B ±
2D, respectively.


The observation of TBHP- and catalyst-independent
steady-state concentrations for cyclohexanol and cyclohexa-
none indicates a mass-transfer limitation in molecular oxygen
of the radical chain oxidation. Hence, radical chains that were
initiated by the immobilized cobalt acetate complexes inside
the mesopores of 1A± 1D and 2B ± 2Dmust escape from the
porous space into the bulk solution during the course of the
reaction. Consequently, cyclohexane conversion is increas-
ingly governed by freely evolving radical chains, and any
effect of confinement control by the mesoporous host
becomes negligible. The observed mass-transfer limitation
underlines the significance of the molecular oxygen released
from the TBHP decomposition for the product formation
within the radical chain (Scheme 1, Eq. (5)). The influence of
molecular oxygen on the course of the radical chain oxidation
of cyclohexane by TBHP has also been observed in a different
catalytic system.[14]


In contrast, the role of the second potential oxidant TBHP
in the system under consideration is that of a radical initiator
(Scheme 1, Eqs. (1) and (2)) rather than that of a direct
oxygen-transferring agent towards the substrate (apart from
being the source of the released molecular oxygen), because
its contribution to product formation is not rate-determining.
However, TBHP plays an important role in the subsequent
oxidation of cyclohexanol to cyclohexanone, and hence in the
increase of the K:A ratio.[15]


Conclusion


The catalytic cyclohexane oxidation that employs cobalt
acetate complexes as catalysts and TBHP as the oxidant is a
typical radical chain-oxidation process. The moderate cata-
lytic activity of the oligomeric catalyst complexes 1 and 2 is
significantly increased by their immobilization on carboxy-
modified mesoporous silica supports. In the early phase of the
catalytic reaction involving the immobilized catalysts 1A ±
1D and 2B ± 2D, the principal parameter determining the
system reactivity is the respective Co loading. A substantial
effect of confinement on the selectivity of the radical chain
oxidation is not observed. This is consistent with a rapid


escape of radical chains from their origin (at the catalyst
inside the mesopores) into the bulk solution. An analysis of
the already intricate catalytic system is further complicated by
the fact that molecular oxygen (which originates from an
initial phase of rapid TBHP decomposition in presence of the
catalyst) is present as a second terminal oxidant in large
quantities. After the initial stage, the catalytic system is
governed by mass-transfer limitation in molecular oxygen,
which obscures any differences that arise from nature or
concentration of the immobilized cobalt acetate catalysts. The
achievable K:A ratio in this catalytic system is limited by the
appearance of catalyst-independent steady-state concentra-
tions of both cyclohexanol and cyclohexanone.


Experimental Section


General remarks : All reactions involving alkoxysilanes or chlorosilanes
were carried out under nitrogen with standard Schlenk techniques.
Siliceous MCM-41,[16] complexes 1 and 2,[5] and the immobilized catalyst
1A[7] were prepared according to published procedures. 3-(Methylamino)-
propyltrimethoxysilane was acquired from Fluka, while all other chemicals
were purchased from Aldrich. All stoichiometric calculations involving
support surfaces are based on an average surface silanol density of 7.8�
10�6 molSiOHm�2.[17] 1H and 13C liquid-state NMR spectra were recorded
on a Varian Unity Inova spectrometer and referenced against internal
TMS. 13C MAS NMR spectra were acquired on a Varian VXR400S
spectrometer. XRD data were obtained from a Philips PW1840 diffrac-
tometer operating with CuK� radiation. XRFanalyses were carried out on a
Philips PW1480 instrument. IR spectra were recorded on a Perkin ±Elmer
Spectrum 1000FT-IR spectrometer. GC analyses were carried out on an
Agilent6890 gas chromatograph equipped with a split inlet (200 �C, split
ratio 10.0), a Chrompack Sil 5CB capillary column (50 m� 0.53 mm;
constant flow of N2 4.0 mLmin�1; temperature program: isothermal at
45 �C for 33 min, followed by heating to 300 �C with a rate of 20 �Cmin�1,
final time 15 min at 300 �C) and a FID detector (set to 325 �C); retention
times (min): cyclohexane 8.83, TBHP 10.97, TBP 15.23, methyl valeriate
23.44, chlorobenzene 26.58, cyclohexanone 33.59, cyclohexanol 34.18,
dimethyl succinate 39.02, CHHP 39.48, TBCP 40.21, dimethyl glutarate
40.47, dimethyl adipate 41.49. Cobalt concentrations in the filtrates of the
catalytic experiments were determined by AAS analysis on a Perkin ±El-
mer4100ZL spectrometer. BET surface areas Atot , BJH pore volumes Vtot ,
and average pore diameters Dav were determined by nitrogen adsorption
analysis at 77 K on a Quantachrome Autosorp-6B instrument.


Preparation of carboxylic acid-grafted supports


[MCM-41]-(CH2)3CN (3): MCM-41 (25 g, Atot� 1025 m2g�1, 200 mmol -
SiOH) was dehydrated for 3 h at 200 �C in vacuo and subsequently
suspended in dry hexane (70 mL). Dichlorodimethylsilane (0.69 g,
5.36 mmol) was added dropwise at 20 �C to protect the external surface.
The mixture was stirred for 12 h, then 3-cyanopropyltrichlorosilane (2.43 g,
12 mmol, 0.2 equiv) was added dropwise, and stirring was continued for
additional 12 h. All volatiles were removed in vacuo and the remaining
solid was suspended in toluene (100 mL). Dimethoxydimethylsilane (8.4 g,
70 mmol) was added to protect the residual silanol groups, and the resulting
mixture was heated under reflux for 20 h. The product was collected by
filtration, washed with acetone and ether and dried in vacuo at 80 �C for
12 h. Yield 25.5 g; XRD: 2�� 2.48� ; BET: Atot� 973 m2g�1, Vtot�
0.873 cm3g�1, Dav� 24 ä; IR (KBr): ��CN� 2259 cm�1; 13C CP-MAS NMR
(100 MHz): �� 0.0 (SiCH3), 10.7 (CH2), 19.1 (2�CH2), 48.8 (residual
OCH3), 111.3 ppm (CN).


[MCM-41]-(CH2)3COOH (B): Compound 3 (5 g) was suspended in a
mixture of H2O and H2SO4 (40 mL, 1:1 (v/v)) and heated to 150 �C for 1 h.
The solid was collected by filtration and washed with water until the filtrate
gave a neutral reaction. Subsequent washing with methanol and ether
followed by drying in vacuo at 80 �C overnight afforded 4.94 g of B. XRD:
2�� 2.54� ; BET: Atot� 690 m2g�1, Vtot� 0.612 cm3g�1, Dav� 21 ä; IR
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(KBr): ��CO� 1733 cm�1; 13C CP-MAS NMR (100 MHz): �� 0.0 (SiCH3),
11.66 (CH2), 18.10 (CH2), 35.71 (CH2), 177.32 ppm (CO).


(H3CO)3Si(CH2)3NHCO(CH2)3COOH (4): Glutaric anhydride (0.384 g,
3.37 mmol) in dry THF (20 mL) was added dropwise to a solution of
3-aminopropyltrimethoxysilane (0.556 g, 3.12 mmol) in THF (30 mL).
After the mixture had been stirred for 12 h at 20 �C, the solvent was
removed in vacuo. Compound 4 was isolated as a colorless oil in
quantitative yield. 1H NMR (300 MHz, CDCl3, TMS): �� 0.65 (m, 2H;
SiCH2), 1.63 (m, 2H; CH2), 1.96 (m, 2H; CH2), 2.28 (m, 2H; CH2), 2.41 (m,
2H; CH2), 3.24 (m, 2H; CH2), 3.57 (s, 9H; OCH3), 6.25�6.44 (1H; NH),
11.21 ppm (s, 1H; COOH); 13C NMR (75 MHz, CDCl3, TMS): �� 6.5,
20.9, 22.6, 33.2, 35.4, 42.0 (CH2), 50.6 (OCH3), 172.9 (C(�O)N), 176.9 ppm
(COOH); IR (CH2Cl2): �� � 1713 (COOH), 1670 (amide I), 1522
(amide II) cm�1.


(H3CO)3Si(CH2)3N(CH3)CO(CH2)3COOH (5): Compound 5 was prepared
in quantitative yield in an analogous manner to the synthesis of 4 from
3-(methylamino)propyltrimethoxysilane (0.929 g, 4.8 mmol) and glutaric
anhydride (0.547 g, 4.8 mmol). 1H NMR (300 MHz, CDCl3, TMS): �� 0.59
(m, 2H; SiCH2), 1.65 (m, 2H; CH2), 1.95 (m, 2H; CH2), 2.38 ± 2.52 (m, 4H;
2CH2), 2.92�3.00 (2s, 3H; NCH3), 3.31 (m, 2H; NCH2), 3.57 (s, 9H; OCH3
), 11.58 ppm (s, 1H; COOH); 13C NMR (75 MHz, CDCl3, TMS): �� 6.3,
20.2, 21.7, 31.9�32.5, 33.4, 51.3�52.2 (CH2), 34.7�35.4 (NCH3), 50.6
(OCH3), 172.6�172.7 (C(�O)N), 177.0 ppm (COOH); IR (CH2Cl2): �� �
1715 (COOH), 1651 (amide) cm�1.


[MCM-41]-(CH2)3NHCO(CH2)3COOH (D): After dehydration for 3 h at
200 �C in vacuo, MCM-41 (5 g, Atot� 1025 m2g�1, 40 mmolSiOH) was
suspended in hexane (50 mL), and the external surface was protected by
addition of dichlorodimethylsilane (0.138 g, 1.07 mmol). After the mixture
had been left to stir for 12 h at 20 �C, all volatiles were removed in vacuo. A
solution of freshly prepared 4 (0.863 g, 2.94 mmol) in THF (30 mL) was
added, and the resulting suspension was stirred at 20 �C for 44 h. The title
compound was isolated by filtration and washed with CH2Cl2. Drying in
vacuo at 80 �C overnight afforded 5.293 g of D ; 112 mg of nonadsorbed 4
was recovered from the filtrates. 13C CP-MAS NMR (100 MHz): ���0.3
(SiCH3), 18 ± 49 (br, CH2), 172.0 (C(�O)N), 174.0 ppm (COOH); IR
(KBr): �� � 1725 (COOH), 1650 (amide I), 1558 (amide II) cm�1.


[MCM-41]-(CH2)3N(CH3)CO(CH2)3COOH (C): MCM-41 (15 g, Atot�
1025 m2g�1, 120 mmolSiOH) was dehydrated for 3 h at 200 �C in vacuo,
and the external surface was protected by addition of dichlorodimethylsi-
lane (0.414 g, 3.22 mmol) in hexane (100 mL). After the slurry had been
stirred for 12 h at 20 �C, all volatiles were removed in vacuo. The residue
was suspended in THF (100 mL), and 5 (0.934 g, 3 mmol, freshly prepared
in THF (20 mL)) was added under stirring at 20 �C. Stirring was continued
for 12 h, and the mixture was subsequently heated under reflux for 6 h.
Dimethoxydimethylsilane (6.2 mL, 45 mmol) was added dropwise, and
heating under reflux was continued for additional 12 h. Filtration, washing
with CH2Cl2, and drying in vacuo overnight at 80 �C afforded 15.33 g of C.
13C CP-MAS NMR (100 MHz): ���3.5 (SiCH3), 20 ± 55 (br, CH3� CH2),
173.0 (C(�O)N), 177.1 ppm (COOH); IR (KBr) : �� � 1731 (COOH), 1636
(amide) cm�1.


General procedure for the immobilization of cobalt acetate clusters on
carboxylic acid grafted supports : The amounts of cobalt(���) acetate
oligomer and modified support that are stated below were suspended in
CHCl3 (30 mL), and the resulting slurry was heated under reflux for 24 h in
a flask which was equipped with a Soxhlet extractor that contained a
thimble filled with anhydrous Na2CO3 (0.5 g) that was used to trap any
acetic acid released. The product was collected by filtration, extracted with
CH2Cl2 in a Soxhlet device for 20 h, and finally dried in vacuo at 80 �C for
24 h.


1B : From 1 (0.2 g, 0.226 mmol) and B (2.0 g). Yield 2.128 g. XRF: [Co]
0.925 wt%.


1C : From 1 (0.2 g, 0.226 mmol) and C (2.0 g). Yield 2.064 g. XRF: [Co]
0.678 wt%.


1D : From 1 (0.1 g, 0.113 mmol) and D (2.0 g). Yield 2.074 g. XRF: [Co]
0.735 wt%.


2B : From 2 (0.1 g, 0.137 mmol) and B (2.0 g). Yield 2.012 g. XRF: [Co]
0.356 wt%.


2C : From 2 (0.1 g, 0.137 mmol) and C (2.0 g). Yield 1.993 g. XRF: [Co]
0.623 wt%.


2D : From 2 (0.2 g, 0.274 mmol) and D (2.0 g). Yield 1.983 g. XRF: [Co]
0.484 wt%.


Catalytic investigations : In all catalytic experiments, a stock solution of
TBHP in cyclohexane was used which had been prepared by extraction of
commercial TBHP (Aldrich, 70% in water) into an equal volume of
cyclohexane. Phase separation was promoted by saturation of the aqueous
layer with solid NaCl. The organic layer was dried overMgSO4, filtered and
stored at 4 �C.


Homogeneous catalytic experiments were carried out with finely powdered
1 (4.6 mg, 5.19 �mol) or 2 (6.1 mg, 7.8 �mol). A 60-mg quantity of dry
catalyst was used in all catalytic experiments that used immobilized
cobaltic acetate oligomers.


The respective catalyst was added to 3 mL of a mixture consisting of
cyclohexane (5.58 molL�1), TBHP (3.14 molL�1), and chlorobenzene
(0.44 mol L�l) as internal standard in a 10-mL reactor fitted with a reflux
condenser and a magnetic stirring bar. The mixture was rapidly heated to
70 �C by immersion in a thermostated bath. An additional 3 mL of the
reagent mixture was added in 0.5 mL portions at intervals of 10 min. The
course of the reaction was monitored by GC analysis of liquid samples,
beginning after the evolution of molecular oxygen had mostly ceased at
100 min.[13] The production and consumption of molecular oxygen was
monitored volumetrically with an attached gas burette. The concentration
of carboxylic acid side products was determined by GC analysis from
separate samples after conversion into the respective methyl esters.[18] The
extent of Co leaching was determined by AAS analysis of the filtered
reaction mixture after the end of the catalytic experiment.
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Tetraaminoperylenes: Their Efficient Synthesis and Physical Properties


Lutz H. Gade,*[a] Christian H. Galka,[a] Konrad W. Hellmann,[a] Rene¬ M. Williams,[b]
Luisa De Cola,[b] Ian J. Scowen,[c] and Mary McPartlin[c]


Abstract: Trimethylsilylation of 1,8-dia-
minonaphthalene gave 1,8-bis(trime-
thylsilylamino)naphthalene (1a), which
was in turn lithiated with two molar
equivalents of n-butyllithium to give the
tris(thf)-solvated dilithium diamide [1,8-
{(Me3SiN)Li(thf)}2C10H6](thf) (2a).
Metal exchange of 2a with TlCl was
carried out in two steps, via the previ-
ously characterized mixed-metal amide
[1-{(Me3SiN)Li(thf)2}-8-{(Me3SiN)Tl}-
C10H6], to give the dithallium diamide
[1,8-{(Me3SiN)Tl}2C10H6] (3a). Thermol-
ysis of 3a cleanly gave a 1:1 mixture of
the 4,9-bis(trimethylsilylamino)peryle-
nequinone-3,10-bis(trimethylsilylimine)
(4a) and 1a. By this route, a whole series
of silylated homologues of 4a was ob-
tained in good yields, while the same
method proved to be inefficient for the
synthesis of the alkyl-substituted ana-
logues. Compound 4a and its tert-butyl-
dimethylsilyl derivative 4d were re-
duced with sodium amalgam to give,
after protonation, the corresponding
3,4,9,10-tetraaminoperylenes 7a and
7d. Cyclic voltammetry showed two
reversible, closely spaced reduction
waves (Ered 1��1.39, Ered 2��1.59 V
versus SCE) corresponding to this con-
version. The perylenes 7a and 7d are
thought to be the primary products in
the reaction cascade leading to the
perylene derivatives, involving the ther-


mal demetalation of the thallium
amides, possibly via TlII�TlII intermedi-
ates, first to give 7a and its analogues.
The final oxidation of the tetraamino-
perylenes by one molar equivalent of 3a
and analogous thallium amides gave the
quinoidal derivatives such as 4a and 4d,
a step that could be studied by direct
reaction of the isolated species. The UV/
Vis absorption spectra of the 4,9-bis(si-
lylamino)perylenequinone-3,10-bis(sily-
limines) are characterized by a long-
wavelength absorption band with a pro-
nounced vibrational structure (�max�
639 nm, lg �� 4.53) attributed to a
�*�� and a �*� n absorption band
at 454 nm (lg � 4.83), along with intense
absorption in the UV region. Aweak red
emission with a rather low quantum
yield (�fl� 0.001, �max� 660 nm) is ob-
served upon irradiation of a sample; the
lifetime of the emission is only 66 ps.
The low emission quantum yield is
attributed to the *�� n transition of
the amino perylene, which induces
strong spin ± orbit coupling, leading to
a large triplet yield. The triplet state was
probed by transient absorption spectro-
scopy and found to have a lifetime of


200 ns in air, and 1100 ns in argon-
flushed solution. Treatment of 4a with
a stoichiometric amount of KF in meth-
anol/water under phase-transfer condi-
tions (with the cryptand [C 222]) gave an
almost quantitative yield of the parent
compound 4,9-diaminoperylenequi-
none-3,10-diimine (8). Treatment of 8
with two molar equivalents of the ruthe-
nium complex [Ru(bpy)2(aceto-
ne)2](PF6)2, generated in situ, yielded
the blue dinuclear ruthenium complex
[(bpy)4Ru2{�2-N,N�:N��,N���-[{4,9-(NH2)2-
3,10-(NH)2}C20H8]}](PF6)4 (9), the redox
properties of which were studied by
cyclic voltammetry. The difference in
the potentials of the two one-electron
redox steps (225 mV) indicates strong
coupling of the metal centers through
the 4,9-diaminoperylenquinone-3,10-di-
mine bridging ligand and corresponds to
a comproportionation constant Kc of
6.3� 103. The UV/Vis absorption spec-
trum of the mixed valent form, which is
stable in air, has a characteristic inter-
valence charge-transfer (IVCT) band in
the near infrared at 930 nm (lg �� 3.95),
from which an electronic coupling pa-
rameter J of 760 cm�1 could be estimat-
ed, placing compound 9 at the border-
line between the class II and class III
cases in the Robin ±Day classification.


Keywords: electronic coupling ¥
emission ¥ perylenes ¥ ruthenium ¥
thallium


Introduction


Perylenes are ™multitalented∫ chromophores which have
attracted interest and found applications well beyond their
original role as (mostly) red pigments.[1, 2] These range from
uses as laser dyes,[3] photochemical sensitizers,[4] absorbers for
sunlight collectors[5] to applications in liquid-crystalline phas-
es[6] and organic semiconductors.[7] Moreover, several natural
products containing perylene core structures, such as the
hypericines[8] and hypocrellines[9] have been the objects of
systematic studies for use as antiviral or cytostatic agents,[10]


[a] Prof. L. H. Gade, Dr. C. H. Galka, Dr. K. W. Hellmann
Laboratoire de Chimie Organome¬tallique et de Catalyse (UMR 7513)
Institut Le Bel, Universite¬ Louis Pasteur
4, rue Blaise Pascal, 67070 Strasbourg (France)
Fax: (33)390-241531
E-mail : gade@chimie.u-strasbg.fr


[b] Dr. R. M. Williams, Prof. L. De Cola
Molecular Photonic Materials
Institute of Molecular Chemistry, Universiteit van Amsterdam
Nwe Achtergracht 166, 1018 WVAmsterdam (The Netherlands)


[c] Dr. I. J. Scowen, Prof. M. McPartlin
School of Applied Chemistry, University of North London
Holloway Road, London N7 8DB (UK)


FULL PAPER


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3732 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163732







3732±3746


Chem. Eur. J. 2002, 8, No. 16 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3733 $ 20.00+.50/0 3733


the latter in particular in the context of use in photodynamic
therapy of malignant tumor tissues.[11]


By far the majority of studies in the field are concerned with
the readily accessible perylene tetracarboximides, which are
highly photostable fluorescent dyes. Notable contributions to
this field originated in Langhals× and M¸llen×s research
groups.[12] More recently, the corresponding derivatives of
the higher ™rylenes∫, the terrylenes and quaterrylenes, have
begun to be investigated.[13]


There are very few examples of tetra-N-substituted per-
ylenes to be found in the literature to date. First attempts date
back to 1919, when Zinke and Unterkreuter reported the
preparation of 3,4,9,10-tetranitroperylene, by treatment of the
parent compound perylene with concentrated nitric acid
(Scheme 1).[14] A decade later, in 1929, the same group


Scheme 1.


described the reduction of this compound in alkaline solution
with Na2S, NaHSO3, or SnCl2 to give 4,9-diaminoperylene-
quinone-3,10,-diimine.[15] This reaction probably proceeded
through the 3,4,9,10-tetraaminoperylene, which was then
oxidized by air to give the quinoidal product.
This apparently simple route is in practice cumbersome and


gives the desired products in extremely low yields. This may
be the reason why the chemistry of aminoperylenes remains
poorly developed in spite of the fact that 4,9-diaminoperyle-
nequinone-3,10,-diimine is the N-analogue of the well-estab-
lished perylene-related core in oxo-analogues. The latter form
the core of the natural products such as the hypericines and
hypocrellines mentioned above.
In the course of our investigation into the redox properties


of thallium(�) amides we discovered a novel, potentially useful
route to the class of 4,9-diaminoperylenequinone-3,10,-dii-
mines.[16] As will be shown, it is possible to convert these
quinoidal systems to the reduced 3,4,9,10-tetraaminopery-
lenes, a class of compounds that has very recently been cited


in the patent literature of photovoltaic devices.[17] Herein we
now report a convenient synthesis of novel N-functionalized
perylenes, a mechanistic study of their formation and the first
results concerning their physical and chemical properties.


Results and Discussion


Synthesis of the 1,8-bis(silylamino)naphthalenes and their
lithium amide derivatives, and their conversion into silylated
4,9-diaminoperylenequinone-3,10-dimimines : The conversion
of 1,8-diaminonaphthalene to 4,9-diaminoperylenequinone-
3,10-diimine was achieved in several steps. Trimethylsilylation
of the primary diamine gave the 1,8-bis(trimethylsilylamino)-
naphthalene 1a (Scheme 2), which in turn was lithiated with


Scheme 2. Synthesis of the dithallium diamide 3a.


two molar equivalents of n-butyllithium to give the tris(thf)-
solvated lithium amide [1,8-{(Me3SiN)Li(thf)}2C10H6](thf)
(2a). Metal exchange of 2a with TlCl was carried out in two
steps, via the previously characterized mixed metal amide [1-
{(Me3SiN)Li(thf)2}-8-{(Me3SiN)Tl}C10H6] (I),[18] to give the
dithallium diamide [1,8-{(Me3SiN)Tl}2C10H6] (3a).
The orange thallium amide 3a was found to be only


sparingly soluble in aromatic solvents, in which it is relatively
stable. We attribute this low solubility to a polymeric structure
of the crystalline compound due to Tl-arene stacking of the
type found by X-ray diffraction for the dimeric mixed amide
I.[18, 19] Heating of compound 3a in 1,4-dioxane for 17 h
resulted in its complete conversion into a 1:1 mixture of
diamine 1a and the new 4,9-bis(trimethylsilylamino)peryle-
nequinone-3,10-bis(trimethylsilylimine) 4a. Monitoring of
this last reaction step by 1H NMR spectroscopy clearly
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demonstrated the high selectiv-
ity of this conversion, as appa-
rent from a series of spectra
recorded during the course of
thallium amide thermolysis car-
ried out in an NMR spectrom-
eter (Figure 1).
In the NMR spectra, the


signals of the starting material
and both products are visible,
while by-products or long-lived
intermediates are clearly ab-
sent. To assess the generality
of this conversion a series of
1,8-bis(silylamino)naphtha-
lenes 1a ± 1 f was synthesized
and metalated to give the cor-
responding thf-solvated lithium
amides 2a ± 2 f. By heating with
TlCl in 1,4-dioxane for 16 ±
44 h, these were then directly
converted into 1:1 mixtures of
the diaminonaphthalenes and
the 4,9-bis(silylamino)peryle-
nequinone-3,10-bis(silylimines)
4a ± 4 f (Scheme 3). We were
able to develop reaction condi-
tions under which the transfor-
mation of the 1,8-diaminonaph-
thalene could be converted in a
one-pot procedure (by sequen-
tial metalation, metal exchange
and thermolysis) to give overall
yields of the silyl-substituted
perylenes of 75 ± 82% (with
reference to the maximum
amount of diaminonaphthalene
convertible into the perylene:
i.e., two out of three mole-
cules).
The differences in the reac-


tion times were mainly due to
the ease with which the Li/Tl
exchange took place, which was
in turn dependent upon the size
of the silyl groups attached to
the amido-N atoms. The differ-
ent degrees of exposure of the
N-coordinated metal ions are
already reflected in the degree
of solvation by the donor sol-
vent THF. Whereas the dilithi-
um diamide obtained by metal-
ation of 1a in THF was isolated and characterized as a solvate
with a variable number of thf co-ligands depending on the
reaction conditions,[18, 20] the metalation of 1c exclusively gave
the bis(solvate) 2c. Its crystal structure was determined by
X-ray diffraction, and its molecular structure is depicted in
Figure 2.


As found for most chelate dilithium diamides,[20, 21] the
structural centerpiece is the cyclic Li2N2 unit. The detailed
structural arrangement is determined both by the rigid
aromatic ligand backbone (the central C(5)�C(6) bond of
which lies on a crystallographic C2 axis) and the two iPr3Si
groups at the amido-N atoms. The bulky silyl groups shield the


Figure 1. Series of 1H NMR spectra recorded during the thermal decomposition of 3a in C6D6 at 63 �C. The four
spectra were recorded after (from bottom to top): 5 min, 60 min, 285 min, 28 h.


Scheme 3. General preparative scheme for the synthesis of the 4,9-bis(silylamino)perylenequinone-3,10-
bis(silylmimines) 4a ± 4 f.
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two lithium centers, which explains the reduced reactivity of
this compound in the metal exchange with TlCl in comparison
with 2a. Both Li�N distances (d(Li(1)�N(1)) 2.023(5),
d(Li(1)�N(1A)) 2.028(5) ä) lie in the usual range to be
expected for such compounds.[22] In each molecule both silyl
groups are slightly, and unequally, twisted out of the
naphthalene plane, with the two Si atoms lying on opposite
sides (deviations from the arene plane Si(1)��0.08 and
Si(2)��0.42 ä), while the two thf coligands lie on the
opposite side of the Li2N2 ring towards the arene ring system,
thus minimizing contact with the bulky silyl substituents.
The transformation of the diaminonaphthalenes appeared


to depend upon the presence of the N-bound silyl substituents.
Attempts to convert 1,8-diaminonaphthalene directly to the
corresponding parent perylene did not give the desired
coupling product. The replacement of the silyl substituents
by alkyl substituents led to a significant decrease in the yields
of coupled naphthalenes, as was established–among other
examples–for the sequential lithiation, metal exchange and
thermolysis of 1,8-bis(neopentylamino)naphthalene (5a).[23]


The bis-thf solvated lithium amide of this amine was heated
in the presence of a stoichiometric amount of TlCl to give a
reaction mixture of the perylene 6a (in up to 21% yield), the
diaminonaphthalene starting material 5a and other unidenti-
fied products. In contrast, no perylene derivative could be
identified upon similar treatment of 1,8-bis(methylamino)-
naphthalene 5b (Scheme 4).


Crystal structures of the silylated 4,9-diaminoperylenequi-
none-3,10-diimines 4a and 4d : The patterns of bond lengths in
the molecular structures of 4a and 4d are similar, but because
of poor diffraction by the crystals of 4a, possibly caused by
considerable rotational disorder of the trimethylsilyl groups,
the esds in compound 4a are relatively high and preclude
detailed discussion.


Scheme 4. Conversion and attempted conversion of 5 and 5a, respectively,
into the corresponding perylenequinones.


The molecular structure of one of the two independent
molecules in the asymmetric unit of crystalline 4d is
illustrated in Figure 3. The chemically equivalent bond
lengths in the two independent molecules, and the corre-
sponding bond lengths on the two sides within each molecule,


Figure 3. Molecular structure of 4d. Selected bond lengths [ä] and angles
[�]: Si(1)�N(1) 1.744(3), Si(2)�N(2) 1.744(3), N(1)�C(1) 1.334(4), N(2)�
C(7) 1.329(4), C(1)�C(2) 1.433(5), C(1)�C(6) 1.436(5), C(2)�C(3) 1.340(5),
C(3)�C(4) 1.421(5), C(4)�C(5) 1.419(5), C(4)�C(10�) 1.421(5), C(6)�C(7)
1.438(4), C(7)�C(8) 1.431(4), C(8)�C(9) 1.343(4), C(9)�C(10) 1.425(4),
C(10)�C(5) 1.420(4); Si(1)-N(1)-C(1) 133.9(2), Si(2)-N(2)-C(7) 133.7(2),
C(1)-C(6)-C(1A) 121.2(3), C(4)-C(5)-C(4A) 118.1(3), C(2)-C(1)-C(6)
117.1(3), C(8)-C(7)-C(6) 116.9(3), C(1)-C(2)-C(3) 122.8(3), C(7)-C(8)-
C(9) 122.7(3), C(2)-C(3)-C(4) 122.3(3), C(8)-C(9)-C(10) 122.5(3), C(3)-
C(4)-C(5) 117.5(3), C(9)-C(10)-C(5) 117.2(3), C(4)-C(5)-C(6) 121.0(3),
C(10)-C(5)-C(6) 120.9(3), C(5)-C(6)-C(1) 119.2(3), C(5)-C(6)-C(7)
119.7(3), C(5)-C(4)-C(10A) 121.1(3)


Figure 2. Molecular structure of the lithium amide 2c. Selected bond
lengths [ä] and angles [�]: Li(1)�N(1) 2.024(5), Li(1)�O(1) 1.906(5), Si(1)�
N(1) 1.724(2) Si(2)�N(2) 1.737(3), N(1)�C(1) 1.405(4), N(2)�C(7) 1.405(4),
C(1)�C(2) 1.397(4), C(1)�C(6) 1.478(3), C(2)�C(3) 1.389(4), C(3)�C(4)
1.368(4), C(4)�C(5) 1.419(4); Si(1)-N(1)-C(1) 122.9(2), C(1)-C(6)-C(7)
126.3(3), C(4)-C(5)-C(10) 116.9(4), C(2)-C(1)-C(6) 117.4(3), C(1)-C(2)-
C(3) 123.7(3), C(2)-C(3)-C(4) 120.4(3), C(3)-C(4)-C(5) 119.8(3), C(4)-
C(5)-C(6) 121.6(2), C(5)-C(6)-C(1) 116.8(2), Li(1)-N(1)-Li(1A) 85.1(2),
N(1)-Li(1)-N(1A) 91.5(2).
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are equal within experimental error. The molecules have a
virtually planar ring systems (mean maximum deviation from
planarity 0.06 ä). The direct location of the hydrogen atoms
on both amino nitrogen atoms of each of the independent half
molecules indicates that the solid-state structure is the result
of a 50:50 disorder of the two tautomers. There are significant
differences in the bond lengths relative to the reported values
for the parent compound perylene. In particular, the mean
lengths of C(2)�C(3) and C(8)�C(9) (1.341 ä) and C(4)�
C(10�) (1.421 ä) are considerably shorter than the analogous
values in perylene (1.40 and 1.48 ä, respectively). A similar
shortening of these bonds has been observed previously for
the perylene dianion, in which the respective mean values are
1.37 and 1.43 ä,[24] as well as in the hydroxyperylenequinones
constituting the cores of the hypocrellines.
The crystal structures of polyaromatics have attracted


considerable attention in recent years, in order to demon-
strate the utility and power of theoretical structure prediction
tools. This development was supplemented by the proposal of
classification schemes for the arrangement of such polyaro-
matics in crystals.[25] The solid-state structures of a large
number of biscarboximide perylene derivatives have been
studied in order to investigate the correlation between
molecular packing and color in pigments.[26] In most cases,
stacked ™face-to-face∫ arrangements (separations of between
3.345 and 3.476 ä between the parallel oriented ring systems)
of perylenes are found, provided that there are no bulky
substituents preventing this. A rare, if not unique, example for
the latter situation is the bis(2,6-dimethylphenylcarboximi-
do)perylene reported by Graser and H‰dicke.[27]


The crystal structures in this study are markedly different
from those of the carboximido derivatives and were found to
display no ™face-to-face∫ interactions. Instead, there are close
alkyl to aromatic ring contacts in the butyldimethylsilylated
derivative 4d (Figure 4a), with neighbouring molecules being
oriented almost perpendicularly to each other (dihedral angle
between the ring systems of two neighbouring molecules:
92.7�). This arrangement is analogous to the �-type in
Desiraju×s system of classification.[28] In contrast to this, the
aromatic ring systems of adjacent molecules in 4a exhibit
™edge-to-face∫ interaction (Figure 4b), resulting in an overall
™herring-bone∫ arrangement in the crystal.


Reduction of the 4,9-diaminoperylenequinone-3,10-diimines
4a and 4d to give the corresponding 3,4,9,10-tetraaminoper-
ylenes 7a and 7d : Treatment of 4a and 4d with two molar
equivalents of sodium amalgam and subsequent addition of
two equivalents of NEt3HCl in THF gave the extremely air-
sensitive, strongly fluorescing tetraaminoperylenes 7a and 7d
as brick-red microcrystalline solids (Scheme 5).
The relatively modest yields of 40 ± 50% are due to


practical difficulties associated with the extreme air-sensitivity
of these perylenes. The most characteristic changes in the
1H NMR spectra of the reduced perylene forms with respect
to those of the quinoidal systems are the significant shifts of all
proton resonances to low field, the reduction of the 3J(H,H)
coupling constant of the aromatic protons by 1.6 Hz and the
observation of the NH-proton signals at �� 5.43/5.29 (7a/7d
in C6D6) instead of at �� 14.13/13.42 (4a/4d).


Figure 4. The packing patterns of 4a (a) and 4d (b) in the crystal.


Scheme 5. Reduction of 4a and 4d to give the tetraaminoperylenes 7a and
7d.


Aspects of the mechanism of the thallium-induced coupling of
1,8-diaminonaphthalenes : The details of the thermal conver-
sion of the thallium amide derivatives of the 1,8-bis(silylami-
no)naphthalenes to give the quinoidal perylenes 4a ± 4 f,
discussed above, provide some indications concerning the
mechanism of the coupling reaction. First, the coupled
perylene derivatives are exclusively obtained from the
dithallium diamides; secondly, thermolysis of the mixed
diamide [1-{(Me3SiN)Li(thf)2}-8-{(Me3SiN)Tl}C10H6] (I) gave
a 1:1 mixture of 1a and 2a, most probably via a short-lived
radical intermediate II (Scheme 6).
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Scheme 6. Thermal degradation pathway of the previously reported mixed
lithium/thallium amide I.


All attempts to detect radical intermediates in this and
other reactions of the naphthalene derivatives, either directly
by ESR spectroscopy or by observation of a CIDNP effect at
variable temperatures and magnetic field, failed, most prob-
ably due to their short-lived nature.
The coupling of the two diaminonaphthalene units is


thought to occur subsequent to the thermal demetalation of
the thallium amides, with the pure metal immediately
precipitating from the reaction mixture. Monitoring of this
reaction by NMR spectroscopy, as shown in Figure 1, while
varying the initial concentration of the thallium amide 3a
gave a first-order rate law. Since the rate-determining step is
most likely to be associated with the initial demetalation, this
observation is of limited value for a mechanistic proposal.
In principle, the coupling step may involve two free


diradical species, a notion that appears to contradict the high
selectivity of the reaction. Alternatively, it may proceed in a
two-step reaction process through a metal ±metal bonded
dithallium(��) intermediate, analogously to the recently char-
acterized diindium complex [1,8-{(Me3SiN)2In(thf)}-
C10H6]2(In-In) (III), which is the exclusive product of the
reaction of 2a with InCl (Scheme 7).[16]


Scheme 7. The previously reported synthesis of the InII ± InII complex III.


We have previously demonstrated the accessibility of such a
divalent TlII�TlII compound by the isolation and structural
characterization of the first thallium(��) amide containing a
covalent Tl�Tl bond.[29] In such a dinuclear intermediate,
which is thought to be very short-lived under the reaction
conditions of the perylene synthesis, the two naphthalene
molecules are pre-oriented with respect to each other, which
in turn facilitates the coupling in the second demetalation
step.
The most important observation is the exact stoichiometry


in the conversion of three molar equivalents of the thallium
amide, such as 3a, to give the 1:1 mixture of 1a and 4a, a
product ratio that remains unchanged throughout the course
of the reaction. Moreover, the quinoidal perylenes 4a ± 4 f are
not the direct coupling products of two 1,8-diaminonaphtha-
lene derivatives, but rather subsequently oxidized forms. It is
thus likely that the third molar equivalent of thallium amide is
consumed in this oxidation step. This could be shown directly
by treatment of the reduced 3,4,9,10-tetrakis(trimethylsilyl-
amino)perylene (7a) with an equimolar amount of thallium
amide 3a, which cleanly gave 4a.
From these observations we propose the reaction mecha-


nism shown in Scheme 8 to account for the observations
discussed above.


Scheme 8. Proposed mechanistic scheme for the conversion of the
thallium amide 3a into the corresponding perylenequinone 4a via the
reduced perylene 7a.
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We note that our mechanistic proposal bears a formal
similarity to the well established benzidine rearrangement,
although the latter is a cation-induced (proton-induced)
reaction, in contrast to the case at hand. This analogy is
consistent with the observation that the bulky silyl groups
appear to be necessary in the coupling reaction leading to
4a ± 4 f, preventing potential couplings in the 2- and 7-posi-
tions.


Photo- and electrochemical properties of compound 4d :
Since the quinoidal perylenes 4a ± 4 f reported in this work
display very similar absorption spectra, we decided to
investigate the 4,9-diaminoperylenequinone-3,10-diimine 4d
more closely. As is the case for the other derivatives, this
compound is a black-green, highly crystalline solid with a
purple lustre. In solution it displays a beautiful deep-green
color. The UV/Vis absorption spectrum recorded in benzene
is shown in Figure 5, with maxima at 299, 454, 548, 590 and


Figure 5. UV/Vis absorption and emission spectra of compound 4d in
benzene. The incremental time delay of the emission spectra is 1 ns (gate
5 ns).


639 nm (lg �� 5.10, 4.83, 3.89, 4.31 and 4.53). The latter three
absorption maxima represent a vibrational progression (�� �
1270 cm�1) of an absorption band which we believe to be due
to a �*�� transition of the type observed at lower wave-
lengths in most perylene derivatives. Whereas the position of
this band remains essentially unaltered upon going from
pentane (�r� 1.0) to dichloromethane (�r� 8.9) to dimethyl
sulfoxide (�r� 47.0), the more intense band at 454 nm, for
which there is no correspondence in the well studied perylene
carboximide derivatives, experiences a small but measurable
shift (��� � 460 cm�1). We assign this to a transition with a
certain degree of �*� n character involving the lone pairs on
the N-functional groups.
A weak red emission with a very low quantum yield (�fl�


0.001, �max� 660 nm) is observed upon irradiation of a sample.
The fact that the perylene itself is the emitter was substan-
tiated by the excitation-emission spectra, which also indicated
that the emission, which displays a vibrational progression of
�� � 1200 cm�1, arises after excitation of both the �*�� and
the �*� n transitions. From the 639 nm absorption maximum
and the maximum of the emission (660 nm) we obtain a
considerable Stokes shift of 497 cm�1, indicating a nuclear


configuration in the first excited singlet state substantially
different from that in the ground state. From the overlap of
the two spectra the singlet state energy is determined to be
649 nm (1E00� 1.91 eV). The lifetime of the emission is only
66 ps, as inferred from time-correlated single-photon counting
experiments (Figure 6). It is thus evident that the photo-


Figure 6. Time-resolved emission of compound 4d in benzene observed
with time-correlated single-photon counting (	� 66� 5 ps). Excitation
324 nm, observation at 680 nm. The Instrument Response Function
(FWHM 20 ps) obtained by observation of the Raman band of water at
363.5 nm is also shown.


physics of the amino perylene are very different from those of
perylenebisimides, or perylene itself. Perylenebisimides are
characterized by very high quantum yields of emission (�fl�1)
with lifetimes of about 3.5 ns, which appear to be fairly
substituent- and solvent-independent.[30] This property, to-
gether with their lightfastness, makes them appropriate as
laser dyes or fluorescent labels, and only aggregation or the
incorporation of electron donors can change this high
emission yield.[31] The photophysics of perylene itself are
slightly solvent-dependent, and also characterized by a high
emission quantum yield (�fl� 0.75 to 0.87, 	� 6 ns) and a low
triplet yield (�T� 0.014 to 0.0088).[32]
Clearly the �*� n transition of the amino perylene studied


here induces strong spin ± orbit coupling, leading to a large
triplet yield and the almost complete absence of emission. The
triplet state plays a major role in the relaxation processes after
excitation and a very intense transient absorption spectrum is
observed, with a lifetime of 200 ns in air and 1100 ns in argon-
flushed solution. Furthermore, strong ground-state bleaching
is apparent, with identical lifetimes of the bleaching and
absorption bands and isoabsorptive points, at which ground
and excited states have equal extinction coefficients (Fig-
ure 7).
Cyclic voltammetry (in tetrahydrofuran) shows two rever-


sible, closely spaced reductions (Ered 1��1.39, Ered 2�
�1.59 V versus SCE) and an irreversible oxidation. It appears
that the quinoidal structural elements in 4d are not reflected
in any particular ease of reduction. Upon electrochemical
reduction a small hypsochromic shift (639 ± 606 nm) is already
observable at low potentials (�0.3 V, no current), indicating a
field or deposition effect at the electrodes (Figure 8).
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Figure 7. Transient absorption spectra of compound 4d in benzene
obtained with the OMA set-up. Excitation at 450 nm. The incremental
time delay is 40 ns.


Figure 8. Shift of the UV/Vis absorption spectrum of compound 4d in
tetrahydrofuran, observed in the spectroelectrochemical cell, at the start of
reduction to about �0.3 V versus SCE.


Upon further reduction, strong spectral shifts are recorded,
with isosbestic points at 263 and 461 nm, and the generation of
a new, broad and strong absorption in the red, centerd around
624 nm, accompanied by a decrease in the 290 and 450 nm
bands. The final spectrum corresponds to the doubly reduced
species (Figure 9).


Figure 9. Changes in the UV/Vis absorption spectrum of compound 4d in
tetrahydrofuran, observed in the spectroelectrochemical cell, upon total
double reduction of the compound.


Synthesis and characterization of the parent 4,9-diamonoper-
ylenequinone-3,10-diimine and its properties as a bridging
ligand in a Ru2 complex : In the large majority of metal
complexes containing perylenes as ligands, these bind to the
metal centers as �-arenes.[33] It was only very recently that
W¸rthner and co-workers reported the first examples of
perylenebisimides as bridging ligands in Pd and Pt complexes
in which the metals are �-bonded to the functional groups of
the perylene derivatives.[34] The presence and relative arrange-
ment of the four nitrogen functional groups in the silylated
4,9-diamonoperylenequinone-3,10-diimine derivatives makes
them potential bridging ligands. This in turn may provide
additional information on their electronic structure, through
study of the degree of electronic communication between two
metal centers linked by such a perylene.
Since the silyl groups effectively shield the N-donor atoms it


was necessary to remove these Si-substituents by treatment
with a stoichiometric amount of KF in methanol/water under
phase-transfer conditions (with the cryptand [C 222]). Ap-
plied to bis(trimethylsilylamino)-perylenequinone-3,10-bis-
(trimethylsilylmimine) (4a), this method gave an almost
quantitative yield of the parent compound 4,9-diaminoper-
ylenequinone-3,10-diimine (8) (Scheme 9).


Scheme 9. Desilylation of 4a to give the parent [4,9-(NH2)2-3,10-
(NH)2]C20H8 (8).


Treatment of compound 8with twomolar equivalents of the
ruthenium complex [Ru(bpy)2(acetone)2](PF6)2,[35] generated
in situ, and heating under reflux for 90 h cleanly gave the blue
dinuclear ruthenium complex [(bpy)4Ru2{�2-N,N�:N��,N���-
[{4,9-(NH2)2-3,10-(NH)2}C20H8]}](PF6)4 (9) (Scheme 10). Be-
cause of the presence of two chiral Ru centers, a mixture of
the ��, �� and �� stereoisomers was obtained. We did not
attempt to separate this mixture.
The proposed structure of 9was supported by the elemental


analysis and the electrospray mass spectrum, in which the
molecular ion of the diruthenium tetracation was observed at
m/z 284.3, as expected. The perylene proton signals of the two
diastereomers are not resolved in the 1H NMR spectrum of 9
(�� 6.86, 9.13; 3JH,H� 10 Hz), and it is only their increased
half-widths relative to those of the free ligand that indicate the
presence of two isomeric forms. The appropriate sets of
proton and 13C NMR resonances for the bpy ligands and the
bridging perylene were observed in the 1H and 13C NMR
spectra, the observation of a broad vibrational band at
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Scheme 10. Synthesis of the dinuclear ruthenium complex [(bipy)4Ru2{�2-
N,N�:N��,N���-[4,9-(NH2)2-3,10-(NH)2] C20H8}](PF6)4 (9).


3448 cm�1 in the infrared spectrum indicating the presence of
the N�H protons at the ligand donor functions of the
perylene.
To assess the redox behavior of 9 and the degree of coupling


between the two ruthenium centers, a cyclic voltammetric
study of the complex was carried out. A cyclic voltammogram
recorded at a sweep rate of 100 mVs�1, representing the
second cycle, is displayed in Figure 10. The two reversible
redox waves with half wave potentials at �135 mV and at
�90 mV correspond to the one-electron reduction steps:
RuIII/RuIII � e��RuII/RuIII (�135 mV)
RuII/RuIII � e��RuII/RuII (�90 mV)


Figure 10. Cyclic voltammogram of the dinuclear ruthenium complex 9
recorded in acetonitrile (scan rate 100 mVs�1, reference electrode Ag/
AgCl).


The difference in the potentials of the two one-electron
redox steps, of 225 mV, indicates strong coupling of the metal
centers through the 4,9-diaminoperylenquinone-3,10-dimine
bridging ligand and corresponds to a comproportionation
constant Kc of 6.3� 103.[36]


The reduction, if carried out stoichiometrically, is accom-
panied by a marked change in color of the solution, from deep
red for the RuIII/RuIII form, via the purple mixed-valent
complex to the blue reduced species originally isolated. The
UV/Vis absorption spectrum of the mixed valent form, which
is stable in air, has a characteristic intervalence charge-
transfer (IVCT) band in the near infrared at 930 nm (lg ��
3.95), the intensity of which is another indication of strong
coupling through the perylene ligand (Figure 11). The slight
deviation from an ideal Lorentzian shape can be seen as
arising from the lower than octahedral symmetry at the metal
centers and the presence of two diastereomers in solution.


Figure 11. UV/Vis-NIR absorption spectrum of the RuII/RuIII mixed-
valence derivative of complex 9, showing the intense IVCT band at 930 nm
(recorded in DMSO).


Given the molar extinction coefficient of 8.9�
103 Lmol�1cm�1, the energy at the maximum of the IVCT
band of 10.7� 103 cm�1, the width at half height of 1430 cm�1
and an estimated intermetalic distance of 10 ä, the coupling
paramenter (J) may be estimated as 760 cm�1.[36] In the
Robin ±Day classification,[37] compound 9 thus represents a
system at the borderline between the class II and the class III
cases. Because of the limited solubility of the complex, a
systematic study of the influence of solvent polarity on the
position of the intervalence band was not possible.


Conclusion


In this first systematic study into the preparation and the
properties of a new class of amino-functionalized perylenes
we have established their principal photo- and redox-chemical
properties. These proved to be markedly different to those of
the well established and intensely studied tetracarboxybis-
imides, which have found a variety of applications in recent
years. In addition, we have presented an initial assessment of
the ligand properties of 4,9-diaminoperylenequinone-3,10-
diimine, the parent compound, which promises a rich and
varied coordination chemistry in polynuclear arrays. Its use as
a ™building block∫ in ordered molecular arrays is currently
being explored.
The thallium-induced coupling of 1,8-diaminonaphthalene


derivatives has provided an efficient route to the amino-
functionalized perylenes, which can now readily be synthe-
sized in 10 ± 50 g quantities. In the further development of this
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coupling reaction, our main aim will be to replace the
poisonous thallium reagents by other redox-active metals
while retaining the high selectivity of the conversion. Given
the specific structural characteristics of thallium in its differ-
ent oxidation states, this may require a major effort.


Experimental Section


All manipulations were performed under an inert gas atmosphere of dried
argon in standard (Schlenk) glassware, which was flame-dried with a
Bunsen burner prior to use. Solvents were dried according to standard
procedures and saturated with Ar. The deuterated solvents used for the
NMR spectroscopic measurements were degassed by three successive
™freeze ± pump ± thaw∫ cycles and dried over 4 ä molecular sieves. Solids
were separated from suspensions by centrifugation, thus avoiding filtration
procedures. The centrifuge employed was a Rotina 48 (Hettich Zentrifu-
gen, Tuttlingen, Germany) equipped with a specially designed Schlenk tube
rotor.
1H, 13C, 29Si, and 7Li NMR spectra were recorded at 200.13, 50.32, 39.76 and
77.77 MHz, respectively, on a Bruker AC 200 spectrometer equipped with a
B-VT-2000 variable-temperature unit and with tetramethylsilane or LiI/
H2O (1�) as reference. The IR spectra were recorded on a Bruker IFS 25
FT-IR spectrometer.


Elemental analyses were carried out in the microanalytical laboratory of
the chemistry department at W¸rzburg. All starting materials were
obtained commercially and used without further purification.


General procedure for the preparation of the 1,8-bis(silylamino)naphtha-
lenes : A solution of n-butyllithium in n-hexane (2.5�� 40.0 mL,
100.0 mmol) was added dropwise at �30 �C to a solution of 1,8-
(H2N)2C10H6 (7.91 g, 50.0 mmol) in THF (80 mL). The reaction mixture
was allowed to warm to ambient temperature and, after the evolution of
butane had subsided, was briefly heated under reflux. After the mixture
had again been cooled to �30 �C a solution of the respective chlorosilane
(100.0 mmol) in THF (60 mL) was slowly added. After the reaction mixture
had been stirred for 19 h at ambient temperature, the solvent was removed
in vacuo and the residue was extracted with n-pentane (65 mL; for 1a ± 1d)
or toluene (30 mL; for 1e and 1 f). Storage of the concentrated extracts at
�35 �C gave the silylamines 1a ± 1 f as off-white solids.
1,8-(Me3SiNH)2C10H6 (1a): Yield: 15.1 g (100%); m.p. 44 �C; 1H NMR
(200.13 MHz, CDCl3, 295 K): �� 0.29 (s, 18H; Si(CH3)3), 5.55 (br s, 2H;
NH), 6.71 (dd, 3JHa,Hb� 6.8 Hz, 4JHa,Hc� 1.8 Hz, 2H; Ha, C10H6), 7.15 ±
7.27 ppm (m, 4H; Hb � Hc, C10H6); {1H}13C NMR (50.32 MHz, CDCl3,
295 K): �� 0.0 (Si(CH3)3), 115.2 (CH; C10H6), 120.2 (CH; C10H6), 121.1 (C;
C10H6), 125.6 (CH; C10H6), 137.3 (C; C10H6), 144.3 ppm (CN; C10H6);
{1H}29Si NMR (39.76 MHz, CDCl3, 295 K): �� 3.7 ppm; IR (KBr): �� � 3310
(w), 3210 (w), 2880 (w), 2840 (w), 1570 (s), 1510 (w), 1410 (m), 1305 (m),
1290 (m), 1245 (s), 1035 (m), 875 (vs), 865 (vs), 840 (vs), 750 cm�1 (m);
elemental analysis calcd (%) for C16H26N2Si2 (302.57): C 63.52, H 8.66, N
9.26; found: C 63.36, H 8.58, N 9.19.


1,8-(Et3SiNH)2C10H6 (1b): Yield: 3.86 g (100%); m.p. 18 �C; 1H NMR
(200.13 MHz, CDCl3, 295 K): �� 0.79 (q, 3JH,H� 7.5 Hz, 12H;
Si(CH2CH3)3), 0.97 (t, 18H; Si(CH2CH3)3), 5.15 (br s, 2H; NH), 6.68 (dd,
3JHa,Hb� 7.0 Hz, 4JHa,Hc� 1.4 Hz, 2H; Ha, C10H6), 7.08 ± 7.18 ppm (m, 4H; Hb
� Hc, C10H6); {1H}13C NMR (50.32 MHz, CDCl3, 295 K): �� 4.5
(Si(CH2CH3)3), 7.1 (Si(CH2CH3)3), 113.5 (CH; C10H6), 119.6 (CH; C10H6),
120.0 (C; C10H6), 125.7 (CH; C10H6), 137.3 (C; C10H6), 144.7 ppm (CN;
C10H6); {1H}29Si NMR (39.76 MHz, CDCl3, 295 K): �� 8.1 ppm; IR
(CDCl3): �� � 3370 (br w), 3230 (vw), 3050 (w), 2960 (vs), 2910 (m), 2880
(s), 1575 (s), 1460 (m), 1415 (vs), 1310 (m), 1295 (s), 1260 (w), 1240 (w),
1100 (w), 1045 (s), 1010 (vs), 865 (m), 815 cm�1 (s); elemental analysis calcd
(%) for C22H38N2Si2 (386.73): C 68.33, H 9.90, N 7.24; found: C 68.22, H
10.21, N 7.00.


1,8-(iPr3SiNH)2C10H6 (1c): Yield: 10.8 g (91%); M.p.: 99 �C; 1H NMR
(400.13 MHz, CDCl3, 295 K): �� 1.15 (d, 3JH,H� 7.6 Hz, 36H;
Si[CH(CH3)2]), 1.41 (sept, 6H; Si[CH(CH3)2]), 4.87 (br s, 2H; NH), 6.71
(dd, 3JHa,Hb� 6.2 Hz, 4JHa,Hc� 2.3 Hz, 2H; Ha, C10H6), 7.11 ± 7.17 ppm (m,
4H; Hb � Hc, C10H6); {1H}13C NMR (100.61 MHz, CDCl3, 295 K): �� 13.0


(Si[CH(CH3)2]), 18.7 (Si[CH(CH3)2]), 112.7 (CH; C10H6), 119.0 (C; C10H6),
119.1 (CH; C10H6), 125.5 (CH; C10H6), 137.3 (C; C10H6), 145.0 ppm (CN;
C10H6); {1H}29Si NMR (39.76 MHz, CDCl3, 295 K): �� 6.5 ppm; IR (KBr):
�� � 3327 (m), 3216 (br m), 3054 (m), 2941 (vs), 2864 (vs), 1902 (w), 1576 (s),
1511 (m), 1464 (vs), 1419 (s), 1289 (vs), 1045 (s), 1014 (s), 883 (s), 862 (m),
824 (m), 764 (m), 744 (m), 676 (m), 627 (m), 516 cm�1 (m); elemental
analysis calcd (%) for C28H50N2Si2 (470.89): C 71.42, H 10.70, N 5.95; found:
C 71.30, H 10.60, N 5.86.


1,8-(Me2tBuSiNH)2C10H6 (1d): Yield: 11.0 g (86%); m.p. 72 �C; 1H NMR
(200.13 MHz, CDCl3, 295 K): �� 0.24 (s, 12H; Si(CH3)2), 0.98 (s, 18H;
SiC(CH3)3), 5.22 (br s, 2H; NH), 6.76 (dd, 3JHa,Hb� 6.9 Hz, 4JHa,Hc� 2.1 Hz,
2H; Ha, C10H6), 7.15 ± 7.22 ppm (m, 4H; Hb � Hc, C10H6); {1H}13C NMR
(50.32 MHz, CDCl3, 295 K): ���3.7 (Si(CH3)2), 18.9 (SiC(CH3)3), 27.0
(SiC(CH3)3), 115.2 (CH; C10H6), 119.9 (CH; C10H6), 120.8 (C; C10H6), 125.4
(CH; C10H6), 137.2 (C; C10H6), 144.6 ppm (CN; C10H6); {1H}29Si NMR
(39.76 MHz, CDCl3, 295 K): �� 9.2 ppm; IR (KBr): �� � 3330 (m), 3240 (s),
3030 (s), 2940 (s), 2920 (s), 2870 (m), 2840 (s), 1605 (m), 1570 (s), 1510 (m),
1460 (vs), 1410 (s), 1385 (m), 1355 (m), 1300 (vs), 1250 (vs), 1035 (s), 1020
(s), 1000 (m), 830 (br vs), 770 (vs), 750 (s), 680 (m), 655 cm�1 (s); elemental
analysis calcd (%) for C22H38N2Si2 (386.73): C 68.33, H 9.90, N 7.24; found:
C 67.99, H 9.60, N 7.14.


1,8-(Me2PhSiNH)2C10H6 (1e): Yield: 4.06 g (95%); m.p. 92 �C. 1H NMR
(200.13 MHz, CDCl3, 295 K): �� 0.50 (s, 12H; Si(CH3)2), 5.70 (br s, 2H;
NH), 6.65 (d, 3JHa/c,Hb� 7.7 Hz, 2H; Ha, C10H6), 7.11 (t, 2H; Hb, C10H6), 7.25
(d, 2H; Hc, C10H6), 7.37 ± 7.42 (m, 6H; Si(C6H5)), 7.62 ± 7.67 ppm (m, 4H;
Si(C6H5)); {1H}13C NMR (50.32 MHz, CDCl3, 295 K): ���1.5 (Si(CH3)2),
115.6 (CH; C10H6), 120.4 (CH; C10H6), 120.8 (C; C10H6), 125.6 (CH; C10H6),
128.0 (CH; Si(C6H5)), 129.5 (CH; Si(C6H5)), 133.6 (CH; Si(C6H5)), 137.2
(C; Si(C6H5)), 138.1 (C; C10H6), 143.6 ppm (CN; C10H6); {1H}29Si NMR
(39.76 MHz, CDCl3, 295 K): ���4.2 ppm; IR (KBr): �� � 3320 (m), 3270
(br m), 3040 (w), 2950 (w), 1570 (vs), 1505 (m), 1460 (m), 1410 (s), 1335 (w),
1290 (vs), 1250 (vs), 1115 (vs), 1040 (vs), 1025 (s), 875 (s), 840 (br vs), 790
(s), 780 (s), 760 (s), 730 (s), 700 (s), 650 cm�1 (s); elemental analysis calcd
(%) for C26H30N2Si2 (426.71): C 73.18, H 7.09, N 6.57; found: C 72.96, H 7.03,
N 6.42.


1,8-(MePh2SiNH)2C10H6 (1 f): Yield: 4.89 g (89%); m.p. 101 �C; 1H NMR
(200.13 MHz, CDCl3, 295 K): �� 0.59 (s, 6H; Si(CH3)), 5.70 (br s, 2H;
NH), 6.67 (dd, 3JHa/c,Hb� 7.7 Hz, 4JHa,Hc� 1.1 Hz, 2H; Ha, C10H6), 7.03 (t, 2H;
Hb, C10H6), 7.22 (dd, 2H; Hc, C10H6), 7.29 ± 7.46 (m, 12H; Si(C6H5)2), 7.55 ±
7.59 ppm (m, 8H; Si(C6H5)2); {1H}13C NMR (50.32 MHz, CDCl3, 295 K):
���2.8 (Si(CH3)), 115.3 (CH; C10H6), 120.1 (C; C10H6), 120.2 (CH;
C10H6), 125.6 (CH; C10H6), 128.0 (CH; Si(C6H5)2), 129.8 (CH; Si(C6H5)2),
134.6 (CH; Si(C6H5)2), 135.7 (C; Si(C6H5)2), 137.0 (C; C10H6), 143.2 ppm
(CN; C10H6); {1H}29Si NMR (39.76 MHz, CDCl3, 295 K): ���11.7 ppm;
IR (KBr): �� � 3320 (m), 3230 (br w), 3060 (w), 3040 (w), 3000 (w), 2960
(vw), 1570 (vs), 1500 (m), 1460 (s), 1425 (vs), 1295 (vs), 1255 (s), 1110 (vs),
1045 (s), 1030 (m), 880 (m), 840 (m), 820 (m), 795 (s), 770 (m), 730 (s),
695 cm�1 (vs); elemental analysis calcd (%) for C36H34N2Si2 (550.85): C
78.50, H 6.22, N 5.09; found: C 78.32, H 6.35, N 4.96.


General procedure for the preparation of the lithiated 1,8-bis(silylamino)-
naphthalenes : An equivalent amount of a solution of n-butyllithium in n-
hexane (2.5�� was added dropwise at �30 �C to a solution of the diamino
naphthalene derivative in 100 mL of THF. After stirring for an hour at
room temperature, the reaction mixture was briefly heated under reflux
and subsequently, after concentration, stored at �35 �C. The lithium
amides were isolated as pale yellow, crystalline solids.


[1,8-{(Me3SiN)Li(thf)}2C10H6](THF) (2a): Yield: 40.9 g (92%); m.p. 82 �C
(decomp); 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.45 (s, 18H;
Si(CH3)3), 1.08 (m, 12H; CH2CH2O), 3.28 (m, 12H; CH2CH2O), 6.77
(dd, 3JHa,Hb� 7.2 Hz, 4JHa,Hc� 1.3 Hz, 2H; Ha, C10H6), 7.13 ± 7.32 ppm (m,
4H; Hb � Hc, C10H6); {1H}13C NMR (50.32 MHz, C6D6, 295 K): �� 2.4
(Si(CH3)3), 25.3 (CH2CH2O), 68.3 (CH2CH2O), 114.3 (CH; C10H6), 115.2
(CH; C10H6), 125.8 (C; C10H6), 126.6 (CH; C10H6), 140.8 (C; C10H6),
157.8 ppm (CN; C10H6); {1H}7Li NMR (77.77 MHz, C6D6, 295 K): ��
�0.60 ppm; {1H}29Si NMR (39.76 MHz, C6D6, 295 K): ���13.0; elemen-
tal analysis calcd (%) for C28H48Li2N2O3Si2 (530.75): C 63.36, H 9.12, N
5.28; found: C 63.08, H 9.01, N 5.02.


[1,8-{(Et3SiN)Li(thf)}2C10H6](THF) (2b): Yield: 4.32 g (87%); 1H NMR
(400.13 MHz, C6D6, 295 K): �� 0.92 (q, 3JH,H� 7.7 Hz, 12H; Si(CH2CH3)3),
1.10 (m, 12H; CH2CH2O), 1.19 (t, 18H; Si(CH2CH3)3), 3.23 (m, 12H;
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CH2CH2O), 6.78 (dd, 3JHa,Hb� 7.4 Hz, 4JHa,Hc� 1.0 Hz, 2H; Ha, C10H6),
7.11 ± 7.25 ppm (m, 4H; Hb� Hc, C10H6); {1H}13C NMR (100.61 MHz, C6D6,
295 K): �� 7.3 (Si(CH2CH3)3), 8.9 (Si(CH2CH3)3), 25.2 (CH2CH2O), 68.4
(CH2CH2O), 114.8 (CH; C10H6), 115.3 (CH; C10H6), 125.0 (C; C10H6), 126.5
(CH; C10H6), 140.7 (C; C10H6), 157.5 ppm (CN; C10H6); {1H}7Li NMR
(77.77 MHz, C6D6, 295 K): ���0.61 ppm; {1H}29Si NMR (39.76 MHz,
C6D6, 295 K): ���4.7 ppm; elemental analysis calcd (%) for C34H60Li2-
N2O3Si2 (614.92): C 66.41, H 9.84, N 4.56; found: C 64.73; H 9.67; N 4.65.


1,8-[(iPr3SiN)Li(thf)]2C10H6 (2c): Yield: 5.71 g (91%); m.p. 56 �C (de-
comp). 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.99 (m, 8H; CH2CH2O),
1.30 (d, 36H; 3JH,H� 6.5 Hz, Si(CH(CH3)2)3), 1.44 (sept, 6H;
Si(CH(CH3)2)3), 2.99 (m, 8H; CH2CH2O), 6.88 (dd, 3JHa,Hb� 7.3 Hz,
4JHa,Hc� 1.0 Hz, 2H; Ha, C10H6), 7.17 (d, 2H; Hc, C10H6), 7.25 ppm (t, 2H;
Hb, C10H6); {1H}13C NMR (50.32 MHz, C6D6, 295 K): �� 15.1
(Si(CH(CH3)2)3), 20.3 (Si(CH(CH3)2)3), 25.1 (CH2CH2O), 68.5
(CH2CH2O), 115.6 (CH; C10H6), 116.5 (CH; C10H6), 124.8 (C; C10H6),
126.2 (CH; C10H6), 140.7 (C; C10H6), 157.7 ppm (CN; C10H6); {1H}7Li NMR
(77.77 MHz, C6D6, 295 K): ���0.80 ppm; {1H}29Si NMR (39.76 MHz,
C6D6, 295 K): ���2.7 ppm; elemental analysis calcd (%) for C36H64Li2-
N2O2Si2 (626.97): C 68.97, H 10.29, N 4.47; found: C 68.72, H 10.14, N 4.40.


1,8-[(Me2tBuSiN)Li(thf)]2C10H6 (2d): Yield: 9.83 g (100%); m.p. 67 �C
(decomp); 1H NMR (400.13 MHz, C6D6, 295 K): �� 0.43 (s, 12H;
Si(CH3)2), 0.92 (m, 8H; CH2CH2O), 1.17 (s, 18H; SiC(CH3)3), 3.14 (m,
8H; CH2CH2O), 6.85 (dd, 3JHa,Hb� 7.4 Hz, 4JHa,Hc� 1.4 Hz, 2H; Ha, C10H6),
7.20 (dd, 2H; Hc, C10H6), 7.27 ppm (t, 2H; Hb, C10H6); {1H}13C NMR
(100.61 MHz, C6D6, 295 K): ���2.2 (Si(CH3)2), 19.9 (SiC(CH3)3), 25.0
(SiC(CH3)3), 28.1 (CH2CH2O), 68.5 (CH2CH2O), 115.4 (CH; C10H6), 115.6
(CH; C10H6), 125.3 (C; C10H6), 126.4 (CH; C10H6), 140.7 (C; C10H6),
157.1 ppm (CN; C10H6); {1H}7Li NMR (77.77 MHz, C6D6, 295 K): ��
�0.71 ppm; {1H}29Si NMR (39.76 MHz, C6D6, 295 K): ���4.5 ppm;
elemental analysis calcd (%) for C30H52Li2N2O2Si2 (542.81): C 66.38, H
9.66, N 5.16; found: C 66.27, H 9.67, N 5.05.


1,8-[(Me2PhSiN)Li(thf)]2C10H6 (2e): Yield: 1.12 g (96%); m.p. 84 �C
(decomp); 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.59 (s, 12H;
Si(CH3)2), 0.94 (m, 8H; CH2CH2O), 3.07 (m, 8H; CH2CH2O), 6.93 (dd,
3JHa,Hb� 5.7 Hz, 4JHa,Hc� 3.1 Hz, 2H; Ha, C10H6), 7.20 ± 7.31 (m, 10H; Hb �
Hc, C10H6/Si(C6H5)), 7.72 ± 7.77 ppm (m, 4H; Si(C6H5)); {1H}13C NMR
(50.32 MHz, C6D6, 295 K): �� 1.0 (Si(CH3)2), 25.0 (CH2CH2O), 68.4
(CH2CH2O), 115.6 (CH; C10H6), 116.1 (CH; C10H6), 125.2 (C; C10H6),
126.6 (CH; C10H6), 128.3 (CH; Si(C6H5)), 128.6 (CH; Si(C6H5)), 133.6 (CH;
Si(C6H5)), 140.6 (C; C10H6), 144.7 (C; Si(C6H5)), 156.5 ppm (CN; C10H6);
{1H}7Li NMR (77.77 MHz, C6D6, 295 K): ���0.56 ppm; {1H}29Si NMR
(39.76 MHz, C6D6, 295 K): ���17.3 ppm; elemental analysis calcd (%)
for C34H44Li2N2O2Si2 (582.79): C 70.07, H 7.61, N 4.81; found: C 69.90, H
7.45, N 4.90.


1,8-[(MePh2SiN)Li(thf)]2C10H6 (2 f): Yield: 2.98 g (77%); m.p. 84 �C
(decomp); 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.72 (s, 6H; Si(CH3)),
0.91 (m, 8H; CH2CH2O), 2.94 (m, 8H; CH2CH2O), 7.04 ± 7.24 (m, 18H;
C10H6/Si(C6H5)2), 7.72 ± 7.78 ppm (m, 8H; Si(C6H5)2); {1H}13C NMR
(50.32 MHz, C6D6, 295 K): ���0.1 (Si(CH3)), 25.0 (CH2CH2O), 68.4
(CH2CH2O), 116.7 (CH; C10H6), 117.1 (CH; C10H6), 125.2 (C; C10H6), 126.4
(CH; C10H6), 128.1 (CH; Si(C6H5)2), 128.7 (CH; Si(C6H5)2), 134.8 (CH;
Si(C6H5)2), 140.3 (C; C10H6), 142.5 (C; Si(C6H5)2), 156.0 ppm (CN; C10H6);
{1H}7Li NMR (77.77 MHz, C6D6, 295 K): ���0.35 ppm; {1H}29Si NMR
(39.76 MHz, C6D6, 295 K): ���21.6 ppm; elemental analysis calcd (%)
for C44H48Li2N2O2Si2 (706.93): C 74.76, H 6.84, N 3.96; found: C 74.51, H
6.71, N 3.90.


Synthesis of 1,8-[Me3SiN(Tl)]2C10H6 (3a): Methylcyclohexane (40 mL),
precooled at�30 �C, was added to a solid mixture of 2a (1.00 g, 3.18 mmol)
and TlCl (1.52 g, 6.36 mmol). After the mixture had been stirred under
strict exclusion of light for 18 h at room temperature, the solid LiCl formed
in the reaction, together with other insoluble components, were separated
by centrifugation, and the deep orange centrifugate was concentrated to
about 10 mL and subsequently stored at�35 �C. Over the course of several
days, the highly air- and moisture-sensitive, yellow-orange thallium amide
3a precipitated as a microcrystalline solid. Yield: 1.53 g (68%); 1H NMR
(400.13 MHz, C6D6, 295 K): �� 0.28 (s, 18H; Si(CH3)3), 6.74 (dd, 3JHa,Hb�
6.4 Hz, 4JHa,Hc� 2.8 Hz, 2H; Ha, C10H6), 7.33 ± 7.38 ppm (m, 4H; Hb � Hc,
C10H6); {1H}13C NMR (100.61 MHz, C6D6, 295 K): �� 0.6 (br, Si(CH3)3),
116.1 (br, CH, C10H6), 119.4 (CH; C10H6), 122.2 (br, C, C10H6), 126.9 (CH;


C10H6), 140.1 (C; C10H6), 151.0 ppm (br, CN, C10H6); {1H}29Si NMR
(39.76 MHz, C4D8O, 295 K): ���7.9 ppm (br); elemental analysis calcd
(%) for C16H24N2Si2Tl2 (709.32): C 27.09, H 3.41, N 3.95, Tl 57.63; found: C
26.98, H 3.23, N 3.85, Tl 57.67.


General procedure for the preparation of the 4,9-bis(silylamino)perylene-
quinone-3,10-bis(silylimines): 1,4-Dioxane (75 mL), cooled at �60 �C, was
added to a solid mixture of one of the lithiated 1,8-bis(silylamino)naph-
thalenes 2a ± 2 f (20.0 mmol) and TlCl (9.59 g, 40.0 mmol). After warming
to room temperature, the reaction mixture was stirred for 16 ± 44 h at 90 �C
(2a : 17 h; 2b : 17.5 h; 2c : 16 h; 2d : 18 h; 2e : 44 h; 2 f : 42 h). After removal
of the solvent in vacuo, the residue was extracted with toluene (85 mL), the
extract was concentrated to about 45 mL, and the dark green solution was
stored at �35 �C. The 4,9-bis(silylamino)perylenequinone-3,10,-bis(silyli-
mines) (4a ± 4 f) were obtained as black-green, microcrystalline solids.


[4,9-(Me3SiNH)2-3,10-(Me3SiN)2]C20H8 (4a): Yield: 2.99 g (76%); m.p.
212 �C (decomp); 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.48 (s, 36H;
Si(CH3)3), 7.19 (d, 3JHa,Hb� 9.7 Hz, 4H; Ha, C20H8), 8.13 (d, 4H; Hb, C20H8),
14.13 ppm (s, 2H; NH); {1H}13C NMR (50.32 MHz, C6D6, 295 K): �� 1.4
(Si(CH3)3), 112.2 (C; C20H8), 124.3 (C; C20H8), 125.4 (CH; C20H8), 126.4 (C;
C20H8), 128.0 (CH; C20H8), 161.9 ppm (CN; C20H8); {1H}29Si NMR
(39.76 MHz, C6D6, 295 K): ���0.9 ppm; IR (KBr): �� � 3455 (vbr w),
3068 (w), 2955 (s), 2896 (m), 1622 (vs), 1590 (s), 1535 (vs), 1429 (m), 1356
(m), 1289 (m), 1249 (s), 1194 (s), 1071 (m), 963 (m), 836 (br vs), 778 (s), 759
(s), 686 (m), 663 (s), 630 (m), 480 cm�1 (w); UV/Vis (n-pentane, c�
10�5 molL�1): �max (lg �)� 295.7 (5.09), 352.4 (4.05), 444.3 (4.82), 546.2
(3.88), 587.9 (4.31), 634.7 nm (4.53); elemental analysis calcd (%) for
C32H46N4Si4 (599.09): C 64.16, H 7.74, N 9.35; found: C 63.81, H 7.53, N 9.28.


[4,9-(Et3SiNH)2-3,10-(Et3SiN)2]C20H8 (4b): Yield: 552 mg (78%); m.p.
224 �C (decomp); 1H NMR (400.13 MHz, CDCl3, 295 K): �� 0.90 (q,
3JH,H� 7.6 Hz, 24H; Si(CH2CH3)3), 1.04 (t, 36H; Si(CH2CH3)3), 7.14 (d,
3JHa,Hb� 9.6 Hz, 4H; Ha, C20H8), 8.37 (d, 4H; Hb, C20H8), 13.32 ppm (s, 2H;
NH); {1H}13C NMR (100.61 MHz, CDCl3, 295 K): �� 5.7 (Si(CH2CH3)3),
7.4 (Si(CH2CH3)3), 111.6 (C; C20H8), 123.7 (C; C20H8), 125.5 (CH; C20H8),
125.8 (C; C20H8), 127.1 (CH; C20H8), 161.8 ppm (CN; C20H8); {1H}29Si NMR
(39.76 MHz, CDCl3, 295 K): �� 4.8 ppm; IR (KBr): �� � 3424 (br s), 3054
(w), 2954 (vs), 2917 (s), 2873 (s), 1623 (s), 1587 (m), 1532 (s), 1461 (s), 1418
(m), 1291 (m), 1250 (m), 1195 (m), 1045 (m), 1014 (m), 975 (m), 802 (m),
777 (m), 742 (m), 588 (w), 457 cm�1 (w); elemental analysis calcd (%) for
C44H70N4Si4 (767.41): C 68.87, H 9.19, N 7.30; found: C 68.39, H 9.02, N 7.11.


[4,9-(iPr3SiNH)2-3,10-(iPr3SiN)2]C20H8 (4c): Yield: 1.27 g (82%); m.p.
329 �C; 1H NMR (200.13 MHz, CDCl3, 295 K): �� 1.18 (d, 3JH,H� 7.3 Hz,
72H; Si(CH(CH3)2)3), 1.46 (sept, 12H; Si(CH(CH3)2)3), 7.12 (d, 3JHa,Hb�
9.9 Hz, 4H; Ha, C20H8), 8.35 (d, 4H; Hb, C20H8), 12.62 ppm (s, 2H; NH);
{1H}13C NMR (50.32 MHz, CDCl3, 295 K): �� 14.2 (Si(CH(CH3)2)3), 18.9
(Si(CH(CH3)2)3), 112.1 (C; C20H8), 123.7 (C; C20H8), 125.8 (C; C20H8), 126.5
(CH; C20H8), 126.6 (CH; C20H8), 162.3 ppm (CN; C20H8); {1H}29Si NMR
(39.76 MHz, CDCl3, 295 K): �� 4.0 ppm; IR (KBr): �� � 3448 (vbr w), 3078
(w), 2944 (br vs), 2889 (s), 2865 (vs), 1623 (vs), 1594 (m), 1533 (vs), 1464 (s),
1426 (m), 1381 (m), 1352 (m), 1291 (m), 1249 (s), 1193 (s), 1067 (m), 1015
(m), 994 (m), 883 (s), 823 (m), 788 (s), 764 (vs), 689 (s), 663 (s), 640 (s), 505
(m), 463 cm�1 (m); UV/Vis (n-pentane, c� 10�5 molL�1): �max (lg �)� 298.3
(5.09), 355.8 (4.16), 376.7 (4.28), 449.2 (4.90), 547.5 (3.95), 589.2 (4.35),
637.5 nm (4.56); elemental analysis calcd (%) for C56H94N4Si4 (935.73): C
71.88, H 10.13, N 5.99; found: C 71.39, H 10.09, N 5.91.


[4,9-(Me2tBuSiNH)2-3,10-(Me2tBuSiN)2]C20H8 (4d): Yield: 3.65 g (79%);
m.p. 252 �C (decomp); 1H NMR (200.13 MHz, CDCl3, 295 K): �� 0.41 (s,
24H; Si(CH3)2), 1.00 (s, 36H; SiC(CH3)3), 7.21 (d, 3JHa,Hb� 9.8 Hz, 4H; Ha,
C20H8), 8.38 (d, 4H; Hb, C20H8), 13.42 ppm (s, 2H; NH); {1H}13C NMR
(50.32 MHz, CDCl3, 295 K): ���2.1 (Si(CH3)2), 19.2 (SiC(CH3)3), 26.9
(SiC(CH3)3), 111.6 (C; C20H8), 123.7 (C; C20H8), 125.7 (C; C20H8), 126.0
(CH; C20H8), 127.1 (CH; C20H8), 161.8 ppm (CN; C20H8); {1H}29Si NMR
(39.76 MHz, C6D6, 295 K): �� 4.9 ppm; IR (KBr): �� � 3420 (br vw), 3060
(vw), 2940 (m), 2920 (m), 2840 (m), 1615 (s), 1530 (s), 1350 (w), 1240 (m),
1190 (m), 1065 (m), 1000 (w), 825 (br vs), 800 (s), 770 (m), 680 cm�1 (w);
UV/Vis (n-pentane, c� 10�5 molL�1): �max (lg �)� 295.8 (5.10), 352.5 (4.06),
443.3 (4.83), 545.8 (3.89), 587.5 (4.31), 635.0 nm (4.53); elemental analysis
calcd (%) for C44H70N4Si4 (767.41): C 68.87, H 9.19, N 7.30; found: C 68.66,
H 9.40, N 6.99.


[4,9-(Me2PhSiNH)2-3,10-(Me2PhSiN)2]C20H8 (4e): Yield: 372 mg (77%);
m.p. 209 �C (decomp); 1H NMR (400.13 MHz, CDCl3, 295 K): �� 0.58 (s,
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24H; Si(CH3)2), 7.04 (d, 3JHa,Hb� 9.8 Hz, 4H; Ha, C20H8), 7.32 ± 7.37 (m,
12H; Si(C6H5)), 7.60 ± 7.68 (m, 8H; Si(C6H5)), 8.23 (d, 4H; Hb, C20H8),
14.02 ppm (s, 2H; NH); {1H}13C NMR (100.61 MHz, CDCl3, 295 K): �� 0.1
(Si(CH3)2), 111.6 (C; C20H8), 123.9 (C; C20H8), 125.7 (CH; C20H8), 127.6
(CH; C20H8), 128.0 (CH; Si(C6H5)), 129.0 (C; C20H8), 129.3 (CH; Si(C6H5)),
133.7 (CH; Si(C6H5)), 139.1 (C; Si(C6H5)), 161.9 ppm (CN; C20H8); {1H}29Si
NMR (39.76 MHz, CDCl3, 295 K): ���8.1 ppm; IR (KBr): �� � 3386 (vbr
s), 3066 (m), 3051 (m), 2955 (m), 2897 (w), 1954 (w), 1622 (v)s, 1590 (s),
1522 (vs), 1426 (s), 1356 (m), 1294 (m), 1251 (s), 1202 (s), 1113 (s), 1070 (m),
831 (vs), 699 (s), 669 (m), 486 (m), 469 cm�1 (m); elemental analysis calcd
(%) for C52H54N4Si4 (847.37): C 73.71, H 6.42, N 6.61; found: C 73.30, H
6.29, N 6.48.


[4,9-(MePh2SiNH)2-3,10-(MePh2SiN)2]C20H8 (4 f): Yield: 1.13 g (75%);
m.p. 203 �C (decomp); 1H NMR (200.13 MHz, CDCl3, 295 K): �� 0.57 (s,
12H; Si(CH3)), 7.02 (d, 3JHa,Hb� 9.8 Hz, 4H; Ha, C20H8), 7.26 ± 7.38 (m, 24H;
Si(C6H5)2), 7.59 ± 7.63 (m, 16H; Si(C6H5)2), 8.13 (d, 4H; Hb, C20H8),
14.19 ppm (s, 2H; NH); {1H}13C NMR (50.32 MHz, CDCl3, 295 K): ��
�1.0 (Si(CH3)), 112.0 (C; C20H8), 124.0 (C; C20H8), 126.1 (CH; C20H8), 127.7
(CH; C20H8), 127.9 (CH; Si(C6H5)2), 129.0 (C; C20H8), 129.5 (CH;
Si(C6H5)2), 134.7 (CH; Si(C6H5)2), 136.9 (C; Si(C6H5)2), 162.2 ppm (CN;
C20H8); {1H}29Si NMR (39.76 MHz, CDCl3, 295 K): ���15.2 ppm; IR
(KBr): �� � 3382 (vbr m), 3066 (m), 3046 (m), 3020 (m), 2955 (m), 1958 (w),
1888 (w), 1824 (w), 1774 (w), 1620 (vs), 1523 (vs), 1427 (s), 1354 (m), 1290
(m), 1251 (s), 1199 (m), 1111 (s), 1070 (m), 821 (s), 792 (vs), 725 (s), 699 (s),
642 (m), 484 (m), 449 cm�1 (m); UV/Vis (n-pentane, c� 10�5 molL�1): �max
(lg �)� 266.7 (4.65), 296.7 (5.05), 315.0 (4.75), 330.0 (4.66), 347.5 (4.65),
451.7 (4.79), 540.8 (4.00), 582.5 (4.26), 630.8 nm (4.40); elemental analysis
calcd (%) for C72H62N4Si4 (1095.65): C 78.93, H 5.70, N 5.11; found: C 78.47,
H 5.96, N 4.90.


In situ synthesis of 1,8-[(NpN)Li(thf)]2C10H6 and its conversion to [4,9-
(NpNH)2-3,10-(NpN)2]C20H8 (6a) (Np� neopentyl): A solution of butyl-
lithium in hexanes (2.5�� 1.00 mL, 2.50 mmol) was slowly added to a
cooled (�70 �C) solution of 1,8-bis(neopentylamino)naphthalene (5a,
347 mg, 1.20 mmol) in THF (20 mL). After the reaction mixture had been
stirred at ambient temperature for 24 h and briefly heated to reflux, the
solvents were removed in vacuo. The yellow, oily residue contained the bis-
thf adduct of the lithium amide 1,8-[(NpN)Li(thf)]2C10H6 in high purity, and
was used as such in the subsequent reaction step. Yield of the crude
product: 538 mg (99%); 1H NMR (200.13 MHz, C6D6, 295 K): �� 1.17 (s,
18H; C(CH3)3), 1.17 (m, 8H; CH2CH2O), 3.01 (s, 4H; CH2), 3.34 (m, 8H;
CH2CH2O), 6.47 (d, 3JHa,Hb� 7.8 Hz, 2H;Ha, C10H6), 7.12 (d, 2H; Hc, C10H6),
7.46 ppm (t, 2H; Hb, C10H6).


1,4-Dioxane (40 mL), precooled at �60 �C, was added to a mixture of the
lithium amide 1,8-[(NpN)Li(thf)]2C10H6 (538 mg 1.18 mmol) and solid TlCl
(576 mg, 2.40 mmol). After warming to room temperature, the reaction
mixture was stirred at 95 �C for 20 h. Upon removal of the solvent in vacuo,
the residue was extracted with toluene (40 mL) and the solvent in the
extract was evaporated again under vacuum. The product mixture was then
separated by column chromatography (silica 60, CH2Cl2/n-hexane: 1:3) and
the perylene derivative 6a was isolated as a black-green solid with a purple
lustre. The compound×s solubility in organic solvents was significantly lower
than those of the silylated perylenes. Yield: 49 mg (21%); 1H NMR
(200.13 MHz, C6D6, 295 K): �� 1.14 (s, 36H; C(CH3)3), 3.45 (s, 8H; CH2),
7.33 (d, 3JHa,Hb� 10.0 Hz, 4JHa,Hc� 1.5 Hz, 4H; Ha, C20H8), 8.33 (d, 4H; Hb,
C20H8), 13.57 ppm (s, 2H; NH), IR (C6D6): �� � 3496 (br w), 2957 (br vs),
2928 (br vs), 2865 (s), 1627 (s), 1606 (s), 1525 (s), 1476 (m), 1390 (m), 1261
(s), 1196 (m), 1097 (br m), 1015 (br m), 791 cm�1 (m); elemental analysis
calcd (%) for C40H54N4 (590.90): C 81.31, H 9.21, N 9.48; found: C 81.59, H
9.42, N 9.11.


Preparation of 3,4,9,10-(Me3SiNH)4C20H8 (7a) and 3,4,9,10-(Me2tBu-
SiNH)4C20H8 (7d): A solution of 4a or 4d (0.50 mmol) in THF (35 mL)
was slowly added to Na/Hg (Na: 1.00 mmol) at ambient temperature. After
stirring for 24 h at room temperature, the deep blue solution that had
formed during this period was decanted from the metalic mercury. After
the mixture had been cooled to �55 �C, a solution of Et3NHCl (138 mg,
1.00 mmol) in THF (15 mL) was added. After the mixture had then been
stirred for another 18 h at ambient temperature, the solvent was removed in
vacuo. The solid residue was extracted with toluene (75 mL), and the red,
highly fluorescent solution was concentrated to 5 mL. Compounds 7a and
7d were obtained as highly air-sensitive, red, microcrystalline solids after


storage at �35 �C for several days. Yields: 7a : 123 mg (41%); 7d : 192 mg
(50%).


Compound 7a : 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.22 (s, 36H;
Si(CH3)3), 5.43 (br s, 4H; NH), 6.72 (d, 3JHa,Hb� 8.1 Hz, 4H; Ha, C20H8),
7.88 ppm (d, 4H; Hb, C20H8); elemental analysis calcd (%) for C32H48N4Si4
(601.10): C 63.94, H 8.05, N 9.32; found: C 63.61, H 8.27, N 9.11.


Compound 7d : 1H NMR (200.13 MHz, C6D6, 295 K): �� 0.22 (s, 24H;
Si(CH3)2), 0.97 (s, 36H; SiC(CH3)3), 5.29 (br s, 4H; NH), 6.83 (d, 3JHa,Hb�
7.9 Hz, 4H; Ha, C20H8), 7.83 ppm (d, 4H; Hb, C20H8); elemental analysis
calcd (%) for C44H72N4Si4 (769.42): C 68.69, H 9.43, N 7.28; found: C 68.44,
H 9.17, N 7.03.


Stoichiometric reaction between 3a and 7a : Solid 3a (21 mg, 0.03 mmol)
and solid 7a (18 mg, 0.03 mmol) were placed in an NMR tube, and C6D6
(0.5 mL) was added. An immediate change of color from orange to dark
green was observed, with the concomitant precipitation of thallium
powder. After centrifigation of the precipitate to the top of the sealed
NMR tube a 1H NMR spectrum was recorded, indicating the presence of
1a and 4a as the only reaction products.


Synthesis of [4,9-(NH2)2-3,10-(NH)2]C20H8 (8): KF (1.45 g 25.0 mmol)
dissolved in water (10 mL) was added at room temperature to a solution of
compound 4a (3.57 g, 5.96 mmol) in methanol (110 mL). A catalytic
amount of [2,2,2]-cryptand was added to the reaction mixture, which was
stirred for 26 h. The solid which precipitated was isolated by filtration on a
G3-frit and then washed with methanol (80 mL), water (50 mL), acetone
(40 mL) and, finally, n-pentane (40 mL). Drying of the solid under high
vacuum in an ultrasonic bath at 40 �C for several hours gave the pure
product [4,9-(NH2)2-3,10-(NH)2]C20H8 (8). Yield: 1.83 g (99%); m.p. 356 �C
(decomp); 1H NMR (400.13 MHz, (CD3)2SO, 295 K): �� 7.16 (d, 3JHa,Hb�
9.8 Hz, 4H; Ha, C20H8), 8.47 (d, 4H; Hb, C20H8), 8.65 ppm (br s, 6H; NH/
NH2); {1H}13C NMR (100.61 Hz, (CD3)2SO, 295 K): �� 105.7 (C; C20H8),
123.0 (C; C20H8), 125.0 (C; C20H8), 125.4 (CH; C20H8), 127.3 (CH; C20H8),
159.6 ppm (CN; C20H8); IR (KBr): �� � 3444 (vbr m), 3384 (vbr m), 3252
(m), 3232 (m), 3057 (w), 1626 (vs), 1608 (s), 1517 (vs), 1408 (m), 1288 (m),
1260 (w), 1198 (vs), 1039 (m), 921 (m), 843 (m), 818 (s), 628 (m), 497 cm�1


(m); UV/Vis (DMSO, c� 10�5 molL�1): �max (lg �)� 289.0 (4.72), 425.9
(4.45), 454.3 (4.19), 524.5 (3.50), 562.9 (3.84), 608.0 nm (3.97); emission
(�ex.� 426 nm, DMSO, c� 10�5 molL�1): �max� 635, 686; MS: m/z (Ir):
310.3 (100) [M]� , 283.2 (23) [M�CHN]� , 256.2 (22) [M� 2CHN]� , 155.1
(14) [1³2M]� , 128.1 (37) [1³2(M� 2CHN)]� ; elemental analysis calcd (%) for
C20H14N4 (310.36): C 77.40, H 4.55, N 18.05; found: C 77.23, H 4.40, N 17.99.


Synthesis of [(bpy)4Ru2{�2-N,N�:N��,N���-[4,9-(NH2)2-3,10-(NH)2]C20H8}]-
(PF6)4 (9): Acetone (50 mL) was added to a mixture of [Ru(bpy)2Cl2]-
(H2O)2 (500 mg, 0.96 mmol) and AgPF6 (486 mg, 1.92 mmol). After stirring
at room temperature under exclusion of light for 24 h the resulting deep
orange suspension was slowly added, through a layer of flame-dried Celite
on a G3 frit, to a mixture of 8 (142 mg, 0.46 mmol) in acetone (20 mL). The
remaining residue from the frit was extracted twice with acetone (2�
25 mL). The reaction mixture was then heated under reflux for 91 h,
subsequently cooled to room temperature, and centrifuged. An aqueous
solution of NH4PF6 (660 mg, 4.05 mmol) in H2O (50 mL) was added to the
blue-violet centrifugate. After concentration in vacuo, the reaction mixture
was stirred at ambient temperature for 45 h and, after addition of
2-propanol (60 mL) and a small amount of zinc powder, for another 24 h.
After concentration in vacuo, the solid precipitate was separated by
filtration and washed first with degassed H2O and then with diethyl ether.
After drying (vacuum line), compound 9 was obtained as a microcrystal-
line, violet-blue solid. Yield: 466 mg (59%); m.p. 292 �C (decomp).
1H NMR (400.13 MHz, CD3CN, 295 K): �� 6.86 (brd, 3JHa,Hb� 10.0 Hz,
4H; C20H8/2H; C10H8N2), 7.06 (d, JH,H� 4.7 Hz, 2H; C10H8N2), 7.14 (d,
JH,H� 5.0 Hz, 2H; C10H8N2), 7.35 (d, JH,H� 5.0 Hz, 2H; C10H8N2), 7.50 ± 7.56
(m, 4H; C10H8N2), 7.66 ± 7.72 (m, 4H; C10H8N2), 7.87 (t, JH,H� 7.9 Hz, 2H;
C10H8N2), 7.89 (t, JH,H� 7.9 Hz, 2H; C10H8N2), 8.12 (dd, JH,H� 7.9 Hz, JH,H�
3.8 Hz, 2H; C10H8N2), 8.14 (dd, JH,H� 7.9 Hz, JH,H� 3.8 Hz, 2H; C10H8N2),
8.37 (d, JH,H� 7.6 Hz, 2H; C10H8N2), 8.42 (d, JH,H� 7.6 Hz, 2H; C10H8N2),
8.56 (d, JH,H� 7.6 Hz, 2H; C10H8N2), 8.61 (d, JH,H� 7.6 Hz, 2H; C10H8N2),
9.13 ppm (d, 3JHa,Hb� 10.0 Hz, 4H; C20H8); {1H}13C NMR (100.61 MHz,
CD3CN, 295 K): �� 123.6 (CH; C10H8N2), 123.7 (CH; C10H8N2), 124.5 (CH;
C10H8N2), 124.6 (CH; C10H8N2), 127.8 (CH; C10H8N2), 128.5 (CH; C10H8N2),
140.8 (CH; C10H8N2), 142.0 (CH; C10H8N2), 154.2 (CH; C20H8), 154.7 (CH;
C20H8), 155.5 (br, C, C10H8N2), 155.6 (br, C, C10H8N2), 156.2 (C; C20H8),
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156.5 (C; C20H8), 158.4 (C; C20H8),
158.6 ppm (C; C20H8); {1H}31P NMR
(161.98 MHz, (CD3)2CO, 295 K): ��
�144.1 ppm (sept, JPF� 709 Hz,
PF6�); {1H}19F NMR (376.50 MHz,
(CD3)2CO, 295 K): ���72.0 ppm (d,
PF6�); IR (KBr): �� � 3448 (vbr m),
3285 (m), 3089 (w), 2963 (w), 1631
(m), 1606 (m), 1467 (m), 1447 (m),
1396 (w), 1315 (w), 1263 (w), 1244 (w),
1187 (w), 1164 (w), 1035 (w), 841 (br
vs), 763 (s), 733 (m), 663 (w), 558 cm�1


(s); UV/Vis (CH3CN, c� 10�5 molL�1,
Ru(��)/Ru(��)): �max (lg �)� 216.1 (5.22),
286.0 (5.17), 359.3 (4.69), 585.9 nm
(3.95); MS: m/z : 641.1 [M�1PF6�]3�,
567.5 [M]2�, 427.1 [M�1PF6�]4�, 378.5
[M]3�, 284.3 [M]4� ; elemental analysis
calcd (%) for C60H46F24N12P4Ru2
(1717.10): C 41.97, H 2.70, N 9.79, Ru
11.77; found: C 41.74, H 2.63, N 9.57,
Ru 11.44.


Photophysical and electrochemical
studies : Emission spectra were record-
ed on a SPEX Fluorolog I (1681)
instrument equipped with an R928
photomultiplier (Products for Re-
search). Emission spectra were meas-
ured on dilute solutions with a 490 nm
(emission-path) cut-off filter. No cor-
rections were applied to the emission
spectra. For determination of the
emission quantum yields, by the ™op-
tical dilute method∫,[38] [Ru(bpy)3] in
air-saturated acetonitrile (�em�
0.016)[39] was used as a standard. The
excitation wavelength was 450 nm,
and the optical density of both the
reference and the sample was adjusted
to 0.1 (1 cm) at this wavelength. Ab-
sorption spectra were recorded on a
Hewlett Packard 8453 diode array
spectrophotometer, with 1 nm band-
width. Time-resolved emission and
transient absorption spectra were obtained with a gated Optical Multi-
channel Analyzer (OMA IV) from EG&G Instruments similar to that
described earlier.[40] As excitation and white probe sources, a tuneable
Coherent Infinity laser (1 ns pulses FWHM) and an EG&G Xe flash lamp
(X 504), respectively, were used. The excitation beamwas at a right angle to
the probing beam. The probing path length was 1 cm. Samples were
adjusted to an absorption of 0.5 (1 cm) at the excitation wavelength
(450 nm). The laser power was about 3 mJ per pulse (0.2 cm2).


The subnanosecond luminescence lifetimes were measured with time-
correlated single-photon counting, by use of a Hamamatsu microchannel
plate (R 3809) detector in a set-up slightly modified from that previously
described,[41] with a frequency-doubled DCM dye laser, synchronously
pumped with a mode-locked Argon ion laser. This results in 324 nm 20 ps
FWHM pulses. Decays were analysed with an in-house deconvolution
program.


Spectroelectrochemistry was performed with an in-house optically trans-
parent thin-layer electrochemical cell with quartz windows, similar to that
described before.[42] Cyclic voltammetry was performed with TBAPF6
(0.1�) in freshly distilled dichloromethane as electrolyte, with ferrocene/
ferricinium as internal standard. A concentration of 1� 10�3� was used.
Spectroscopy grade solvents were used in all determinations, freshly
distilled for electrochemistry.


X-ray crystallographic study of 2c, 4a and 4d


Data collection : X-ray intensity data were collected on a Siemens P4
diffractometer for 4a and 4d, and on a Stoe IPDS diffractometer for 2c.
Details of data collection, refinement and crystal data are listed in Table 1.


Absorption corrections using psi-scans were applied to the data of 4d, but
not of 4a or 2c.


Structure solution and refinement :[43±46] For compounds 2c, 4a and 4d, the
positions of the non-hydrogen atoms were located by direct methods and
refinement was based on F 2. In two of the structures, 4d and 2c, the
asymmetric unit consists of two independent half molecules, and in 4a of
one half molecule. In 4d there are two independent centrosymmetric
tetraaminoperylene molecules in the unit cells, and in 2c there are two
independent molecules of C2 symmetry. Residual electron density close to
Si(1) in 4d was interpreted as due to a small (ca. 15%) disorder of this
atom. Relatively high displacement parameters for the aliphatic carbon
atoms in 4d, and rather higher displacement parameters for the methyl
groups in 4a were consistent with some unresolved disorder of the tert-
butyl and methyl substituents. Direct location of the two amino hydrogen
atoms (one per half molecule) expected in the asymmetric unit of 4d
showed that they were disordered over the four nitrogen atoms, and they
were therefore assigned half occupancy. Therefore, in 4a, where these
atoms could not be directly located, hydrogen atoms of half occupancy
were assigned to calculated sites on each of the four nitrogen atoms of the
asymmetric unit. Fixed isotropic displacement parameters of 0.10 ä2 were
assigned to the amino hydrogen atoms in 4a, whilst in 4d the values of these
parameters for the four amino hydrogen atoms were tied to a common
parameter which refined to 0.04 ä2. The remaining hydrogen atoms for all
three structures were placed in calculated positions with displacement
parameters set equal to 1.2Ueq (or 1.5Ueq for methyl groups) of the parent
carbon atoms. For the structures of 2c and 4a, chemically equivalent bond
lengths in the two independent molecules were constrained to be equal


Table 1. X-Ray crystallographic and data processing parameters for complexes 2c, 4a and 4d.


2c 4a 4d


formula C36H64Li2N2O2Si2 C32H46N4Si4 C44H70N4Si4
Mr 626.95 599.09 767.40
crystal system monoclinic monoclinic triclinic
space group C2 (no. 5) P21/c (no. 14) P1≈ (no. 2)
unit cell dimensions
a [ä] 14.295(3) 13.727(17) 11.0336(15)
b [ä] 14.942(3) 10.587(10) 13.852(2)
c [ä] 19.098(4) 12.885(10) 15.485(2)

 [�] - - 84.411(8)
� [�] 111.88(3) 111.32(7) 79.200(10)
� [�] - - 80.047(9)
U [ä3] 3785.5(13) 1744(3) 2284.5(6)
Z 4 2 2
�calcd [Mg m� 3] 1.100 1.141 1.116
radiation MoK
 MoK
 MoK

wavelength [ä] 0.71073 0.71073 0.71073
� [mm� 1] 0.125 0.197 0.164
F(000) 1376 644 836
crystal size (mm) 0.50� 0.25� 0.25 0.72� 0.44� 0.32 0.60� 0.50� 0.32
-range [�] 2.30 to 24.00 1.59 to 18.00 1.34 to 25.00
limiting hkl indices � 16	 h	 16 � 16	 h	 15 � 13	h	 13


� 17	 k	 16 � 12	 k	 1 � 16	k	 16
� 21	 l	 21 � 1	 l	 15 � 18	 l	 18


reflections collected 13619 1652 16109
independent reflections (Rint) 5790 (0.0567) 1198 (0.1955) 8055(0.0591)
data/restraints/parameters 5790/64/411 925/60/181 7603/0/494
S on F 2 0.929 1.053 0.999
final R indices[a]


[I� 2�(I)]
R1 0.0394 0.1063 0.0566
wR2 0.0902 0.2020 0.1252
(all data)
R1 0.0595 0.2421 0.1110
wR2 0.0968 0.3195 0.1497
weights a, b[a] 0.0505, 0.0000 
 0.1040, 0.0000 0.0700, 0.5765
max and min �� [e ä� 3] 0.343/
 0.217 0.377/
 0.257 0.663/� 0.300
[a] S� [�w(F 2o �F 2c �2/(n� p)]2, where n� number of reflections and p� total number of parameters,
R1����Fo� � �Fc��/��Fo�, wR2��[w(F 2o �F 2c �2]/�[w(F 2o �2]2, w� 1� [�2(Fo)2� (aP)2�bP], P� [max(F 2o,0)�2(F 2c �]/3.
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within an esd of 0.01 ä. In the final cycles of full-matrix, least-squares
refinement, for all three structures, the non-hydrogen atoms were assigned
anisotropic displacement parameters (except for Si(3) for the minor
component of the disordered silicon atom in 4d).


CCDC-180299 (2c), CCDC-180300 (4a), and CCDC-180301 (4d) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.ca-
m.uk).
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Total Synthesis of Epothilone A through Stereospecific Epoxidation of the
p-Methoxybenzyl Ether of Epothilone C


Zhi-Yu Liu,* Ze-Cheng Chen, Cheng-Zhi Yu, Rui-Fang Wang, Ru-Zhou Zhang,
Chu-Sheng Huang, Zheng Yan, De-Rong Cao, Jian-Bo Sun, and Gang Li[a]


Abstract: The total synthesis of epothilone A is described by the coupling four
segments 4 ± 7a. Three of the segments, 4, 5 and 7a, have only one chiral center; all
other chiral centers were introduced by simple asymmetric catalytic reactions. The
key steps are the ring opening of epoxide 5with acetylide 8 for the construction of the
C12 ±C13 cis double bond and a practical hydrolytic kinetic resolution (HKR)
developed by Jacobsen group for the introduction the chiral center at C3. Especially,
the stereospecific epoxidation of 3-O-PMB epothilone C 3b through long-range
effect of 3-O-PMB protecting group gave high yields of the C12 ±C13 �-epoxide for
the synthesis of target molecule.


Keywords: epothilone ¥ natural
products ¥ stereospecific
epoxidation ¥ total synthesis


Introduction


Epothilone A (1) and B (2), first isolated by the Hˆfle
group,[1] represent a new class of macrolides, which has
attracted much attention due to their high antitumor activity
with the same mechanism of action as Taxol but new chemical
structure. Contrary to Taxol, epothilones retain a much
greater toxicity against P-glycoprotein overexpressing multi-
ple drug resistant (MDR) cells. Due to the important
antitumor activity combined with their relative structural
simplicity and better water solubility compared with Taxol,
epothilones generated a lot of excitement among synthetic
chemists, biologists, and clinicians as a potential development
of new powerful anticancer drugs. Many elegant total syn-
thesis of epothilones have been achieved so far.[2] However,
the ideal synthetic route for the complex natural product as a
promising drug candidate should be of high efficiency, low
cost with minimal pollution. It is also essential to avoid low-
yield reaction(s) performed at the last step(s) from econom-
ical point of view.


Six different groups have synthesized epothilone A so far,
where the direct epoxidation of epothilone C 3a was per-
formed in the last step of the reaction in 46 ± 62.5% yield
along with the �-epoxide isomer in 2.9 ± 12.5% yield and other
by-products.[3] Recently, the Carriera group[4] synthesized the
C12 ±C13 epoxide in a chain intermediate and finally
removed the 3-O-TBS protecting group to give epothilone A
in 38% yield at the last step. Herein, we report the details of a
total synthesis of epothilone A based on simple asymmetric
catalytic reactions[5] and through a stereospecific �-epoxida-
tion of the 3-O-PMB epothilone C 3b in high yields within the
last two steps in a total of 25 steps and 4.4% overall yield.
Retrosynthetic analysis reveals, as shown in Scheme 1, that 3b
can be disconnected into four segments 4 ± 7a ; three of the
segments, 4, 5 and 7a, have only one chiral center, which were
easily introduced by asymmetric catalytic Sharpless epoxida-
tion and Jacobsen×s hydrolytic kinetic resolution (HKR)
method.


Results and Discussion


The investigation of the conformation of epothilone A (1) in
the solid state[1b] and in solution[6] revealed that the 3�-
hydroxy group is opposite to the C12 ±C13 �-epoxide with
respect to the macrolide ring plane. Thus, protection of the 3�-
hydroxy group of epothilone C 3a would hamper �-epoxida-
tion at C12 ±C13 through the long-range interaction. This
derivatization should increase the yield of �-epoxidation
product. Therefore, we first synthesized 3-O-PMB epothilone C
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Scheme 1. Retrosynthetic analysis of epothilone A.


3b and then further epothilone A by stereospecific epoxida-
tion.


The synthesis of acetylide segment 8 was accomplished as
depicted in Scheme 2 according to a modified previously
reported synthesis.[7] Olefinic epoxide 9, prepared by catalytic
Sharpless epoxidation similar to a known procedure[8] from
inexpensive geraniol in 94.1% yield, was converted into
olefinic acetonide 11 by stereospecific reduction and aceto-
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Scheme 2. Synthesis of acetylide 8. a) NaBH3CN/BF3 ¥Et2O, THF, RT, 6 h;
b) Me2C(OMe)2, conc. H2SO4 (cat.), acetone, 0 �C, 30 min, 62.2% from 9 ;
c) O3, CH2Cl2, �78 �C, 2 h; d) LiAlH4, Et2O, 0 �C, 1 h, 90% from 11;
e) TsCl/Py, �10 �C�RT, 6 h; f) LiBr (2 equiv), K2CO3 (0.2 equiv), ace-
tone, reflux, 45 min, 91.7% from 12 ; g) Na/acetylene, liq. NH3,�40 �C, 2 h,
95.4%.


nization. With this simple functional group interconversion,
the olefinic acetonide 11 was converted into acetylide 8 in
46.1% overall yield and eight steps from geraniol.


Epoxide segment 5 was obtained by employing a Sharpless
epoxidation strategy starting from crotyl alcohol (Scheme 3).
Tosylate 16, prepared under literature conditions[9] (99.5% ee,
66% yield for two steps in a one-pot reaction), was treated
with benzyl alcohol in the presence of Lewis acid[10] to afford
alcohol 17, which was then converted without purification to
epoxide fragment 5 by treatment with base in 87% yield
(97.8% ee) for two steps in a one-pot reaction. Modified
Wittig reagent 6 was easily synthesized by heating chloride 18
(synthesized from 1,3-dichloroacetone)[11] and tri-n-butyl-
phosphine in 84% yield (over two steps).
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Scheme 3. Synthesis of fragments 5 and 6. a) Benzyl alcohol (1.5 equiv),
BF3 ¥Et2O (0.1 equiv), CH2Cl2, RT, 1.5 h; b) K2CO3 (2.0 equiv), MeOH,
RT, 2 h, 87.4% for two steps; c) 70 �C, 4 h, without solvent, 87%.


We wish to report a practical preparation of the important
C1 ±C6 segment 7a. The segments 7b,c and the correspond-
ing acetonide of 7c (from the free diol) have been synthesized
(see Scheme 4) using stoichiometric asymmetric reac-
tions,[3c, 12] chiral auxiliary methods,[3d, 13±15] asymmetric Aldol
condensation,[16, 17] Sharpless epoxidation,[18, 19] and enzyme-
catalyzed kinetic resolution.[20] Our strategy for the synthesis
of 7a is based on the Jacobsen×s HKR[21] and methoxycarbo-
nylation of the chiral terminal epoxide[22] as the key steps. This
method features high optical purity and easy large-scale
preparation. Thus, vinyl ketone 19[23] was epoxidized with
Oxone in mixture solution of acetone and water to give
racemic epoxide 20. The racemic terminal epoxide was then
treated under the general procedure of Jacobson×s HKR to
afford the desired chiral epoxide ketone 21 (�99% ee, 48.3%
yield) and chiral diol 22 (90% ee, 40.5% yield), which can be
easily converted into the required epoxide ketone 21 with
additional three steps in 66.9% overall yield. Regioselective
carbomethoxylation of the chiral terminal epoxide ketone 21
in the presence of Co2(CO)8 as catalyst and 3-hydroxylpyr-
idine as co-catalyst afforded �-hydroxyester 23 in 65% yield.


At this stage, we first had to consider the selection of a
suitable orthogonal protecting group for the hydroxy group in
23 that should also be easily removable at the last steps of the
synthesis after introducing C12 ±C13 �-epoxide group. 4-Me-
thoxybenzyl (PMB) was preferred since it is stable under
acidic conditions necessary for cleavage of the TBS group at
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C15 and C7 position and can be easily removed by 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) under neutral
conditions necessary to avoid epoxide opening in the last step.
Protection of the 3-hydroxy group of the �-hydroxyester 23
gave 24 in excellent yields, which then was hydrolyzed to keto
acid 7a by saponification with LiOH. The �-hydroxyester 23 is
also a key intermediate for the synthesis of the other C1 ±C6
fragments 7b and 7c. Silylation of 23 with tert-butyldimethyl-
silyl triflate (TBSOTf) furnished silyl ether 25, which was
converted to keto acid 7b[24] by saponification with NaOH.
Reduction of 25 with NaBH4/CaCl2 in a solution of THF/
EtOH (2:1) provided diol 26 in excellent yields, which was
then converted to ketone 7c[3b] by selective silylation of the
primary hydroxy group and subsequent oxidation of the
remaining free secondary hydroxy group in 82% yield over
two steps..


After the successful syntheses of the segments 5, 6, 7a, and
8 by simple and practical catalytic asymmetric reactions in
order to introduce the necessary chiral centers at C3, C8 and
C15, we next focussed on the connection of the four segments
to obtain the macrolactone of epothilone A.


The synthesis of the C7 ±C21 segment by coupling the
building blocks 5, 6 and 8 was accomplished as depicted in
Scheme 5. Acetylide anion, prepared by reaction of 8 with
nBuLi, was treated with the epoxide segment 5 in the
presence of BF3 ¥Et2O to give acetylide alcohol 28, which
underwent partial hydrogenation in the presence of Lindlar
catalyst. The reaction provided the desired cis double bond
product 29[25] in excellent yields. At this stage, it is very
important to choose a suitable protecting group for the
resulting C15-hydroxy group. Not only should this protecting


group be stable, and non-mi-
gratable from C16-O to C15-O
position in the next reductive
cleavage of C16-OBn under
strongly basic conditions (Na/
liq. NH3), but it also should be
stable in the acidic hydrolysis of
the acetonide group and sensi-
tive enough to be removed
selectively in the presence of
the C3-OH and C7-OH pro-
tecting groups for further mac-
rolactonization. In fact, it is
rather impossible to select such
a protecting group, which meets
all above-mentioned require-
ments. Thus, two different pro-
tecting groups were chosen for
the C15-OH group. Firstly, the
C15-OH group of 29 was pro-
tected with the ethoxy ethyl
(EE) group to give 30 in ex-
cellent yields. Reductive cleav-
age of the benzyl ether of 30
with Na/liq. NH3 gave secon-
dary alcohol 31, which was
smoothly oxidized to ketone
32 under Swern conditions.


Next, replacement of the EE group of 32 with TBS was
accomplished by a two-step procedure.
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Scheme 5. Synthesis of C7 ±C21 fragment 36. a) nBuLi (1.0 equiv), THF,
�78 �C, 15 min, then to �40 �C for 40 min, then BF3 ¥Et2O (0.6 equiv) at
�78 �C, 10 min; then epoxide 6 (0.5 equiv), �78 �C, 30 min, 89.6%;
b) Lindlar catalyst (10wt %), MeOH, H2, RT, 1.5 h, 93%; c) vinyl ethyl
ether (10 equiv), PPTS (cat.), CH2Cl2, RT, 2 h, 96%; d) Na (10 equiv), NH3


(liq), THF, �78 �C, 30 min, 97.9%; e) Swern oxidation; f) nPrOH, PPTS,
RT, 2 h; g) TBSCl (2.6 equiv), imidazole (8.7 equiv), DMF, RT, 5 h, 85.3%
for 3 steps; h) 7 (3.0 equiv), tBuOK (2.5 equiv), THF, 0 �C, 30 min; then 30,
RT, 2 h, 92%; i) CuCl2 (3.0 equiv), CH3CN, RT, 2 h; j) NaIO4/silica gel,
CH2Cl2, RT, 15 min, 79.6% over two steps.
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Scheme 4. Synthesis of the C1 ±C6 fragments 7a,b and 7c. a) Oxone (1.0 equiv), NaHCO3, acetone/H2O (1:1),
RT, 3 h, 85.6%; b) salen-CoIIIOAc (2.0 mol%), H2O (0.6 equiv), RT, 36 h, 48.3% for epoxide 21 (� 99% ee) and
40.5% for diol 22 (90% ee); c) PhCOCl (1.2 equiv), pyridine, 0 �C, 2 h, then RT, 12 h, 92.1%; d) MsCl/Et3N,
CH2Cl2, RT, 12 h; e) K2CO3, MeOH, RT, 30 min, 72.6% for two steps; f) 5 mol% Co2(CO)8, 10 mol%
3-hydroxypyridine, THF/MeOH (1:1), 750 psi CO, 65 �C, 24 h, 65%; g) PMBOC(�NH)CCl3 (2.0 equiv),
CF3SO3H (cat.), cyclohexane/CH2Cl2 (2:1), RT, 30 min, 95.1%; h) LiOH (1.2 equiv), THF/H2O (1:1), RT, 5 h,
88.6%; i) TBSOTf (1.3 equiv), 2,6-lutidine (2.1 equiv), CH2Cl2, RT, 30 min, 96.4%; j) NaOH (4.9 equiv), iPrOH,
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imidazole (2.5 equiv), DMF, RT, 3 h, 85%; m) Dess ±Martin periodinane (1.5 equiv), CH2Cl2, RT, 30 min, 96.5%.
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In order to introduce the thiazole side chain stereospecifi-
cally with an E double bond, Armstrong×s method was
applied.[26] A modified Wittig reaction of the tributylphos-
phonium salt 6[7b, 27] and the silyl ketone 34 with a long chain
stereoselectively produces 35without anyZ isomer detectable
by NMR. Selective hydrolysis of the acetonide of 35 followed
by oxidative cleavage of the resulting diol gave the aldehyde
36 in 18 steps and 22.4% overall yield starting from geraniol.


With the synthesis of the C7 ±C21 segment 36 achieved
with a highly stereospecific formation of the cis double bond
at C12 ±C13 and the C1 ±C6 segments 7a as described above,
our next objective was the synthesis of the macrolactone to
finish the synthesis of epothilone A.


The convergent approach to epothilone A is shown in
Scheme 6. Keto acid 7a was treated with lithium diisopropy-
lamide (LDA) in THF to generate the dilithio derivative,
followed by addition of aldehyde 36 to give a mixture of the
desired aldol product 37a and its (6S,7R)-diastereoisomer 37b
in �1:1 ratio. Since the stereocontrolled Aldol condensation
for the synthesis of epothilones had been achieved,[3d, 16, 28] we
focussed on the following stereospecific �-epoxidation despite
the lack of stereoselectivity in this reaction. Thus, exposure of
37a,b to excess of TBSOTf and 2,6-lutidine gave a mixture of
trisilylated products 38a,b, which were then treated with
K2CO3 in MeOH to afford carboxylic acids 39a,b (72.7%,
four steps). Selective removal of TBS group at the C15-OH
position was achieved by treatment of 39a,b with tetra-n-
butylammonium fluoride (TBAF) in THF to generate hy-
droxy acids 40a,b in 85.3% yield. The macrolactonization
reaction was carried out using Yamaguchi method (2,4,6-
trichlorobenzoyl chloride, Et3N, 4-DMAP). Interestingly it
turned out that the yields of lactone products did depend on
the reaction temperature: The combined yields of 41 and 42
were 35, 44, 60, 81 and 74% under reaction temperatures at
20, 25, 50, 80 and 90 �C, respectively, so that the optimum
reaction temperature was 80 �C. At this stage, lactone 41 and
42 can be easily separated by flash chromatography. Exposure
of 41 to trifluoroacetic acid (TFA) produced epothilone C 3a
in 88% yield. All spectra data of the synthesized epothilone C
are identical to those of an authentic sample.[29] Similarly,
(6S,7R)-isomer of epothilone C was obtained from 42. Direct
epoxidation of epothilone C 3a with 3,3-dimethyldioxirane
(DMDO) provided epothilone A 1 (52% yield) and its �-
epoxide isomer (10%). The results for the non-stereospecific
epoxidation are similar to those achieved by other groups for
the direct epoxidation of epothilone C.[3, 30]


Therefore, we were interested in opening a new access to
the C12 ±C13 epoxide by a stereospecific �-epoxidation. Still
crucial for this goal was an adequate protection of the 3�-
hydroxy group in epothilone C which would direct stereo-
selective � attack at C12 ±C13 double bond by long-range
interactions. Thus, selective desilylation of 7-OTBS with
HF ¥ py led to 3-O-PMB epothilone C 3b in 91% yield.
Then, exposure of 3b to DMDO in CH2Cl2 at �35 �C
provided the desired �-epoxide product 43 in 88%
yield without �-epoxide isomer detectable by 1H NMR
spectroscopy. Finally, smooth removal of the 3-O-PMB
protecting group in 43 with DDQ under neutral con-
ditions furnished epothilone A 1 in 93% yield.[31] All
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Scheme 6. Total synthesis of epothilone A. a) LDA (6.0 equiv), THF, 0 �C,
15 min; then 7a (3.0 equiv), THF, �78 �C, 15 min, then �40 �C for 30 min;
then 36 (1.0 equiv), THF, �78 �C, 10 min; b) TBSOTf (6.0 equiv), 2,6-
lutidine (10.0 equiv), CH2Cl2, 0 �C, 2 h; c) K2CO3 (6.0 equiv), MeOH, 25 �C,
15 min, 72.2% for a mixture of 39a/39b (ca. 1:1); d) TBAF (6.4 equiv),
THF, RT, 8 h, 85.3%; e) 2,4,6-trichlorobenzoylchloride (7.5 equiv), Et3N
(8.3 equiv), THF, RT, 15 min; then toluene, add to 4-DMAP (10 equiv) in
toluene, 80 �C, 3 h, 40.5% for 41 and 40.5% for 42; f) 20% CF3COOH,
CH2Cl2, 0 �C, 1 h, 88%; g) 3,3-dimethyldioxirane, CH2Cl2, �30 �C, 1 h,
epothilone A (1) (52%) and its �-epoxide diastereoisomer (10%) (5:1);
h) HF ¥ pyridine, THF, RT, 2 h, 91%; i) same as g), 88%; j) DDQ
(2.6 equiv), CH2Cl2/H2O (20:1), RT, 1 h, 93%.


spectral data of the synthesized epothilone A 1 are identical
to those of an authentic sample.[29]


Conclusion


We have presented an efficient synthesis of epothilone A
based on utilizing simple catalytic asymmetric reactions for
the formation of crucial chiral centers using the acetylide
opening epoxide strategy for the highly stereoselective
construction of cis double bond at C12 ±C13 and Jacobsen×s
HKR as key step for the practical synthesis of C1 ±C6
fragment. We would like to emphasize that the methodologies
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used, especially the directed �-epoxidation and the usage of
the 3-O-PMB protecting group would be useful for the future
syntheses of epothilones and their analogues.


Experimental Section


General : Solvents were dried by standard procedures and redistilled under
N2 atmosphere prior to use. All reactions were routinely performed under
N2 atmosphere unless otherwise indicated. Flash chromatography was
accomplished using silica gel H (10 ± 40 �m). Analytical thin-layer chro-
matography (TLC) was performed on precoated glass-backed plates (F254)
and visualized by using either a UV lamp, phosphomolybdic acid (PMA),
sulfuric acidic/vanilline, or potassium permanganate solution. Melting
points are uncorrected. 1H NMR spectra were recorded on Bruker AM 300
spectrometer. IR spectra were recorded on Perkin ±Elmer 983 spectrom-
eter. Mass Spectra were recorded on HP-5989 spectrometer; high-
resolution mass spectra were obtained on Finnigan MAT 8430 spectrom-
eter (reference PFK, peak matching method, accuracy �2 ppm). Optical
rotations were measured on a Perkin ±Elmer 241 polarimeter.


(1R)-1-[(2S)-Oxiran-2-yl]-1-(benzyloxy)ethane (5): A solution of 16
(4.085 g, 16.86 mmol) in CH2Cl2 (30 mL) was cooled to 0 �C, benzyl alcohol
(2.6 mL, 25.3 mmol, 1.5 equiv) and BF3 ¥Et2O (0.2 mL, 1.58 mmol,
0.1 equiv) were added. The mixture was stirred for 1.5 h at RT, then
concentrated under reduced pressure. The residue was dissolved in
MeOH (30 mL), and K2CO3 (4.66 g, 33.7 mmol, 2 equiv) was added. After
the solution was vigorously stirred for 2 h at RT, the mixture was
concentrated under reduced pressure to remove most of the MeOH.
The residue was diluted with Et2O (60 mL), washed with water and
brine, dried over Na2SO4. The solvent was removed under reduced
pressure, and the crude product was purified by flash chromatography
to give 6 (2.626 g, 87.4%) as a colorless oil. [�]20D ��8.4 (c� 1.5, CHCl3);
MS:m/z (%): 178 (0.76) [M�], 107 (38.18), 108 (11.93), 91 (100), 65 (13.53);
IR (film): ��max� 3064, 3032, 2982, 2870, 1497, 1454, 1372, 1105, 1072,
923, 738, 698 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.38 ± 7.26 (m, 5H,
Ph-H), 4.63, 4.57 (AB, JAB� 11.8 Hz, 2H, OCH2Ph), 3.43 (td, J� 6.4,
11.9 Hz, 1H), 2.96 (ddd, J� 2.7, 3.8, 5.5 Hz, 1H), 2.80 (dd, J� 3.9, 5.0 Hz,
1H), 2.71 (dd, J� 2.7, 5.2 Hz, 1H), 1.31 (d, J� 6.4 Hz, 3H, CH3CH);
elemental analysis calcd for C11H14O2 (178.23): C 74.13, H 7.92; found:
C 73.89, H 8.01.


[(2-Methylthiazol-4-yl)-methyl]-tri-n-butylphosphonium chloride (6): A
mixture of 4-chloromethyl-2-methyl-thiazole (18 ; 21.17 g, 158.6 mmol) and
tri-n-butylphosphine (33.6 g, 166 mmol) was heated under stirring at 70 �C
for 4 h and the mixture was cooled to RT, followed by the addition of
anhydride Et2O (200 mL), led to the precipitation of 6 as hygroscopic
crystals (46.3 g, 87%). IR (KBr): ��max� 3057, 2959, 2931, 2872, 1517, 1465,
1187, 1098, 954, 918, 806, 718cm�1; MS:m/z (%): 314 (15.65) [M��Cl], 313
(100) [M��HCl], 284 (22.21), 257 (18.22), 200 (11.48), 172 (16.68), 113
(47.17), 41 (11.59); 1H NMR (300 Mz, CDCl3): �� 7.75 (d, J� 3.2 Hz, 1H),
4.38 (d, J� 14.5 Hz, 2H), 2.67 (s, 3H), 2.47 ± 2.37 (m, 6H), 1.51 ± 1.46 (m,
12H), 0.95 (t, J� 6.9 Hz, 9H); HRMS: calcd for C17H33NSP [M��Cl]:
314.2073; found: 314.2068.


(3S)-3-(4-Methoxybenzyloxy)-4,4-dimethyl-5-oxo-heptanoic acid (7a):
H2O (25 mL) and LiOH ¥H2O (203 mg, 4.85 mmol) were added to solution
of ester 24 (1.315 g, 4.08 mmol) in THF (25 mL). The mixture was stirred
for 5 h at RT. The solution was concentrated under reduced pressure to
remove THF. The resulting aqueous phase was washed with CH2Cl2 (5�
10 mL) and acidified with a 1� KHSO4 solution to pH 4 ± 5. The aqueous
phase was extracted with EtOAc (3� 20 mL). The combined organic
extracts were dried over Na2SO4, filtered, and concentrated in vacuo to
give acid 7a (1.114 g, 88.6%) as a yellowish oil. [�]20D ��17.7 (c� 2.2,
CHCl3); MS: m/z (%): 307 (0.52) [M��H], 172 (1.42), 137 (14.06), 122
(11.14), 121 (100), 57 (10.64); IR (film): ��max� 2976, 2936, 1709, 1614, 1515,
1468, 1249, 1088, 822 cm�1; 1H MNR (300 MHz, CDCl3): �� 9.18 (br s, 1H,
CO2H), 7.18 (d, J� 8.2 Hz, 2H, Ar-H), 6.84 (d, J� 8.2 Hz, 2H, Ar-H), 4.57,
4.39 (AB, JAB� 10.8 Hz, 2H, ArCH2O), 4.24 (dd, J� 4.5, 6.7 Hz, 1H, CH-
OPMB), 3.77 (s, 3H, Ar-OCH3), 2.65 ± 2.38 (m, 4H, COCH2CH3,
CH2CO2H), 1.19 [s, 3H, C(CH3)2], 1.10 [s, 3H, C(CH3)2], 0.99 (t, J�


7.1 Hz, 3H, CH3CH2); elemental analysis calcd for C17H24O5 (308.37): C
66.21, H 7.84; found: C 65.99, H 8.05.


(3S)-3-(tert-Butyldimethylsilyloxy)-4,4-dimethyl-5-oxo-heptanoic acid
(7b): NaOH (63 mg, 1.58 mmol, 4.9 equiv) was added to a solution of 25
(100 mg, 0.32 mmol) in isopropanol (8 mL). After being stirred for 6 h at
RT, the reaction mixture was quenched by addition of 1� KHSO4 to adjust
the pH to 4 ± 5. The mixture was extracted with EtOAc (3� 20 mL), and
the combined organic phases were washed with saturated aqueous NH4Cl
and brine, dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by flash chromatography to obtain acid 15 (91 mg,
95%) as a viscous, colorless oil. [�]20D ��17.7 (c� 0.8, CHCl3); [�]22D � �
16.1 (c� 1.0, CHCl3)[3b] ; MS: m/z (%): 303 (93.43) [M��H], 302 (100), 285
(48.32), 245 (32.14), 203 (88.75), 153 (57.1), 75 (82.28), 57 (78.25); IR (film):
��max� 2957, 2933, 1713, 1473, 1255, 1093, 837 cm�1; 1H NMR (300 MHz,
CDCl3): �� 4.48 (dd, J� 3.7, 6.9 Hz, 1H, CHOSi), 2.59 ± 2.47 (m, 3H,
CH2CH3, CH2COOH), 2.33 (q, J� 7.0 Hz, 1H, CH2CH3), 1.14 [s, 3H,
C(CH3)2], 1.09[s,3H, C(CH3)2], 1.01 (t, J� 7.0 Hz, 3H, CH3CH2), 0.85 [s,
9H, (CH3)3C], 0.06 [s, 3H, Si(CH3)2], 0.04 [s, 3H, Si(CH3)2]; HRMS(EI):
calcd for C11H21O4Si: 245.1210; found: 245.1222 [M�� tBu].
(5S)-5,7-Di-(tert-Butyldimethylsilyloxy)-4,4-dimethylheptan-3-one (7c):
Imidazole (37 mg, 0.55 mmol, 2.5 equiv) and TBSCl (50 mg, 0.33 mmol,
1.5 equiv) were added to a solution of diol 26 (64 mg, 0.22 mmol) in dry
DMF (2 mL). The reaction mixture was stirred at RT for 3 h and quenched
with slowly addition of MeOH (1 mL). The mixture was diluted with Et2O
(30 mL) and washed with water and brine, dried over Na2SO4. Removal of
the solvent afforded 27 (76 mg, 85%) as a colorless oil, which was used for
preparation of 18 without further purification.


Dess ±Martin periodinane (119 mg, 0.28 mmol, 1.5 equiv) was added to a
solution of 27 (76 mg, 0.19 mmol) in CH2Cl2 (3 mL). The reaction mixture
was stirred for 30 min at RT and quenched with addition of saturated
aqueous Na2S2O3 (2 mL) and saturated aqueous NaHCO3 (2 mL). The
organic layer was separated and the aqueous layer was extracted with
EtOAc (3� 10 mL). The combined organic extracts were dried over
Na2SO4 and concentrated in vacuo. Flash chromatography of the residue
afforded 7c (73 mg, 96.5%) as a colorless oil. [�]20D ��8.4 (c� 1.20,
CHCl3); [lit :[3b] [�]22D ��7.3 (c� 1.8, CHCl3)]; MS:m/z (%): 387 (9.24), 345
(7.93), 303 (100), 187 (88.47), 171 (49.37), 89 (37.96), 57 (52.09); IR (film):
��max� 2938, 2859, 1708, 1473, 1388, 1257, 1098, 940, 837, 776 cm�1; 1H NMR
(300 MHz, CDCl3): �� 4.06 (dd, J� 3.2, 7.3 Hz, 1H, CHOSi), 3.63 ± 3.58
(m, 2H, CH2OSi), 2.51 (q, J� 7.2 Hz, 2H, CH2CH3), 1.51 ± 1.47 (m, 2H,
CH2CH2OSi), 1.10 [s, 3H, C(CH3)2], 1.04 [s, 3H, C(CH3)2], 0.99 (t, J�
7.2 Hz, 3H, CH3CH2), 0.88 [s, 18H, SiC(CH3)3], 0.088 [s, 6H, Si(CH3)2],
0.032[s, 6H, Si(CH3)2].


4-Chloromethyl-2-methyl-thiazole (18): The title compound (27.5 g,
92.9%) was prepared from thioacetamide (15 g) and 1,3-dichloro-propan-
2-one (25 g) by the method of Hooper.[11]


(�)-2-Methyl-2-oxiranylpentan-3-one (20): 4,4-Dimethyl-5-hexen-3-one
(8 ; 10.0 g, 80 mmol), acetone (100 mL), H2O (100 mL) and EDTA
(30 mg) were combined under stirring in a 500 mL three-necked flask.
The solution was cooled to 0 ± 5 �C, then a mixture of Oxone (48.5 g,
80 mmol, 1.5 equiv) and NaHCO3 (48.5 g) were added in several portions.
The mixture was stirred for 3 h at RT and was subsequently filtered under
reduced pressure. The filtrate was extracted with CH2Cl2 (2� 50 mL). The
organic extracts were dried over Na2SO4 and the solvent was removed
under reduced pressure. The crude product was distilled in vacuo to give
pure 20 (9.644 g, 85.6%) as a colorless oil. B.p. 90 ± 92 �C at 20 mm Hg; IR
(film): ��max� 2980, 1711, 1378, 1365, 1101, 974, 834 cm�1; 1H NMR
(300 MHz, CDCl3): �� 3.05 (dd, J� 4.3, 2.8 Hz, 1H), 2.75 (dd, J� 8.7,
4.3 Hz,1H), 2.64 (dd, J� 4.3, 2.8 Hz, 1H), 2.59 (q, J� 7.1 Hz, 2H), 1.10 (s,
3H), 1.07 (s, 3H), 1.05 (t, J� 7.1 Hz, 3H); MS: m/z (%): 142 (1.81) [M�],
113 (2.55), 85 (16), 69 (18), 57 (100), 55 (44), 41 (24); HRMS(EI): calcd for
C8H14O2: 142.0994; found: 142.1035.


Hydrolytic kinetic resolution of racemic epoxide 20 : A mixture of racemic
epoxide 20 (7.0 g, 49.2 mmol), salen-CoIIIOAc catalyst (670 mg, 0.98 mmol,
1.99 mol%) and H2O (531 mg, 29.5 mmol, 0.60 equiv) was stirred for 36 h
at RT. The reaction mixture was bulb-to-bulb distilled under reduced
pressure to give a mixture of the chiral epoxide 21 and diol 22. The crude
product was purified by flash chromatography to give 21 (3.384 g, 48.3%)
and diol 22 (3.192 g, 40.5%).
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2-[(2R)-Oxiran-2-yl]-2-methylpentan-3-one (21): [�]20D � � 16.1 (c� 2.2,
CHCl3); �99% ee (determined by HPLC analysis with a Chiralpak AS
column, � 284 nm); IR (film): ��max� 2980, 1711, 1378, 1365, 1101, 974,
834 cm�1; 1H NMR (300 MHz, CDCl3): �� 3.05 (dd, J� 4.3, 2.8 Hz, 1H),
2.75 (dd, J� 8.7, 4.3 Hz, 1H), 2.64 (dd, J� 4.3, 2.8 Hz, 1H), 2.59 (q, J�
7.1 Hz, 2H), 1.10 (s, 3H), 1.07 (s, 3H), 1.05 (t, J� 7.1 Hz, 3H); MS:m/z (%):
142 (1.81) [M�], 113 (2.55), 85 (15.83), 69 (18.52), 57 (100), 55 (43.58), 41
(23.72); elemental analysis calcd for C8H14O2 (142.20): C 67.57, H 9.92;
found: C 67.61, H 9.86.


(5S)-5,6-Dihydroxy-4,4-dimethylhexan-3-one (22): [�]20D � � 10.4 (c� 1.9,
CHCl3); IR (film): ��max� 3416, 2976, 1702, 1469, 1388, 1089, 1019, 972 cm�1;
1H NMR (300 MHz, CDCl3): �� 4.14 (dd, J� 4.9 Hz, 10.3 Hz, 1H), 3.86 (d,
J� 10.3 Hz, 1H), 3.81 ± 3.72 (m, 1H), 3.71 ± 3.58 (m, 2H), 2.53 (q, J�
7.4 Hz, 1H), 1.63 (q, J� 7.4 Hz, 1H), 1.18 (s, 6H), 1.10 ± 0.89 (m, 3H);
MS: m/z (%): 161 (5.59) [M��H], 143 (100), 131 (2), 85 (15), 71 (29), 57
(47); elemental analysis calcd for C8H16O3 (160.21): C 59.98, H 10.06;
found: C 60.29, H 10.00.


Conversion of diol 22 to epoxide 21: Benzoyl chloride (0.9 mL, 7.5 mmol,
1.5 equiv) was added to a solution of diol 22 (0.8 g, 5.0 mmol) in dry
pyridine (20 mL) at 0 �C. The reaction mixture was stirred for 2 h at 0 �C,
then allowed to warm to RTand stirred for additional 12 h, after which time
no starting material was detected by TLC. Methanol (1 mL) was added to
quench the reaction. The mixture was diluted with EtOAc (20 mL), washed
with H2O, saturated aqueous CuSO4 solution and brine. The organic phase
was dried over Na2SO4, filtered and concentrated in vacuo. Flash
chromatography of the residue provided pure benzoylate of 22 (0.538 g,
92.1%) as a wax-like product. [�]20D � � 22.9 (c� 1.3, CHCl3); 90% ee
(determined by chiral HPLC); MS: m/z (%): 264 (0.14) [M�], 247 (15.69),
143 (57.88), 105 (100), 77 (88.36), 68 (23.61), 57 (31.43); IR (film): ��max�
3491, 3066, 2978, 1720, 1603, 1452, 1276, 1121, 713 cm�1; 1H NMR
(300 MHz, CDCl3): �� 8.03 (d, J� 7.8 Hz, 2H), 7.57 (t, J� 7.5 Hz, 1H),
7.46 (dd, J� 7.5, 7.8 Hz, 2H), 4.55 (dd, J� 2.8, 11.7 Hz, 1H), 4.32 (dd, J�
7.3, 11.7 Hz, 1H), 4.11 (dd, J� 2.8, 7.3 Hz, 1H), 2.56 (q, J� 7.1 Hz, 2H), 1.27
(s, 3H), 1.26 (s, 3H), 1.02 (t, J� 7.1 Hz, 3H); elemental analysis calcd for
C15H20O4 (264.32): C 68.16, H 7.63; found: C 67.99, H7.43.


Triethylamine (1 mL, 7.2 mmol, 4.5 equiv) and tosyl chloride (0.5 mL,
6.4 mmol, 4.0 equiv) were added at 0 �C to a solution of benzoylate of 22
(0.417 g, 1.58 mmol) in CH2Cl2 (50 mL). The reaction mixture was allowed
to warm to RT and stirred for 12 h. After completion of the reaction,
methanol (1 mL) was added, followed by H2O (10 mL). The organic phase
was separated, washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo to afford the tosylate (0.392 g) as a yellowish oil,
which was used in the next step without further purification.


Thus, the tosylate (0.392 g, 1.14 mmol) prepared above was dissolved in
MeOH (20 mL). K2CO3 (0.275 g, 2.0 mmol, 1.8 equiv) was added at RT.
The reaction mixture was vigorously stirred for 1 h, and H2O (20 mL) was
added. Most of methanol was removed under reduced pressure, and the
resulting residue was extracted with CH2Cl2 (3� 20 mL). The combined
organic layers were dried over (MgSO4) and concentrated in vacuo.
Purification of the residue by flash chromatography gave pure 21 (0.163 g,
72.6% from 11a) as a colorless oil. [�]20D � � 15.0 (c� 1.6, CHCl3); 90% ee
(determined by chiral HPLC).


Methyl (S)-3-hydroxy-4,4-dimethyl-5-oxo-heptanoate 23 : An autoclave
was charged under air with Co2(CO)8 (1.0 g, 2.93 mmol) and 3-hydrox-
ypyridine (0.555 g, 5.84 mmol). THF (20 mL) and MeOH (20 mL) were
added, followed by chiral epoxide 21 (8.5 g, 59.8 mmol). The reaction vessel
was flushed three times with CO gas and then charged to a pressure of
750 psi (�50 bar). After the reaction mixture was heated and stirred for
24 h at 65 �C, the autoclave was cooled to RT, and the excess gas was
released carefully; the reaction mixture was poured into Et2O (200 mL) to
precipitate the catalyst mixture. The suspension was stirred under air for
2 h and then filtered through a plug of Celite. The solvents was removed
under reduced pressure, and the crude product was purified by flash
chromatography to give pure �-hydroxyester 23 (7.238 g, 65%) as a
colorless oil. [�]20D ��32.4 (c� 1.4, CHCl3), 99.8% ee [determined by chiral
HPLC with an Chiralpak OJ column; mobile phase: n-hexane/iPrOH
(80:20)]; � 214nm); MS: m/z (%): 203 (37.98) [M��H], 185 (7.71), 143
(9.30), 103 (10.10), 91 (72.14), 71 (79.13), 57 (96.67), 43 (100); IR (film):
��max� 3511, 2978, 1740, 1703, 1439, 1369, 1175, 973 cm�1; 1H MNR
(300 MHz, CDCl3): �� 4.22 ± 4.16 (m, 1H, CHOH), 3.67 (s, 3H, CO2CH3),


3.35 (d, J� 4.5 Hz, 1H, OH), 2.60 ± 2.44 (m, 2H), 2.40 ± 2.34 (m, 2H), 1.12
[s, 3H, C(CH3)2], 1.09 [s, 3H, C(CH3)2], 0.98 (t, J� 7.1 Hz, 3H, CH3CH2);
elemental analysis calcd for C10H18O4 (202.25): C 59.39, H 8.97; found: C
59.35, H 9.08.


Methyl (3S)-3-(4-methoxybenzyloxy)-4,4-dimethyl-5-oxo-heptanoate (24):
A solution of 23 (1.011 g, 5 mmol) in CH2Cl2 (5 mL) and cyclohexane
(10 mL) was added Cl3CC(�NH)OPMB (10.5 mL, 0.955� in CH2Cl2,
10 mmol, 2 equiv) and CF3SO3H (22 �L, 0.25 mmol). The reaction mixture
was stirred for 30 min at RTand then filtered. The filtrate was diluted with
Et2O, and washed with water, sat. NaHCO3 and brine. The organic layer
was dried over Na2SO4. The solvent was removed under reduced pressure
and the crude product was purified by flash chromatography to yield
24 (1.533 g, 95.1%) as a colorless oil. [�]20D ��9.8 (c� 1.45, CHCl3);
IR (film): ��max� 2970, 1739, 1704, 1614, 1515, 1250, 1089, 822 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.16 (d, J� 8.2 Hz, 2H), 6.84 (d, J�
8.2 Hz, 2H), 4.51, 4.36 (AB, JAB� 10.8 Hz, 2H), 4.22 (t, J� 5.8 Hz, 1H),
3.78 (s, 3H), 3.67 (s, 3H), 2.50 (q, J� 7.1 Hz, 2H), 2.45 (d, J� 5.8 Hz, 2H),
1.12 (s, 3H), 1.07 (s, 3H), 1.0 (t, J� 7.1 Hz, 3H); MS: m/z (%): 322
(0.34) [M�], 321 (1.65) [M��H], 248 (4), 1.86 (2), 121 (100), 57 (12);
elemental analysis calcd for C18H26O5 (322.40): C 67.06, H 8.13; found: C
67.32, H 8.43.


Methyl (3S)-3-(tert-butyldimethylsilyloxy)-4,4-dimethyl-5-oxo-heptanoate
(25): 2,6-Lutidine (1.0 mL, 8.6 mmol, 2.1 equiv) and TBSOTf (1.2 mL,
5.2 mmol, 1.3 equiv) were slowly added at 0 �C to a solution of �-
hydroxyester 23 (0.831 g, 4.1 mmol) in CH2Cl2 (30 mL). The reaction
mixture was allowed to warm to RTand stirred for 30 min. The mixture was
diluted with EtOAc (30 mL) and washed with 1% HCl aqueous solution
and brine. The organic phase was dried over Na2SO4, filtered, and
concentrated in vacuo. Purification of the residue by flash chromatography
afforded 25 (1.254 g, 96.4%) as a colorless oil. [�]20D ��22.5 (c� 1.0,
CHCl3); MS: m/z (%): 317 (81.41) [M��H], 301 (24.21) [M��Me], 285
(9.96), 259 (93.42), 243 (25.69), 217 (100), 187 (21.73), 159 (23.16), 57
(10.51); IR (film): ��max� 2956, 2859, 1743, 1707, 1473, 1256, 1092, 838,
778 cm�1; 1H NMR (300 MHz, CDCl3): �� 4.48 (dd, J� 3.8, 7.0 Hz, 1H,
CHOSi), 3.66 (s, 3H, CO2CH3), 2.62 ± 2.40 (m, 3H, CH2CO2Me, CH2CH3),
2.29 (q, J� 7.0 Hz, 1H, CH2CH3), 1.12 [s, 3H, C(CH3)2], 1.07 [s, 3H,
C(CH3)2], 0.99 (t, J� 7.1 Hz, 3H, CH3CH2), 0.83 [s, 9H, C(CH3)3], 0.054 [s,
3H, Si(CH3)2], �0.0007 (s, 3H, Si(CH3)2); HRMS: calcd for C12H23O4Si
(C16H32O4Si� tBu): 259.1367; found: 259.1396.
(3S)-3-(tert-Butyldimethylsilyloxy)-4,4-dimethylheptane-1,5-diol (26):
NaBH4 (48 mg, 1.27 mmol, 4.0 equiv) and CaCl2 (70 mg, 0.63 mmol,
2.0 equiv) were added to a solution of 25 (100 mg, 0.32 mmol) in THF/
EtOH (4:6, 10 mL). The reaction mixture was stirred for 18 h at RT and
quenched with saturated aqueous NH4Cl solution. The phases were
separated and the aqueous layer was extracted with EtOAc (3� 20 mL).
The combined organic phases were washed with water and brine, dried over
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by
flash chromatography to furnish diol 26 (90 mg, 98%) as a viscous, colorless
oil. MS: m/z (%): 291 (6.99), 273 (9.05), 257 (7.68), 215 (42.79), 189 (77.54),
131 (91.46), 89 (35.57), 75 (100), 59 (44.36); IR (film): ��max� 3321, 2960,
1473, 1388, 1257, 1099, 1082, 837, 776, 669 cm�1; 1H NMR (300 MHz,
CDCl3): �� 3.74 ± 3.55 (m, 4H), 3.29 (brd, J� 10.3 Hz, 1H), 2.45 (br s, 1H),
1.97 ± 1.93 (m, 1H), 1.90 ± 1.70 (m, 1H), 1.52 ± 1.46 (m, 1H), 1.27 ± 1.18 (1H),
0.96 ± 0.89 (m, 3H), 0.84 (s, 9H), 0.83 (s, 3H), 0.70 (s, 3H), 0.058 (s, 3H),
0.009 (s, 3H).


[(2S,3R)-3-Methyloxiran-2-yl]methyl tosylate (16):[9] Crushed, activated
3 ä molecular sieves (3.0 g) were introduced into a flame-dried 500 mL
flask under nitrogen. After the flask was flushed for several minutes with
N2, CH2Cl2 (200 mL) was added and the flask was cooled to �20 �C. �-(�)-
Diisopropyl tartrate (DIPT) (1.42 g, 6.0 mmol), (E)-2-buten-1-ol (7.21 g,
100 mmol), and Ti(OiPr)4 (1.42 g, 5.0 mmol) were added sequentially. The
mixture was stirred for 15 min at �20 �C, and a solution of tert-butyl
hydroperoxide (TBHP) (5.0� in CH2Cl2, 40 mL, 200 mmol, 2 equiv) was
added dropwise. The reaction mixture was stirred for 2 h at�20 �C. Careful
quenching of the excess TBHP was accomplished by the slow addition of
tri-n-butylphosphine (24.9 mL, 100 mmol, 1 equiv) at�20 �C. A solution of
trimethylamine (21 mL, 149 mmol), 4-DMAP (1.5 g, 12 mmol), and p-
toluenesulfonyl chloride (19.1 g, 100 mmol) in CH2Cl2 (100 mL) was then
added. After being stirred for 30 h at �10 �C, the reaction mixture was
filtered through Celite and washed with CH2Cl2. The filtrate was then
washed with 10% tartaric acid, saturated NaHCO3, and saturated NaCl.
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The organic layer was dried over MgSO4. After filtration, the solvent was
removed under reduced pressure, and the crude oil was re-crystallized
twice (Et2O/petroleum ether) to yield 16 (16.696 g, 69%) as white needles.
[�]20D ��33.7 (c� 1.0, CHCl3); [lit :[8] [�]20D ��34.1 (c� 2.90, CHCl3);
99.5% ee (determined by chiral HPLC); MS: m/z (%): 243 [M��H]
(1.61), 199 (3.53), 155 (92.15), 139 (5.49), 91 (100), 71 (19.66), 65 (27.11), 43
(23.32); IR (KBr): ��max� 3009, 2957, 1597, 1494, 1450, 1176, 958, 877, 826,
814, 790, 668 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.79 (d, J� 8.2 Hz, 2H,
Ar-H), 7.31 (d, J� 8.2 Hz, 2H, Ar-H), 4.17 (dd, J� 3.8, 11.8 Hz, 1H, TsO-
CH2), 3.97 (dd, J� 5.8, 11.8 Hz, 1H, TsO-CH2), 3.06 ± 2.80 (m, 2H), 2.44 (s,
3H, Ar-CH3), 1.29 (d, J� 5.2 Hz, 3H, CH3CH); elemental analysis calcd for
C11H14O4S (242.29): C 54.53, H 5.82; found: C 54.35, H 5.71.


(2R,3S,10S)-2-Benzyloxy-10-[(4R)-2,2-dimethyl-1,3-dioxolan-4-yl]-undec-
5-yn-3-ol (28): A solution of 8 (2.891 g, 14.738 mmol) in THF (15 mL) was
cooled to �78 �C, and nBuLi (1.6� in cyclohexane, 9.2 mL, 14.73 mmol,
1 equiv) was added. After being stirred for 15 min, the solution was allowed
to warm to�40 �C, and after 40 min at that temperature, it was re-cooled to
�78 �C. BF3 ¥Et2O (1.12 mL, 8.34 mmol, 0.57 equiv) was added. A solution
of epoxide 5 (1.312 g, 7.36 mmol, 0.50 equiv) was added dropwise after
10 min, and the resulting mixture was stirred for 30 min at�78 �C, and then
quenched with saturated aqueous NH4Cl solution (5 mL). The mixture was
warmed to RT and extracted with EtOAc (3� 30 mL). The combined
organic layers were washed with water, 10% aqueous NaHCO3 solution
and brine. The organic layer was dried over Na2SO4, and filtered. The
solvent was removed under reduced pressure, and the residue was purified
by flash chromatography to furnish alcohol 24 (2.470 g, 89.6%) as a
colorless oil. [�]20D �� 40.3 (c� 0.5, CHCl3); MS:m/z (%): 374 (0.88) [M�],
359 (1.35) [M��Me], 317 (11.18), 299 (40.49), 209 (15.22), 181 (17.72), 135
(17.35), 91 (100), 43 (13.48); IR (film): ��max� 3470, 3065, 3032, 2936, 1497,
1455, 1379, 1370, 1214, 1072, 862, 738, 699 cm�1; 1H NMR (300 MHz,
CDCl3): �� 7.34 ± 7.24 (m, 5H, Ph), 4.62, 4.50 (AB, JAB� 11.6 Hz, 2H,
OCH2-Ph), 3.99 (dd, J� 7.2, 6.8 Hz, 1H), 3.88 (dd, J� 6.6, 13.2 Hz, 1H),
3.84 ± 3.75 (m, 1H), 3.60 (t, J� 7.2 Hz, 2H), 2.43 (br s, 1H, OH), 2.30 ± 2.14
(m, 4H, CH2C�CCH2), 1.58 ± 1.13 [m, 5H, CH(CH3), 2�CH2], 1.43 [s, 3H,
C(CH3)2], 1.37 [s, 3H, C(CH3)2], 1.21 (d, J� 6.3 Hz, 3H, CH3CHOBn), 0.95
(d, J� 6.7 Hz, 3H, CH3CH); elemental analysis calcd for C23H34O4


(374.52): C 73.76, H 9.15; found: C 73.75, H 9.30.


(2R,3S,10S,5Z)-2-Benzyloxy-10-[(4R)-2,2-dimethyl-1,3-dioxolan-4-yl]un-
dec-5-en-3-ol (29): Lindlar catalyst (197 mg, 10% wt) was added to a
solution of 28 (1.973 g, 5.27 mmol) in MeOH (50 mL), and the mixture was
hydrogenated for 1.5 h at RT. The reaction mixture was filtered, and the
filtrate was concentrated. Purification of the residue by flash chromatog-
raphy gave 29 (1.848 g, 93%) as a colorless oil. [�]20D ��29.8 (c� 2.05,
CHCl3); MS: m/z (%): 361 (1.08) [M��Me], 101 (11.62), 92 (18.05), 91
(100), 81 (10.59), 72 (10.28), 59 (9.51), 43 (28.19); IR (film): ��max� 3475,
2984, 2934, 1497, 1455, 1379, 1370, 1214, 1071, 736, 698 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.36 ± 7.26 (m, 5H, Ph), 5.50 ± 5.44 (m, 2H,
HC�CH), 4.63, 4.52 (AB, JAB� 11.7 Hz, 2H, OCH2Ph), 3.99 (dd, J� 6.2,
7.7 Hz, 1H), 3.88 (dd, J� 6.8, 13.6 Hz, 1H), 3.80 ± 3.70 (m, 1H), 3.62 ± 3.52
(m, 2H), 2.27 ± 2.40 (m, 2H, CH2CH�), 2.08 ± 2.03 (m, 2H, CH2CH�),
1.63 ± 1.56 (m, 2H), 1.45 ± 1.12 (m, 3H), 1.40 [s, 3H, C(CH3)2], 1.35 [s,3H,
C(CH3)2], 1.20 (d, J� 6.4 Hz, 3H, CH3CHOBn), 0.98 (d, J� 5.1 Hz, 3H,
CH3CH); elemental analysis calcd for C23H36O4 (376.54): C 73.37, H 9.64;
found: C 73.13, H 9.71.


(2R,3S,10S,5Z)-2-Benzyloxy-3-(1-ethoxyethyloxy)-10-[(4R)-2,2-dimethyl-
1,3-dioxolan-4-yl]undec-5-ene (30): Vinyl ethyl ether (2.55 mL,
26.56 mmol, 10 equiv) and PPTS (46.5 mg, 0.185 mmol, 7 mol%) were
added to a solution of alcohol 29 (1.0 g, 2.66 mmol) in CH2Cl2 (10 mL).
After being stirred for 2 h at RT, the mixture was quenched with Na2CO3


(200 mg). The solution was filtered, and the filtrate was concentrated, and
the residue was purified by flash chromatography to give 30 (1.112 g, 96%)
as a colorless oil. [�]20D ��18.9 (c� 1.95, CHCl3); MS: m/z (%): 433 (2.91)
[M��Me], 403 (15.68), 345 (15.41), 251 (22.44), 193 (29.17), 91 (70.67), 73
(100), 45 (30.86); IR (film): ��max� 3090, 3066, 2983, 1652, 1497, 1455, 1378,
1370, 1214, 1097, 1068, 862, 736, 698 cm�1; 1H NMR (300 MHz, CDCl3): ��
7.36 ± 7.24 (m, 5H, Ph-H), 5.46 ± 5.41 (m, 2H, CH�CH), 4.89 [q, J� 5.3 Hz,
1³2H, OCH(CH3)O], 4.81 [q, J� 5.3 Hz, 1³2H, OCH(CH3)O], 4.62 ± 4.52 (m,
2H, PhCH2O), 3.98 (dd, J� 6.2, 7.6 Hz, 1H), 3.85 (dd, J� 6.0, 12.7 Hz, 1H),
3.76 ± 3.51 (m, 5H), 2.35 ± 2.32 (m, 2H, CH2CH�CH), 2.03 (br s, 2H,
CH2CH�CH), 1.65 ± 1.19 (m, 14H), 1.39 [s, 3H, C(CH3)2], 1.35 [s, 3H,


C(CH3)2], 0.95 (d, J� 6.7 Hz, 3H, CH3CH); elemental analysis calcd for
C27H44O5 (448.64): C 72.28, H 9.88; found: C 72.29, H 9.65.


(2R,3S,10S,5Z)-3-(1-Ethoxyethyloxy)-10-[(4R)-2,2-dimethyl-1,3-dioxolan-
4-yl]undec-5-en-2-ol (31): Liquid ammonium (80 mL) was collected at
�78 �C, and Na (1.338 g, 58.15 mmol, 10 equiv) added to give a blue
solution. To this solution was added THF (20 mL) and a solution of 30
(2.609 g, 5.82 mmol) in THF (10 mL). After being stirred for 30 min at
�78 �C, the reaction mixture was quenched by carefully adding MeOH
(5 mL); after the blue color disappeared, saturated aqueous NH4Cl
solution (5 mL) was added. The mixture was allowed to RT to remove
most of NH3, and the residue was extracted with EtOAc (100 mL). The
organic layer was washed with water and brine, dried over Na2SO4, filtered,
and the solvent removed under reduced pressure. The residue was purified
by flash chromatography to give pure 31 (2.041 g, 97.9%) as a colorless oil.
[�]20D ��3.0 (c� 1.25, CHCl3); MS: m/z (%): 313 (1.80), 297 (6.70), 255
(4.06), 175 (9.24), 101 (31.62), 73 (100), 43 (26); IR (film): ��max� 3478, 2983,
2935, 1458, 1379, 1370, 1215, 1058, 946, 861 cm�1; 1H NMR (300 MHz,
CDCl3): �� 5.46 ± 5.42 (m, 2H, CH�CH), 4.83 [q, J� 5.3 Hz, 1H,
OCH(CH3)], 3.99 (dd, J� 6.4, 7.7 Hz, 1H), 3.91 ± 3.85 (m, 2H), 3.72 ± 3.50
(m, 4H), 2.48 (br s, 1H, OH), 2.40 ± 2.20 (m, 2H, CH2CH�CH), 2.05 (br s,
2H, CH2CH�CH), 1.60 ± 1.25 (m, 5H), 1.40 [s, 3H, C(CH3)2], 1.35 [s, 3H,
C(CH3)2], 1.34 (d, J� 5.3 Hz, 3H, CH3CHO), 1.22 (t, J� 7.1 Hz, 3H,
CH3CH2O), 1.19 (d, J� 7.1 Hz, 3H, CH3CHO), 0.96 (d, J� 6.9 Hz, 3H,
CH3CH); elemental analysis calcd for C20H38O5 (358.52): C 67.00, H 10.68;
found: C 67.47, H 10.44.


(3S,10S,5Z)-3-(tert-Butyldimethylsilyoxy)-10-[(4R)-2,2-dimethyl-1,3-diox-
olan-4-yl]undec-5-en-2-one (32): A solution of oxalyl chloride (1 mL,
11.50 mmol, 2 equiv) in CH2Cl2 (20 mL) was cooled to �78 �C, and a
solution of DMSO (1.8 mL, 25.15 mmol, 4.4 equiv) added dropwise. The
reaction mixture was stirred for 30 min at �78 �C, and a solution of 31
(2.041 g, 5.69 mmol, 1 equiv) in CH2Cl2 (15 mL) was added. After 2 h of
stirring at �78 �C, the mixture was quenched with Et3N (4 mL, �6 equiv)
and was allowed to warm to RT. The mixture was diluted with EtOAc
(100 mL) and washed with water and brine. The organic layer was dried
over Na2SO4, filtered, and concentrated in vacuo to afford ketone 32 as
colorless oil, which was used directly in next step without further
purification.


Ketone 32 was dissolved in n-propanol (30 mL), and PPTS (450 mg) added.
The mixture was stirred for 2 h at RT and quenched with Na2CO3. After
being vigorously stirred for 10 min, the mixture was diluted with EtOAc
(50 mL), and washed with water and brine, dried over Na2SO4. After
filtration, the solvent was removed under reduced pressure, and the residue
was dissolved in DMF (30 mL). Imidazole (3.379 g, 49.69 mmol, 8.7 equiv)
and TBSCl (2.247 g, 14.91 mmol, 2.6 equiv) were added at 0 �C. The
reaction mixture was allowed to warm to RTand stirred for additional 5 h.
To the mixture was added ice water (20 mL) and Et2O (20 mL), and two
phases separated. The aqueous phase was extracted with Et2O (3� 20 mL),
and the combined organic layers were washed with water and brine, dried
over Na2SO4. After filtration, the solvent was removed under reduced
pressure, and the crude product was purified by flash chromatography to
yield compound 34 (1.935 g, 85.3%) as a colorless oil. [�]20D ��16.0 (c� 1.5,
CHCl3); MS: m/z (%): 383 (1.05) [M��Me], 355 (1.97), 283 (5.98), 171
(12.00), 157 (21.26), 101 (16.02), 73 (100), 43 (52.64); IR (film): ��max� 2957,
1718, 1464, 1379, 1369, 1254, 1103, 838, 778 cm�1; 1H NMR (300 MHz,
CDCl3): �� 5.55 ± 5.48 (m, 1H, CH�CH), 5.48 ± 5.42 (m, 1H, CH�CH),
4.01 (dd, J� 7.3, 13.5 Hz, 2H), 3.87 (dd, J� 6.9, 13.6 Hz, 1H), 3.59 (t, J�
7.5 Hz, 1H), 2.45 ± 2.37 (m, 1H), 2.37 ± 2.20 (m, 1H), 2.16 (s, 3H, CH3CO),
1.98 (brd, J� 6.2 Hz, 2H), 1.64 ± 1.20 (m, 4H), 1.40 [s, 3H, C(CH3)2], 1.35 [s,
3H, C(CH3)2], 1.20 ± 0.90 (m, 1H), 0.96 (d, J� 6.7 Hz, 3H, CH3CH), 0.92 [s,
9H, (CH3)3C-Si] , 0.099 [s, 3H, Si(CH3)2], 0.066 [s, 3H, Si(CH3)2]; elemental
analysis calcd for C22H42O4Si (398.66): C 66.28, H 10.62; found: C 66.49, H
10.15.


(1S,8S,3Z)-1-[(1E)-1-Methyl-2-(2-methyl-1,3-thiazol-4-yl)vinyl]-8-[(4R)-
2,2-dimethyl-1,3-dioxolan-4-yl]-1-(tert-butyldimethylsilyloxy)non-3-ene
(35): A solution of 6 (5.267 g, 15.05 mmol, 3 equiv) in THF (50 mL) was
cooled to 0 �C, and tBuOK (1.405 g, 12.54 mmol, 2.5 equiv) added. The
mixture was stirred for 30 min to obtain an orange solution. A solution of
ketone 34 (2.0 g, 5.02 mmol, 1 equiv) was added at 0 �C, and result mixture
was warmed slowly to RT. After being stirred for 2 h at RT, the reaction
mixture was quenched with a saturated solution of NH4Cl (10 mL),
extracted with EtOAc (3� 20 mL). The organic layer was washed with
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water and brine, dried over MgSO4. After filtration, the solvent was
removed under reduced pressure, and the crude product was purified by
flash chromatography to give 35 (2.279 g, 92%) as a colorless oil. [�]20D �
�7.1 (c� 2.8, CHCl3); MS:m/z (%): 494 (10.46) [M��H], 478 (7.11) [M��
Me], 362 (1.69), 282 (100), 151 (1.88), 73 (9.93), 43 (3.83); IR (film): ��max�
3095, 2985, 2858, 1506, 1472, 1463, 1378, 1369, 1253, 1071, 837, 776 cm�1;
1H NMR (300 MHz, CDCl3): �� 6.93 (s, 1H, SCH�C), 6.46 (s, 1H,
CH�CCH3), 5.42 ± 5.37 (m, 2H, CH�CH), 4.16 ± 4.09 (m, 1H, CHOSi), 3.99
(dd, J� 6.5, 7.8 Hz, 1H), 3.86 (dd, J� 6.6, 13.4 Hz, 1H), 3.59 (t, J� 7.6 Hz,
1H), 2.71 (s, 3H, N�C(CH3)S), 2.33 ± 2.28 (m, 2H, CH2CH�CH), 2.05 ±
1.98 (m, 5H, CH2CH�CH, CH3C�CH), 1.56 ± 1.10 [m, 5H, CH(CH3), 2�
CH2], 1.40 [s, 3H, C(CH3)2], 1.35 [s, 3H, C(CH3)2], 0.95 (d, J� 6.6 Hz, 3H,
CH3CH), 0.89 [s, 9H, SiC(CH3)3)], 0.054 [s, 3H, Si(CH3)2], 0.021 [s, 3H,
Si(CH3)2]; elemental analysis calcd for C27H47O3NSSi (493.82): C 65.67, H
9.59, N 2.83; found: C 65.40, H 9.60, N 2.90.


(2R,3S,10S,7Z,11E)-10-(tert-Butyldimethylsilyloxy)-3,11-dimethyl-12-
(2-methyl-1,3-thiazol-4-yl)dodeca-7,11-diene-1,2-diol (36): CuCl2 ¥H2O
(385 mg, 2.26 mmol, 3 equiv) was added to a solution of 35 (372 mg,
0.75 mmol) in CH3CN (10 mL). The reaction mixture was stirred for 2 h at
RT, quenched with H2O (20 mL), extracted with EtOAc (3� 30 mL). The
combined organic layers were washed with water, saturated solution of
NH4Cl and brine, dried over Na2SO4. After filtration, the solvent was
removed under reduced pressure, and the residue was purified by flash
chromatography to give corresponding diol of 35 (272 mg, 79.6%) as a
colorless oil. [�]20D ��0.70 (c� 3.3, CHCl3); MS: m/z (%): 454 (3.76)
[M��H], 438 (1.87) [M��Me], 422 (3.58), 394 (6.37), 322 (10.09), 282
(100), 151 (2.96), 73 (12.38); IR (film): ��max� 3369, 3013, 2955, 1656, 1508,
1472, 1253, 1075, 837, 776 cm�1; 1H NMR (300 MHz, CDCl3): �� 6.94 (s,
1H, SCH�C), 6.45 (s, 1H, CH�CCH3), 5.42 ± 5.38 (m, 2H, CH�CH), 4.12
(br t, J� 6.3 Hz, 1H, CHOSi), 3.67 ± 3.50 (m, 3H), 2.88 (br s, 2H), 2.70 [s,
3H, N�C(CH3)S], 2.32 ± 2.27 (m, 2H), 2.05 ± 1.95 (m, 2H), 1.97 (s, 3H,
CH3C�CH), 1.52 ± 1.10 [m, 5H, CH(CH3), 2�CH2], 0.91 (d, J� 7.0 Hz, 3H,
CH3CH), 0.88 [s, 9H, SiC(CH3)3], 0.055 [s, 3H, Si(CH3)2], 0.001 [s, 3H,
Si(CH3)2]; elemental analysis calcd for C24H43O3NSSi (453.76): C 63.53, H
9.55, N 3.09; found: C 63.27, H 9.37, N 3.07.


A solution of the diol of 35 (91 mg, 0.20 mmol) in CH2Cl2 (2 mL) was added
to a suspension of NaIO4/silica gel (1.0 g) in CH2Cl2 (5 mL). The mixture
was vigorously stirred for 15 min at RT, and filtered. The filtrate was
concentrated to give 36 (84 mg, quant.) as a colorless oil. The product was
used directly without further purification. [�]20D ��12.3 (c� 1.6, CHCl3).
[lit :[3b] [�]20D ��13.3 (c� 0.7, CHCl3)]; MS: m/z (%): 422 (0.91) [M��H],
284 (10.76), 283 (24.71), 282 (100), 75 (19.42), 73 (43.15), 45 (5.55); IR
(film): ��max� 2955, 2930, 2858, 1727, 1507, 1472, 1463, 1253, 1184, 1076, 938,
837, 777 cm�1; 1H NMR (300 MHz, CDCl3): �� 9.59 (d, J� 2.1, 1H; CHO),
6.92 (s, 1H, SCH�C), 6.45 (s, 1H, CH�CCH3), 5.41 ± 5.38
(m, 2H, CH�CH), 4.11 (dd, J� 6.4, 6.3 Hz, 1H; CHOSi), 2.70 (s, 3H,
thiazole CH3), 2.33 ± 2.28 (m, 3H), 2.05 ± 1.99 (m, 2H), 1.99 (s, 3H,
CH�CCH3), 1.72 ± 1.64 (m, 1H), 1.41 ± 1.33 (m, 3H), 1.06 (d, J� 7.0 Hz, 3H,
CH3CHO), 0.88 (s, 9H, SiC(CH3)3), 0.05 (s, 3H, Si(CH3)2), �0.002 (s, 3H,
Si(CH3)2).


Aldol reaction of keto acid 7a with aldehyde 36 : A solution of keto acid 7a
(185 mg, 0.60 mmol, 3 equiv) in THF (1 mL) was added dropwise to a
freshly prepared solution of LDA [diisopropylamine (0.2 mL, 0.14 mmol)
was added to nBuLi (0.75 mL, 1.6� solution in hexanes, 1.20 mmol) in THF
(1 mL) at 0 �C] at �78 �C. After being stirred for 15 min, the solution was
allowed to warm to �40 �C, and after 30 min at that temperature, it was re-
cooled to �78 �C. A solution of aldehyde 36 (84 mg, 0.20 mmol, 1 equiv) in
THF (1 mL) was added dropwise, and the resulting mixture was stirred for
10 min and then quenched with a saturated aqueous NH4Cl solution
(1 mL). The reaction mixture was warmed to 0 �C, and acetic acid (0.1 mL)
was added, followed by addition of EtOAc (10 mL). The organic layer was
separated, and the aqueous phase was extracted with EtOAc (3� 5 mL).
The combined organic layers were washed with saturated aqueous NH4Cl
solution and brine, dried over MgSO4, filtered, and concentrated in vacuo
to afford a mixture of aldol products 37a,b in �1:1 ratio and un-reacted
keto acid 7a. The mixture was dissolved in CH2Cl2 (8 mL) and treated with
2,6-lutidine (0.23 mL, 2.0 mmol, 10 equiv) and TBSOTf (0.27 mL,
1.2 mmol, 6.0 equiv) at 0 �C. After the reaction mixture was stirred for
2 h, aqueous 10% HCl (3 mL) was added. The aqueous phase was
extracted with CH2Cl2 (3� 5 mL), and the combined organic layers were
washed with saturated NH4Cl solution and brine, dried (MgSO4), filtered,


and concentrated under reduced pressure. The residue was dissolved in
MeOH (5 mL), and K2CO3 (166 mg, 1.20 mmol, 6 equiv) was added at
25 �C. The reaction mixture was vigorously stirred for 15 min, and acidified
with a 1� KHSO4 solution to pH 4 ± 5. Most of MeOH was removed under
reduced pressure, and the residue was extracted with EtOAc (3� 10 mL).
The organic solution was washed with saturated aqueous NH4Cl solution
and brine, dried over Na2SO4, filtered, and concentrated to furnish a
mixture of carboxylic acids 39a,b, and keto acid 7a. Purification of the
mixture by flash chromatography gave 39a,b (122 mg, 72.2%) as a 1:1
mixture (1H NMR) as a colorless oil. [�]20D ��3.8 (c� 1.0, CHCl3); ESI-
MS: m/z : 845 [M��H], 639, 604, 580, 544; MS: m/z (%): 844 [M�], 698
(0.74), 516 (3.26), 478 (5.01), 284 (11.01), 282 (100), 121 (23.69), 75 (13.96);
1H NMR (300 MHz, CDCl3): �� 7.20 (d, J� 8.6 Hz, 2H, Ar-H), 6.91 (s, 1H,
H-19), 6.82 (d, J� 8.6 Hz, 2H, Ar-H), 6.57 (s, 1³2H, H-17), 6.47 (s, 1³2H,
H-17), 5.42 ± 5.38 (m, 2H, CH�CH), 4.65, 4.45 (AB, JAB� 10.6 Hz, 2H,
ArCH2O), 4.33 ± 4.25 (m, 1H, H-3), 4.12 (dd, J� 7.1, 14.2 Hz, 1H, H-15),
3.87 (d, J� 8.6 Hz, 1H, H-7), 3.78 (s, 3H, CH3OAr), 3.18 ± 3.14 (m, 1H,
H-6), 2.77 (s, 1³2� 3H, H-21), 2.72 (s, 1³2� 3H, H-21), 2.58 ± 2.49 (m, 2H),
2.37 ± 2.25 (m, 2H), 2.08 ± 1.95 (m, 2H), 1.95 (s, 1³2� 3H, H-27), 1.93 (s, 1³2�
3H, H-27), 1.48 ± 1.03 (m, 8H), 1.20 (s, 3H, H-22), 1.16 (s, 3H, H-23), 1.04
(d, J� 6.8 Hz, 3H, H-25), 0.89 [s, 18H, 2� SiC(CH3)3], 0.085 ± 0.049 [m,
12H, 2�Si(CH3)2].


Hydroxy acids 40a, b : A solution of 39a,b (122 mg, 0.14 mmol) in THF
(3 mL) at 25 �C was treated with TBAF (0.9 mL, 1� solution in THF,
0.9 mmol, 6.4 equiv). After being stirred for 8 h, the reaction mixture was
diluted with EtOAc (10 mL) and washed with aqueous solution of HCl
(10 mL, 1� solution). The aqueous phase was extracted with EtOAc (4�
10 mL), and the combined organic phases were washed with saturated
aqueous NH4Cl solution and brine, dried over MgSO4. After filtration,
solvent was removed under reduced pressure, and the residue was purified
by flash chromatography to give 40a,b (90 mg, 85.3%, 1:1 mixture) as a
colorless oil. Mixture of 40a,b : MS: m/z (%): 730 (1.35) [M�], 715 (1.63)
[M��Me], 712 (16.00) [M��H2O], 566 (10.81), 168 (12.83), 121 (100), 75
(8.22); IR (film):��max� 2934, 2858, 1614, 1515, 1472, 1250, 1040, 986, 836,
775 cm�1.


Compound 40a : [�]20D ��12.2 (c� 1.2, CHCl3); 1H NMR (300 MHz,
CDCl3): �� 7.17 (d, J� 8.5 Hz, 2H), 6.93 (s, 1H), 6.80 (d, J� 8.5 Hz, 2H),
6.56 (s, 1H), 5.56 ± 5.47 (m, 1H), 5.40 ± 5.32 (m, 1H), 4.57, 4.40 (AB, JAB�
10.7 Hz, 2H), 4.31 (br t, J� 6.0 Hz, 1H), 4.18 ± 4.06 (m, 2H), 3.84 (brd, J�
8.6 Hz, 1H), 3.75 (s, 3H), 3.11 (dq, J� 7.2, 8.1 Hz, 1H), 2.70 (s, 3H), 2.51 ±
2.30 (m, 4H), 2.05 ± 1.98 (m, 2H), 1.98 (s, 3H), 1.84 ± 1.82 (m, 1H), 1.32 ±
1.14 (m, 8H), 1.08 (s, 3H), 1.01 (d, J� 6.8 Hz, 3H), 0.88 (s, 9H), 0.77 (d, J�
5.8 Hz, 3H), 0.050 (s, 3H), 0.039 (s, 3H).


Compound 40b : [�]20D ��5.6 (c� 2.7, CHCl3); 1H NMR (300 MHz,
CDCl3): �� 7.20 (d, J� 8.5 Hz, 2H), 6.96 (s, 1H), 6.81 (d, J� 8.5 Hz,
2H), 6.63 (s, 1H), 5.60 ± 5.48 (m, 1H), 5.45 ± 5.32 (m, 1H), 4.64, 4.42 (AB,
JAB� 10.7 Hz, 2H), 4.37 ± 4.32 (m, 1H), 4.17 (br t, J� 6.6 Hz, 1H), 3.87
(brd, J� 8.6 Hz, 1H), 3.77 (s, 3H), 3.15 (dq, J� 5.7, 8.2 Hz, 1H), 2.84 (br s,
2H), 2.77 (s, 3H), 2.48 ± 2.39 (m, 4H), 2.02 (br s, 5H), 1.48 ± 0.98 (m, 8H),
1.26 (s, 3H), 1.12 (s, 3H), 0.93 (s, 9H), 0.80 (d, J� 6.1 Hz, 3H), 0.064 (s,
6H).


Macrolactonization of hydroxy acids 40a,b : A solution of hydroxy acids
40a,b (43 mg, 0.06 mmol) in THF (2 mL) was treated at RT with Et3N
(70 �L, 0.5 mmol, 8.3 equiv) and 2,4,6-trichlorobenzoyl chloride (70 �L,
0.45 mmol, 7.5 equiv). The mixture was stirred for 15 min, diluted with
toluene (20 mL), and then added dropwise to a solution of 4-DMAP
(73 mg, 0.6 mmol, 10 equiv) in toluene (10 mL) within 3 h at 80 �C. The
reaction mixture was stirred for an additional 1 h at 80 �C, and concentrated
under reduced pressure to a small volume and filtered through silica gel.
The residue was washed with 40% Et2O in hexanes, and the resulting
solution was concentrated. Purification by flash chromatography (silica gel,
3% acetone in hexanes) gave pure lactone 41 (17 mg, 40.5%) and 42
(17 mg, 40.5%) as colorless oils.


Lactone 41: Rf� 0.33 (30% Et2O in hexanes); [�]20D ��38 (c� 0.75,
CHCl3); MS: m/z (%): 712 (5.46) [M��H], 645 (16.46), 566 (11.59), 446
(8.21), 346 (4.71), 164 (7.93), 121 (100), 75 (9.00); IR (film): ��max� 3004,
2956, 2857, 1720, 1697, 1614, 1514, 1470, 1376, 1361, 1246, 1123, 837,
777 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.14 (d, J� 8.3 Hz, 2H, Ar-H),
6.94 (s, 1H, H-19), 6.78 (d, J� 8.3 Hz, 2H, Ar-H), 6.65 (s, 1H, H-17), 5.39
(br s, 3H, CH�CH, H-17), 4.60, 4.50 (AB, 2H, ArCH2O, JAB� 10.8 Hz),
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4.08 (dd, J� 3.8, 8.5 Hz, 1H, H-3), 3.78 (s, 4H, H-7, CH3OAr), 3.01 (dq, J�
5.5, 6.9 Hz, 1H, H-6), 2.79 ± 2.68 (m, 2H), 2.70 (s, 3H, H-21), 2.27 ± 2.02 (m,
4H), 2.12 (s, 3H, H-27), 1.66 ± 1.38 (m, 5H), 1.25 (s, 3H, H-22), 1.15 (s, 3H,
H-23), 1.06 (d, J� 6.8 Hz, 3H, H-24), 0.95 [s, 9H, SiC(CH3)3], 0.88 (d, J�
6.9 Hz, 3H, H-25), 0.07 [s, 3H, Si(CH3)2], 0.03 [s, 3H, Si(CH3)2]; HRMS:
calcd for C40H61NO6SSi: 711.3992; found: 711.3988.


Lactone 42 : Rf� 0.35 (30% Et2O in hexanes); [�]20D ��62 (c� 0.70,
CHCl3); MS: m/z (%): 712 (18.57) [M��H], 654 (21.18), 566 (17.67), 446
(7.33), 405 (14.16), 346 (3.86), 121 (100), 75 (9.06); IR (film): ��max� 2958,
2857, 1737, 1691, 1515, 1387, 1250, 1039, 984, 836, 775 cm�1; 1H NMR
(300 MHz, CDCl3): �� 7.17 (d, J� 8.6 Hz, 2H, Ar-H), 6.95 (s, 1H, H-19),
6.82 (d, J� 8.6 Hz, 2H, Ar-H), 6.53 (s, 1H, H-17), 5.44 ± 5.34 (m, 2H,
CH�CH), 5.35 (brd, 1H, H-15), 4.58, 4.46 (AB, JAB� 10.2 Hz, 2H,
ArCH2O), 3.99 (dd, J� 3.9, 8.4 Hz, 1H, H-3), 3.91 (brd, J� 7.0 Hz, 1H,
H-7), 3.79 (s, 3H, CH3OAr), 3.24 (dq, J� 7.2, 7.3 Hz, 1H, H-6), 2.69 (s, 3H,
H-21), 2.71 ± 2.40 (m, 2H), 2.39 ± 2.00 (m, 4H), 2.15 (s, 3H, H-27), 1.64 ±
1.23 (m, 5H), 1.20 (s, 3H, H-22), 1.11 (s, 3H, H-23), 1.04 (d, J� 7.1 Hz, 3H,
H-24), 0.90 [s, 9H, SiC(CH3)3], 0.61 (d, J� 6.2 Hz, 3H, H-25), 0.09 [s, 3H,
Si(CH3)2], 0.07 [s, 3H, Si(CH3)2]; HRMS: calcd for C40H61NO6SSi:
711.3992; found: 711.4014.


Preparation of epothilone C (3a): To lactone 41 (22 mg, 0.031 mmol)
cooled to �20 �C, was added a freshly prepared 20% (v/v) CF3COOH
solution in CH2Cl2 (2 mL). The reaction mixture was allowed to reach 0 �C
and was stirred for 1 h. The solvents were evaporated under reduced
pressure, and the residue was purified by flash chromatography to give pure
epothilone C (3a ; 13 mg, 88%) as white foam. [�]20D ��83.0 (c� 0.4,
CHCl3); [lit:[3b] [�]22D ��80.2 (c� 1.7, CHCl3)]; MS: m/z (%): 477 (10.95)
[M�], 459 (4.43) [M��H2O], 389 (6.16), 290 (24.60), 168 (85.93), 121
(48.70), 97 (37.76), 57 (72.48), 43 (100); IR (KBr): ��max� 3449, 2964, 2930,
1733, 1687, 1649, 1467, 1262, 1093, 803, 757 cm�1; 1H NMR (300 MHz,
CDCl3): �� 6.97 (s, 1H, H-19), 6.60 (s, 1H, H-17), 5.46 ± 5.38 (m, 2H,
CH�CH), 5.29 (dd, J� 9.7, 1.7 Hz, 1H, H-15), 4.25 (d, J� 10.4 Hz, 1H,
H-3), 3.74 (br s, 1H, H-7), 3.39 (br s, 1H, OH), 3.14 (dq, J� 6.7, 1.9 Hz, 1H,
H-6), 3.05 (br s, 1H, OH), 2.70 (s, 3H, H-21), 2.71 ± 2.63 (m, 1H), 2.50 (dd,
J� 14.9,11.2 Hz, 1H, H-2), 2.34 (dd, J� 15.1, 2.7 Hz, 1H, H-2), 2.30 ± 2.10
(m, 2H), 2.09 (s, 3H, H-27), 2.10 ± 1.95 (m, 1H), 1.90 ± 1.60 (m, 2H), 1.34 (s,
3H, H-22), 1.45 ± 1.15 (m, 3H), 1.19 (d, J� 6.9 Hz, 3H, H-24), 1.08 (s, 3H,
H-23), 1.00 (d, J� 7.0 Hz, 3H, H-25); HRMS: calcd for C26H39NO5S
477.2551; found: 477.2553.


Preparation of epothilone A (1): A solution of 3a (14 mg, 0.029 mmol) in
CH2Cl2 (2 mL) was cooled to �50 �C, a freshly prepared 3,3-dimethyldiox-
irane (2 mL, �0.1� in acetone). The resulting solution was allowed to
warm to�30 �C for 1 h. A stream of nitrogen was then bubbled through the
solution to remove excess 3,3-dimethyldioxirane. The residue was purified
by flash chromatography (40% EtOAc in hexanes) to afford epothilone A
(1; 7.5 mg, 52%) as a white solid and its �-epoxide diastereoisomer (1.5 mg,
10%).


Epothilone A (1): [�]20D ��41.5 (c� 0.20, CH3OH); [lit :[1] [�]20D ��47.1
(c� 1.0, CH3OH)]; MS: m/z (%): 493 (9.02) [M�], 494 (7.03) [M��H], 476
(3.42) [M��H2O], 322 (21.93), 306 (85.94), 304 (61.60), 164 (100), 57
(51.67), 43 (62.83); IR (film): ��max� 3462, 2960, 1737, 1690, 1506, 1467, 1260,
1153, 980, 757cm�1; 1H NMR (300 MHz, CDCl3): �� 6.98 (s, 1H, H-19),
6.60 (s, 1H, H-17), 5.43 (dd, J� 8.5, 2.5 Hz, 1H, H-15), 4.20 ± 4.17 (m, 1H,
H-3), 3.96 (d, J� 6.2 Hz, 1H, 3-OH), 3.79 (dd, J� 8.2, 4.0 Hz, 1H, H-7),
3.49 (br s, OH), 3.23 (dq, J� 11.6, 7.0 Hz, 1H, H-6), 3.03 (m, 1H, H-13), 2.92
(m, 1H, H-12), 2.70 (s, 3H, H-21), 2.60 (br s, 1H, 7-OH), 2.57 (dd, J� 14.4,
10.4 Hz, 1H, H-2), 2.41 (dd, J� 14.4, 3.2 Hz, 1H, H-2), 2.17 ± 2.11 (m, 1H,
H-14), 2.09 (s, 3H, H-27), 1.93 ± 1.85 (m, 1H, H-14), 1.75 ± 1.67 (m, 2H, H-8,
H-11), 1.52 ± 1.40 (m, 5H, 2H-9, 2H-10, H-11), 1.37 (s, 3H, H-22), 1.18 (d,
J� 6.8 Hz, 3H, H-24), 1.10 (s, 3H, H-23), 1.01 (d, 3H, J� 7.0 Hz, H-25);
HRMS: calcd for C26H39NO6S: 493.2498; found: 493.2487.


�-Epoxide isomer of epothilone A : [�]20D ��51 (c� 0.10, CH3OH); MS:
m/z (%): 493 (2.93) [M�], 405 (4.42), 380 (6.15), 306 (49.51), 164 (89.26),
151 (34.98), 57 (68.64), 43 (100); IR (film): ��max� 3476, 2929, 1736, 1689,
1509, 1459, 1257, 1152, 983, 913, 732 cm�1; 1H NMR (300 MHz, CDCl3): ��
6.98 (s, 1H, H-19), 6.61 (s, 1H, H-17), 5.70 (d, 1H, H-15, J� 8.1 Hz), 4.13
(brd, J� 10.6 Hz, 1H, H-3), 4.01 (br s, 1H, OH), 3.94 (brd, J� 4.9 Hz, 1H,
H-7), 3.49 (s, 1H, OH), 3.32 (dd, J� 2.3, 7.1 Hz, 1H, H-6), 3.28 ± 3.22 (dt,
J� 9.3, 4.2 Hz, 1H, H-13), 2.97 (dt, J� 3.3, 10.1 Hz, 1H, H-12), 2.71 (s, 3H,
H-21), 2.50 (dd, J� 10.8, 12.7 Hz, 1H, H-2), 2.40 (dd, J� 2.6, 12.7 Hz, 1H,


H-2), 2.12 (s, 3H, H-27), 2.09 ± 2.03 (m, 1H, H-14), 1.92 ± 1.78 (m, 3H, H-14,
2H-11), 1.59 ± 1.20 (m, 5H, 2H-10, 2H-9, H-8), 1.36 (s, 3H, H-22), 1.12
(d, J� 7.0 Hz, 3H, H-24), 1.05 (s, 3H, H-23), 0.95 (d, J� 7.1 Hz, 3H,
H-25).


(4S,7R,8S,16S)-8-Hydroxy-4-(4-methoxybenzyloxy)-5,5,7,9-tetramethyl-
16-[(E)-1-methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-ethenyl]-1-oxacyclohexa-
dec-13-en-2,6-dione (3b): HF ¥ pyridine (0.6 mL) was added dropwise to a
solution of lactone 41 (21 mg, 29.5 mmol) in THF (1.0 mL) at RT in a plastic
vial. After being stirred for 2 h at RT, the reaction mixture was diluted with
Et2O (20 mL) and slowly added NaCO3 until no further CO2 was formed.
The mixture was filtered, and the organic layer was washed with sat.
aqueous CuSO4, water and brine, dried over NaSO4, filtered, and
concentrated in vacuo. Purification of the residue by flash chromatography
provided 3b (16 mg, 91%) as a wax-like solid. [�]20D ��70.3 (c� 0.40,
CHCl3); MS: m/z (%): 598 [M��H] (1.24), 290 (5.57), 168 (12.25), 164
(21.25), 137 (21.61), 121 (100), 77 (10.91); IR (KBr): ��max� 3563, 3100, 3007,
2961, 2929, 2854, 1717, 1687, 1614, 1514, 1469, 1270, 1246, 1181, 1093, 1024,
824, 747 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.08 (d, J� 8.6 Hz, 2H, Ar-
H), 6.90 (s, 1H, H-19), 6.75 (d, J� 8.6 Hz, 2H, Ar-H), 6.60 (s, 1H, H-17),
5.42 ± 5.33 (m, 3H, CH�CH, H-15), 4.53, 4.46 (AB, JAB� 10.4 Hz, 2H, Ar-
CH2O), 4.09 (dd, J� 10.4, 1.9 Hz, 1H, H-3), 3.77 (s, 3H, CH3OAr), 3.75 ±
3.73 (m, 1H, H-7), 3.09 ± 3.04 (m, 2H, H-6, OH), 2.81 ± 2.71 (m, 2H, H-14),
2.69 (s, 3H, H-21), 2.54 (dd, J� 15.5, 2.7 Hz, 1H, H-2), 2.22 ± 2.09 (m, 2H,
H-2, H-11), 2.13 (s, 3H, H-27), 2.0 ± 1.90 (m, 1H, H-11), 1.75 ± 1.52 (m, 2H),
1.43 ± 1.10 (m, 3H), 1.22 (s, 3H, H-22), 1.17 (s, 3H, H-23), 1.15 (d, J�
6.7 Hz, 3H, H-24), 0.98 (d, J� 7.0 Hz, 3H, H-25).


(1S,3S,7S,10R,11S,12S,16R)-3-[(E)-1-Methyl-2-(2-methyl-1,3-thiazol-4-
yl)-1-ethenyl]-11-hydroxy-7-(4-methoxybenzyloxy)-8,8,10,12-tetramethyl-
4,17-dioxa-bicyclo[14.1.0]heptadecane-5,9-dione (43): A freshly prepared
solution of 3,3-dimethyldioxirane (0.1� in acetone, 2 mL) was added at
�50 �C to a solution of 3b (10 mg, 16.7 �mol) in CH2Cl2 (1.0 mL). The
reaction mixture was allowed to warm to �30 �C for 2 h. A stream of
nitrogen gas was then bubbled through the solution to remove excess 3,3-
dimethyldioxirane. The residue was purified by flash chromatography and
afforded 43 (9 mg, 88%) as a wax-like solid. [�]20D ��60 (c� 0.20, CHCl3);
MS:m/z (%): 614 [M��H] (13.37), 306 (9.78), 164 (13.37), 137 (15.13), 121
(100), 57 (10.36); IR (KBr): ��max� 3502, 3107, 2960, 2929, 2858, 1736, 1687,
1614, 1515, 1465, 1388, 1371, 1302, 1251, 1180, 1155, 1036, 980, 823,
757 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.09 (d, J� 8.6 Hz, 2H, Ar-H),
6.92 (s, 1H, H-19), 6.77 (d, J� 8.6 Hz, 2H, Ar-H), 6.60 (s, 1H, H-17), 5.53
(dd, J� 8.4, 1.8 Hz, 1H, H-15), 4.55, 4.48 (AB, JAB� 10.3 Hz, 2H,
ArCH2O), 4.09 (dd, J� 10.0, 3.2 Hz, 1H, H-3), 3.81 (t, J� 4.0 Hz, 1H,
H-7), 3.77 (s, 3H, CH3O), 3.13 (dq, J� 6.7, 3.1 Hz, 1H, H-6), 2.99 (td, J�
9.1, 3.6 Hz, 1H, H-13), 2.78 ± 2.60 (m, 2H, H-12, H-2), 2.69 (s, 3H, H-21),
2.61 (dd, J� 15.1, 3.1 Hz, 1H, H-2), 2.18 ± 2.10 (m, 1H, H-14), 2.14 (s, 3H,
H-27), 2.05 ± 2.00 (m, 1H, H-14), 1.95 ± 1.85 (m, 1H, H-11), 1.80 ± 1.55
(m, 1H, H-11), 1.45 ± 1.20 (m, 5H, 2H-10, 2H-9, H-8), 1.24 (s, 3H, H-22),
1.21 (s, 3H, H-23), 1.15 (d, J� 6.7 Hz, 3H, H-24), 0.98 (d, J� 7.0 Hz, 3H,
H-25).


Epothilone A (1): 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ,
4 mg, 17.6 ��) was added to a solution of 43 (4 mg, 6.62 �m) in CH2Cl2/
H2O (20:1, 1.0 mL). the reaction mixture was stirred at RT for 1 h, then
diluted with EtOAc (20 mL). The organic solution was washed with
saturated aqueous NaCO3, water and brine, dried over NaSO4, filtered, and
concentrated in vacuo. Purification of the residue by flash chromatography
gave epothilone A (1; 3 mg, 93%) as a white solid. [�]20D ��41.5 (c� 0.20,
CH3OH); [lit :[1] [�]20D ��47.1 (c� 1.0, CH3OH)]; MS: m/z (%): 493 (9.02)
[M�], 494 (7.03) M��H], 476 (3.42) [M��H2O], 322 (21.93), 306 (85.94),
304 (61.60), 164 (100), 57 (51.67), 43 (62.83); IR (film): ��max� 3462, 2960,
1737, 1690, 1506, 1467, 1260, 1153, 980, 757 cm�1; 1H NMR (300 MHz,
CDCl3): �� 6.98 (s, 1H, H-19), 6.60 (s, 1H, H-17), 5.43 (dd, J� 8.5, 2.5 Hz,
1H, H-15), 4.20 ± 4.17 (m, 1H, H-3), 3.96 (d, J� 6.2 Hz, 1H, 3-OH), 3.79
(dd, J� 8.2, 4.0 Hz, 1H, H-7), 3.49 (br s, OH), 3.23 (dq, J� 11.6, 7.0 Hz, 1H,
H-6), 3.03 (m, 1H, H-13), 2.92 (m, 1H, H-12), 2.70 (s, 3H, H-21), 2.60 (br s,
1H, 7-OH), 2.57 (dd, J� 14.4, 10.4 Hz, 1H, H-2), 2.41 (dd, J� 14.4, 3.2 Hz,
1H, H-2), 2.17 ± 2.11 (m, 1H, H-14), 2.09 (s, 3H, H-27), 1.93 ± 1.85 (m, 1H,
H-14), 1.75 ± 1.67 (m, 2H, H-8, H-11), 1.52 ± 1.40 (m, 5H, 2H-9, 2H-10,
H-11), 1.37 (s, 3H, H-22), 1.18 (d, J� 6.8 Hz, 3H, H-24), 1.10 (s, 3H, H-23),
1.01 (d, 3H, J� 7.0 Hz, H-25); HRMS: calcd for C26H39NO6S: 493.2498;
found: 93.2487.
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Enzyme Accessibility and Solid Supports: Which Molecular Weight Enzymes
Can Be Used on Solid Supports? An Investigation Using Confocal Raman
Microscopy


J¸rgen Kress,[a] Riccardo Zanaletti,[a] Augustin Amour,[b] Mark Ladlow,[c] Jeremy G. Frey,[a]


and Mark Bradley*[a]


Abstract: The accessibility of various
solid supports (TentaGel, PEGA 1900,
and beaded controlled pore glasses
(CPGs)) to a range of enzymes was
investigated. The different beaded
materials were loaded with the pep-
tide 4-cyanobenzamide-Gly-Pro-Leu-
Gly-Leu-Phe-Ala-Arg-OH and incubat-
ed with the enzymes MMP-12 (22 kDa),
thermolysin (35 kDa), MMP-13


(42.5 kDa), clostridium collagenase
(68 kDa), and NEP (90 kDa). The ab-
sence/presence of the cyano stretching
frequency was measured by means of
confocal Raman microscopy. It was


found that none of the investigated
enzymes could enter the polymer ma-
trices of TentaGel. PEGA 1900 was
compatible only with the two smallest
enzymes, while beaded CPG was suc-
cessful even with NEP (90 kDa), prov-
ing its superiority over other materials in
terms of bio-compatibility.


Keywords: combinatorial chemistry
¥ enzymes ¥ Raman spectroscopy ¥
solid supports


Introduction


Solid-phase synthesis[1] has become very popular in recent
years due to the growing importance of combinatorial
chemistry,[2] with target compounds being prepared on the
solid-phase either using parallel or split-and-mix based solid-
phase methods,[3] or in solution with the appropriate use of
reagent or scavenger-based resins.[4] Either way, the polymer
matrix is a key requirement, yet many questions remain
unanswered regarding the nature of the polymer materials
being used. One problem of some practical interest is the
applicability of enzymatic reactions on solid supports. In
classical organic synthesis enzymes have been used for many
years for a wide variety of chemical transformations, yet their
application to solid-phase synthesis has been limited.[5] The
most applicable supports for enzyme based-chemistry are the


PEGA (cross-linked 2-acrylamidoprop-1-yl[2-aminoprop-1-
yl]polyethylene glycol) based resins that have been champ-
ioned by Meldal and co-workers.[6] However, in general, there
has been much mystification in the solid-phase literature with
respect to the applicability of enzymatically cleavable linkers
on a number of other resin-based supports[8, 9] and bead-based
enzyme screening, with no clear understanding of the
compatibility of enzymes with synthesis based resin beads
emerging. Table 1 gives a brief overview of the literature on
the use of some enzymes that have been used in conjunction
with synthetic based solid supports.


Work in our laboratory,[7a,b] and others,[7c] has highlighted
the problem of carrying out fluorescent analysis on resin
beads due to the inability (as a consequence of the Beer±
Lamberts law) to illuminate more than a few microns into the
bead when the bead is loaded with a dye or fluorophore.[7] As
a consequence of this effect we therefore developed confocal
Raman spectroscopy as a analysis method that is not sensitive
to the concentration effects within the support, yet allows
reaction sites on beads to be to probed with high levels of
spatial, temporal and quantitative accuracy. This method
therefore provides a powerful tool to allow the issue of
enzyme accessibility into beads to be addressed.[7]


A study into the enzyme compatibility of some common
supports was therefore carried out, with the focus being on the
use of different PEGA, TentaGel, and beaded controlled pore
glass (CPG) supports. PEGA can be prepared with different
lengths of PEG cross-linkers with the number indicating the
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mass (and therefore length) of the PEG cross-linker. However
only PEGA 900 and 1900 are commercially available, while
the large size distribution of the beads and their tendency to
stick together and to cling to the reaction vessel can make
handling problematic. TentaGel, although swelling in water
and easy to handle, has a polystyrene-based core and is based
on the short cross-linking agent divinylbenzene at a level of
1 ± 2% which should prevent access to most macromolecules
for most practical applications. Few publications deal with
CPG as a support for organic synthesis and enzymatic assay or
cleavage. One of them described CPG from Fluka with a pore
size of 50 nm in combination with a rather large enzyme
(80 kDa), but only minor cleavage of a model compound from
this support was detected and no other details of the support
were given.[9] Other papers have not specified either the pore
size of the CPG or the molecular weight of the enzyme used
was unknown.[16] The material used in this study was a well-
defined beaded CPG material used in large-scale protein
purification processes.


Results and Discussion


To find the solid support most suitable for our needs the
following experiment was carried out. The solid supports
TentaGel, PEGA 1900, and beaded controlled pore glass
(CPG, 100 nm pores) were loaded with the peptide 4-CBA-
Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg-OH (4-CBA� 4-cyano-
benzoic acid) and incubated with five enzymes with a range


of molecular weights. The beads were investigated by confocal
Raman microscopy to reveal if the peptide sequence was
cleaved by looking at the stretching frequency of the cyano
group at 2230 cm�1. Table 2 and Table 3 show the relevant
details of the solid supports and the enzymes used in this
study.


To ensure that the peptide used on the different supports
was of the same quality for all the samples, this peptide was
first prepared in bulk on a polystyrene (PS) resin endowed
with a 2-chlorotrityl linker (Scheme 1). Synthesis followed a
conventional DIC/HOBt coupling procedure, with the guadi-
nine side chain of arginine protected as its 2,2,5,7,8-pentam-
ethyldihydrobenzofuran-5-sulfonyl amide (Pbf) and the pep-
tide was designed to have a range of cleavage sites for a
number of different proteases. The 2-chlorotrityl linker
allowed cleavage of the peptide from the resin under


Table 1. Literature summary of some of the enzymes used on solid supports (TG�TentaGel, CPG� controlled pore glass, PEGA 1900� polyethylene
glycol(1900)-polyacrylamide copolymer.


Solid support Enzyme MW Comments


TG penicillin acylase 80 kDa no cleavage of model compound[9]


PEGA 1900 penicillin acylase 80 kDa 13% cleavage of model compound[9]


CPG, pore size 50 nm penicillin acylase 80 kDa 10% cleavage of model compound[9]


PEGA 1900 E. coli leader peptidase FRET-based screening of a peptide library[10]


PEGA 4000 papain 23 kDa FRET-based screening of a peptide library[6]


PEGA 4000 ± 8000 MMP-9 67/83 kDa FRET-based screening of a peptide library[11]


TG lipase RB 001 ± 05 enzyme-based safety catch linker 73% cleavage[12]


PEGA 1900 cruzipain 57 kDa partial cleavage of resin bound peptide, mainly at the surface[13]


PEGA 800 cathepsin B & D 52 and 56 kDa FRET-based screening of a peptide library[14]


TG papain 23 kDa little hydrolysis of model peptide[15]


ArgoGel papain 23 kDa
PEGA papain 23 kDa major cleavage of model peptide[15]


CPG penicillin G acylase, phos-
phodiesterase


80 kDa removal of a protecting group from oligonucleotides; nature of CPG not specified
in the paper.[16]


TG bovine chymotrypsin 22 kDa 1 ± 2% segregation of the interior and the surface of the beads (shaving).[17]


porcine elastase type I 22 kDa 2 ± 13% note: repeated treatments were carried out with high levels of proteins
porcine mucosa pepsin A 35 kDa 2 ± 15% (1 mgmL�1)


PEGA 1900 galactosyltransferase 50 kDa synthesis of glycopeptides[18]


TG penicillin amidase 60 kDa linker cleavage[19]


Table 2. The solid supports used in this study.[21]


Solid support Bead diameter [�m] Beads [g�1] Loading/bead Comments


TentaGel 90 1000000 400 pmol 0.23 mmolg�1


PEGA 1900 150 ± 200 N/A[a] � 400 pmol 0.3 mmolg�1


CPG 155 150 ± 200 200000 500 pmol Johns Manville, pore size 100 nm, loading 0.18 mmolg�1


[a] Not applicable as beads not available dried.


Table 3. The enzymes and concentrations used in this study. The peptide
sequence chosen for cleavage was 4-CBA-Gly-Pro-Leu-Gly-Leu-Phe-Ala-
Arg-OH. Assay 50 m� Hepes, pH 7.5, 10 m� CaCl2, 150 m� NaCl, 1 ��
Zn(OAc)2.


Enzyme Molecular weight [kDa] Concentra-
tion ��


MMP 12 22 0.8
thermolysin 35 1.4
MMP 13 42.5 0.2
clostridium collagenase 68 5.0
NEP 90 0.5
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extremely mild conditions using 1,1,1,3,3,3-hexafluoroisopro-
panol (HFIP), and left the Pbf group of the arginine moiety
intact (after each coupling step a small amount of the sample
was cleaved from the resin and analysed by HPLC and mass
spectrometry and was of good quality throughout). This
allowed the peptide 4-CBA-Gly-Pro-Leu-Gly-Leu-Phe-Ala-
Arg(Pbf)-OH to be coupled with DIC/HOBt onto the solid
supports being investigated (until a negative ninhydrin test
resulted), following which the Pbf group was cleaved with
TFA/CH2Cl2 (1/1 for 1 h). Since the peptide was coupled to
the solid supports without a linker, it was not possible to
cleave for HPLC/MS analysis to check the successful removal
of the protecting group. However analysis of the Raman
spectrum revealed (Figure 1) that the Pbf group showed a


Figure 1. The SO2 bending frequency of the Pbf group at 510 cm�1 and the
nitrile tag at 2230 cm�1.


small but very distinct vibration
at 510 cm�1, which was assigned
to the SO2 bending vibration of
the Pbf moiety[20] which was
present in Fmoc-Arg(Pbf)-OH
and in the peptide coupled to
the solid support. This stretch
vanished following treatment
with TFA. The cyano group
was not attacked under these
reaction conditions as could be
seen from the signal at
2230 cm�1.


Each of the solid supports
bearing the peptide was initially
investigated by Raman micro-
scopy with the instrument set at
the non-confocal mode, and
spectra were collected in the
range 2000 ± 2600 cm�1 (Raman
spectra were recorded by using
a Renishaw 2000 system, set to
the confocal mode, irradiation
with a HeNe laser (633 nm),
and a 1800 groove grating). The
cyano stretching frequency
could be clearly seen in each
support. All resins were incu-
bated overnight at room tem-


perature with each of the enzymes, and the samples were
washed with excess buffer and the Raman spectra recorded to
give the data shown in Table 4 and Figure 2.


It was immediately apparent that TentaGel, although
swellable in water, was not accessible to any of the enzymes
used. Even the small enzyme MMP 12 (22 kDa) had no
detectable effect on the peptide. Thus any cleavage that takes
place must be very limited (�5%) and presumably ™surface-
based only∫. This result is in accordance with some of the
literature on TentaGel,[9, 17] but in clear contradiction to other
work in the area.[12, 19]


The comparison of our results for PEGA 1900 with the
literature is difficult since many of the references do not state
clearly the molecular weight of the enzymes used. The general
trend in the literature seems to be that PEGA 1900 is partially
accessible for enzymes with a molecular weight of up to 35 ±
40 kDa. The cleavage of our peptide with MMP 12 and
thermolysin on PEGA 1900 supports these findings. However
larger enzymes are not permissible. With the beaded CPG
used here complete cleavage of our peptide was observed


2-Cl-Trt LinkerNCPhCO-Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg(Pbf)


NCPhCO-Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg(Pbf) OH


HFIP (2h)


H2N


NCPhCO-Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg(Pbf)
H
N


NCPhCO-Gly-Pro-Leu-Gly-Leu-Phe-Ala-Arg
H
N


TentaGel, PEGA 1900, beaded CPG 155


DIC/HOBt


TFA/CH2Cl2 (1:1, 1h)


Scheme 1. Synthesis of the ™general∫ protease substrate and attachment to the supports under investigation.
DIC�N,N�-diisopropylcarbodiimide; HOBt� 1-hydroxybenzotriazole; TFA� trifluoroacetic acid.


Figure 2. Single resin bead Raman spectroscopy analysis ± -peptide cleavage with MMP 0.8 ��, 50 m� Hepes,
pH 7.5, 10 m� CaCl2, 150 m� NaCl, 1 �� Zn(OAc)2.


Table 4. Results of peptide cleavage. The statement ™cleavage∫ and ™no cleavage∫
are used to describe the absence or presence of the CN signal. (It is assumed that
cleavage of up to 5% would remain unseen due to the S/N ratio).


MMP 12 Thermolysin MMP 13 Clostridium NEP
collagenase


TG no cleavage no cleavage no cleavage no cleavage no cleavage
PEGA 1900 cleavage cleavage no cleavage no cleavage no cleavage
CPG 155 cleavage cleavage cleavage cleavage cleavage
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even with NEP (90 kDa). This can be explained by the fact
that in our studies we used glass beads with a pore size of
100 nm.


From our results it can be concluded that the support of
choice for a broad number of enzymatic reactions on the solid
phase was beaded controlled pore glass with a pore size of
100 nm. It offered complete accessibility to enzymes with a
molecular weight of at least 90 kDa (in fact with pores of
100 nm enzyme accessibility is probably in the region of
1 MDa). Furthermore it is an easy to handle, non sticky
material. It is inexpensive with a useable loading (0.1 ±
0.05 mmolg�1), while with 200000 beads per gram it is ideal
for split-and-mix synthesis. This support will now be one of the
supports of choice for a range of resin-based enzymatic
screenings and solid-phase combinatorial enzymatic trans-
formations. The size accessibility and ease of handling means
that beaded CPG is a very useful support for biological
applications involving bead-based screening and combinato-
rial chemistry.
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Neodymium Alkoxides: Synthesis, Characterization and Their Combinations
with Dialkylmagnesiums as Unique Systems for Polymerization and Block
Copolymerization of Ethylene and Methyl Methacrylate


Je¬ro√me Gromada,[a] Andre¬ Mortreux,[a] Thomas Chenal,[a] Joseph W. Ziller,[b]


Fre¬de¬ric Leising,[c] and Jean-FranÁois Carpentier*[d]


Abstract: The synthesis and character-
ization (NMR and X-ray) of a variety of
neodymium alkoxides derived from sim-
ple and functionalized tertiary monoal-
cohols, and their application as inorgan-
ic precursors in combination with dia-
lkylmagnesium reagents for ethylene
and methyl methacrylate (MMA) (co)-
polymerization have been investigated.
Salt metathesis reactions between NdCl3
and sodium alkoxides in THF led to the
formation of trinuclear complexes
[Nd3(�3-OR)2(�2-OR)3(OR)4(thf)2] with
R� tBu (1), tAm (2), while aggregate
structure [Nd12(OtAm)26(HOtAm)2Cl11-
Na] ¥ (OEt2)2 (3) was obtained when the
synthesis was performed in Et2O.
[Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(HOt-
Bu)2] (4), prepared by aminolysis of
Nd[N(SiMe3)2]3 in hexane, slowly de-
composed in toluene into oxo complex


[Nd5(�5-O)(�3-OtBu)4(�2-OtBu)4(OtBu)5]
(5). Finally, the dimer [Nd2(�2 ,�2-OR)2-
(�2-OR)2(�1-OR)2] (OR�OCMe2CH2-
CH2OMe) (6) was synthesised by ami-
nolysis reaction from the corresponding
�-donor-functionalized alcohol. Some of
these neodymium alkoxides, in particu-
lar homoleptic complex 1, when associ-
ated in situ to one equivalent of a
dialkylmagnesium, allow the formation
of an active catalyst for ethylene poly-
merization. Under mild conditions (0 �C,
1 bar), the latter catalyst system exhib-
ited a moderate activity (5 ±
10 kgmol�1h�1bar�1). Effective transfer
reactions were observed in the presence
of H2 or PhSiH3 and renewal/improve-


ment of activity occurred upon extra
addition of dialkylmagnesium. The most
outstanding feature of this catalytic
system lies in the precipitation of the
active ™Nd-polyethylenyl∫ species dur-
ing the ethylene polymerization course
as solid S which could be isolated. This
heterogeneity was turned to good ac-
count, enabling to achieve heterogene-
ous solid ± gas ethylene polymerization
and to prepare diblock PE-PMMA co-
polymers with high diblock efficiency
and high molecular weights (Mn �


200000). A catalytic cycle for this
unique system is proposed based on
the isolation of a transmetallation prod-
uct (7) from a neodymium alkoxide/
dialkylmagnesium combination and
NMR studies of the latter.Keywords: lanthanides ¥


magnesium ¥ polymerization


Introduction


Trivalent lanthanide hydride and alkyl complexes stabilized
by two cyclopentadienyl-type ligands, Cp2LnR,[1] have at-
tracted much attention because of their high efficiency in
polymerizing ethylene and also polar monomers.[2] Because of
the permanent search for new-generation polymerization
catalysts, there is currently considerable interest in developing
related organolanthanide complexes involving ancillary li-
gands other than the commonly used cyclopentadienyl-type
ligands.[3] In this respect, hard, electronegative �-donor
ligands such as alkoxides/aryloxides are particularly attractive
because they offer strong metal�oxygen bonds that are
expected to stabilize complexes of these electropositive
metals. Also, the great variety of these ligands conveniently
obtained from alcohols allows considerable variation in steric
and electronic features.[4] The efficient use in polymerization
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of organolanthanide complexes with alkoxide co-ligands was
first achieved with the mixed Cp-aryloxide system
[{Y(C5Me5)(O-2,6-tBu2C6H3)(�-H)}2] that is active for the
polymerization of ethylene and higher �-olefins.[5] Recently,
other mixed Cp-aryloxide complexes of samarium(��) have
been shown to be active for the polymerization and block-
copolymerization of ethylene and styrene.[6] On the other
hand, among the dozen of structurally well-defined cyclo-
pentadienyl-free lanthanide alkyl-alkoxide(aryloxide) com-
plexes that have been reported to this date,[7±16] only the
neutral dialkyl-aryloxide complex [Y{CH(SiMe3)2}2(O-2,6-
tBu2C6H3)(thf)2] has been shown to exhibit very low ethylene
polymerization activity (9� 10�3 kgPEmol(Y)�1h�1bar�1 at
RT).[9, 18, 19] This poor ability for ethylene polymerization is
rather surprising since alkoxy ligands are expected to render
the metal center more electron-deficient and more Lewis
acidic.
Further to our work devoted to in situ alkylation of


chlorolanthanocene precursors with dialkylmagnesium re-
agents as alternative, efficient combinations for olefin poly-
merization,[20] we have undertaken a study aimed at replacing
chlorolanthanocenes by homoleptic alkoxide lanthanides.
Although much data have been collected to date on alkoxide
complexes of rare earth elements,[4] most of them have
focused on yttrium, lanthanum and lutetium because these
metals provide diamagnetic compounds characterizable by
NMR.[21±26] In this study we have chosen to work with
neodymium because complexes of this metal have given some
of the most active group III metallocene based catalysts for
olefin polymerization.[2] Considering the complexity of the
alkoxo chemistry of lanthanides,[4] we felt it was essential to
obtain structural information on the alkoxide materials we
would use as precursors for polymerization. Hence, in this
report we describe first the preparation and the structural
investigation of some neodymium complexes having simple
and functionalized tert-alkoxide ligands.[23, 27±30] In a second
part we show that some of these compounds act as efficient
inorganic pre-catalysts, once combined with dialkylmagnesi-
um compounds, for the controlled polymerization of ethylene
and ethylene-methyl methacrylate block copolymerization.
Insights into the mechanistic aspects of the formation of active
species and polymerization reactions are also given. Part of
this work has already been communicated.[31]


Results and Discussion


Synthesis and structural diversity of neodymium alkoxides : To
explore structural, steric and electronic effects on polymer-
ization catalysis, a set of neodymium alkoxide complexes was
prepared. In addition to known mononuclear homoleptic
complexes, that is [Nd(O-2,6-tBu2-4-Me-C6H2)3][32] and
[Nd(OCtBu3)3(thf)],[27a] several new complexes were synthe-
sized by varying two parameters which have proven essential
in the field:[4] i) the nature of the alkoxide ligand and ii) the
synthetic route.[33] A summary of the chemistry presented in
this section is given in Scheme 1.


Scheme 1. Routes to neodymin alkoxides.


a) [Nd3(�3-OR)2(�2-OR)3(OR)4(thf)2] [R� tBu (1), tAm (2)]:
The reaction of NdCl3 with 3 equiv NaOtBu in THF at 20 �C
for three days gives a single primary product (1), that can be
routinely isolated in 80 ± 90% yield as a pale blue solid
[Scheme 1, Equation (1)]. Compound 1 was also obtained in
90% crude yield by treatment of Nd[N(SiMe3)2]3 with an
excess (15 equiv) of tert-butyl alcohol in THF at 20 �C for
three days [Scheme 1, Equation (1)]. Elemental analysis of
the bulk materials was consistent with the composition
[Nd3(OtBu)9(thf)2]. Compound 1 dissolves easily in benzene,
toluene and hexane. Rather simple 1H NMR spectra were
expected for 1 because of the single resonance per type of tert-
butoxide ligand and the splitting of the resonances due to the
presence of paramagnetic neodymium metal centers. Variable
temperature 1H NMR spectra in [D8]toluene of crude samples
obtained by either Equation (1) or (2) were, however,
complex with broad resonances. The spectra of samples
produced by salt metathesis using NaOtBu [Eq. (1)] and
subsequently recrystallized from toluene proved much more
informative, featuring at 5 �C seven well-resolved peaks in the
region ranging from � 45 to �30 ppm (Figure 1).[34, 35]


Correlation between chemical shift and coordination mode
of the alkoxide groups has been previously noted in yttrium
and lanthanum complexes of this type; that is, increased
bridging is associated with lower field shifts.[21, 22, 36] This could
not be applied, however, to determine unambiguously the
geometry of 1 in solution, due to the effects of the para-
magnetic neodymium centers, and a crystallography study was
therefore undertaken.
X-ray quality crystals of 1 were grown at �5 �C from a


concentrated toluene solution of a sample prepared from
NaOtBu. Complex 1 is a trimetallic compound in which the
three neodymium atoms comprise a triangle with doubly
bridging alkoxide groups along the edges of the Nd3 triangle
and triply bridging groups above and below the Nd3 plane
(Figure 2). One neodymium atom has two terminal tert-
butoxy ligands and one terminal tert-butoxy ligand and a THF
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Figure 1. 1H NMR spectrum of [Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(thf)2]
(1) ([D8]toluene, 5 �C; * labels indicate residual solvent resonances).


Figure 2. ORTEP plot of [Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(thf)2] (1) with
probability ellipsoids at 30% (hydrogen atoms omitted for clarity).


molecule ligate each of the two other neodymium atoms.
Thus, each neodymium atom in 1 is six-coordinated. The same
structure framework has been observed previously in hetero-
leptic complexes [Y3(�3-OtBu)(�3-Cl)(�2-OtBu)3(OtBu)4-
(thf)2][21a] and [Y3(�3-OtBu)(�3-Cl)(�2-OtBu)3(OtBu)3Cl-
(thf)2],[21b] and of homoleptic complex [La3(OtBu)9(tBuO-
H)2][23a, 37] The exact location of the tert-butyl alcohol mole-
cules in the latter lanthanum complex could not be formally
established because of disorder problems.[23a] In both of the
aforementioned yttrium complexes, the THF molecules were
found to be located on the same side of the Y3 plane, as the
chloride ligands.[21a,b] In contrast, complex 1 has one THF
molecule on each side of the trimetallic plane.


The terminal Nd�O distances of the alkoxide ligands
(Nd1�O3 2.147(4), Nd2�O4 2.163(3) ä) (Table 1) compare
well with those found in related complexes, for eaxample
[Nd4(OCH2tBu)12] (2.138(8) ä),[24] [Nd2(OCHiPr2)6(L)2] (for
L�THF: 2.146(4) ± 2.160(4) ä, for L�Py: 2.133(4) ±
2.158(4) ä),[29] [Nd(OCtBu3)3(CH3CN)2] (2.149(5) ±
2.171(5) ä),[28a] and [Nd(OCtBu3)3(�-Cl)Li(thf)3] (2.150(3) ±
2.171(3) ä).[27b] Doubly bridging Nd�O distances are, as
expected, somewhat longer than those of the terminal
alkoxide ligands, one �2-OtBu ligand forming a symmetric
bridge to the two equivalent Nd atoms (Nd1�O5 2.399(3) ä),
while the two other �2-OtBu ligands form a disymmetric
bridge (Nd1�O2 2.333(3), Nd2�O2 2.458(3) ä) and average
2.396 ä. The latter values are comparable to �2-bridging
Nd�O distances of 2.383(4) ± 2.394(4) ä found in [Nd2(O-
CHiPr2)6(L)2] (L� thf, py, dme),[29] and of 2.320(12) ±
2.381(12) ä in [Nd4(OCH2tBu)12].[24] The same comments
apply to the triply bridging Nd�O bond length (Nd1�O1
2.409(3), Nd2�O1 2.624(3) ä). Due to the steric demands in
the bridges, all of the three Nd atoms are highly distorted from
the ideal octahedral geometry. The Nd1-O3-C9 angle of
177.8(4)� is nearly linear, showing that the thf ligand does not
bring significant steric hindrance. On the other hand, because
of the replacement of the thf by a terminal bulky OtBu ligand,
the Nd2-O4-C13 angle is bent to 167.3(4)�. The elongated
Nd1�O6(thf) distance of 2.661(4) ä, compared with the
2.50 ± 2.58 ä distances found in [NdCl3(thf)4],[38] [Nd2(O-
CHiPr2)6(thf)2],[24] [(�5-C5H5)3Nd(thf)],[39] and [{(�-
C8H8)3Nd(thf)2}{Nd(�-C8H8)2}],[40] gives another evidence for
steric crowding in this molecule.
Retrospectively, the pattern of seven resonances with an


integrated ratio of ca. 2:2:1:1:2:2:1 in the 1H NMR spectrum
at 5 �C (Figure 1) correlates well with the structure of 1
(Figure 2) which contains nine OtBu groups in five distinct
environments and two equivalent thf molecules.[41] This
suggests that the solid state structure of 1 is retained in
hydrocarbon solutions; in particular, this may indicate that
there is no transformation at this temperature between the
two possible isomers differing in the location of the THF
ligands.
The preparation of neodymium tert-amyloxide from NdCl3


and NaOtAm in THF at room temperature was similarly
performed, giving a pale-blue solid (2) in 66% yield. The
variable temperature 1H NMR spectra of 2 in [D8]toluene and
in [D8]THF are complex. In fact, the expected multiplicity
(singlets, triplets, quartets) for the different types of hydrogen
was hampered by the paramagnetic neodymium centers and
the spectra featured many singlet-like resonances that turned
out uninformative. Previous reports have shown that the tert-
butoxide and the tert-amyloxide groups enforce similar
structures in group III (Y, La, Pr) alkoxide chemistry.[23a, 42]


It is therefore reasonable to assume that 2 has the same
structure as 1. This hypothesis is comforted by the nearly
identical reactivity of 1 and 2 in ethylene polymerization
chemistry (see below).


b) [Nd12(OtAm)26(HOtAm)2Cl11Na] ¥ (OEt2)2 (3): When the
above salt metathesis reactions between NdCl3 and 3 equiv of
NaOtBu or NaOtAmwere carried out in diethyl ether instead


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


Nd1�O3 2.147(4) Nd1-O1-C1 123.1(3)
Nd1�O2 2.333(3) Nd2-O1-C1 120.0(3)
Nd1�O5 2.399(3) Nd1-O2-C5 131.9(3)
Nd1�O1 2.409(3) Nd2-O2-C5 126.4(3)
Nd1�O6 2.661(4) Nd1-O5-C17 130.82(9)
Nd2�O4 2.163(3) Nd1-O3-C9 177.8(4)
Nd2�O2 2.458(3) Nd2-O4-C13 167.3(4)
Nd2�O1 2.624(3) Nd1-O1-Nd1� 94.92(11)
Nd1�Nd1� 3.6318(6) Nd1-O1-Nd2 95.11(11)
Nd1�Nd2 3.7161(4) Nd1�-O1-Nd2 92.51(11)
Nd2�Nd1� 3.7161(4) Nd1-O2-Nd2 101.68(12)
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of THF as the solvent, the reactions took a different course
(Scheme 1, Equation (3)). The crude products recovered after
usual workup were slightly soluble in hexane and toluene, and
their 1H NMR spectra were complex, featuring many
resonances with variable line shape. Recrystallization of the
crude products from toluene gave crystalline products in low
yield in both cases; however, the latter were no longer soluble
in toluene nor in THF. X-ray quality crystals were obtained
for the tert-amylate derivative (3) that allowed to establish its
geometry in the solid state.
Compound 3 has an unprecedented complex aggregate


structure basically formed of four independent trinuclear Nd3
units that are linked by sharing �2-chloro ligands (Figure 3). In


Figure 3. ORTEP plot of [Nd12(OtAm)26(HOtAm)2Cl11Na] ¥ (OEt2)2] (3)
with probability ellipsoids at 30% (carbon and hydrogen atoms omitted for
clarity).


addition, a sodium atom is present which is coordinated by
four chlorine atoms related to three Nd3 units and that
enforces no symmetry in the molecular structure.[43] Schemati-
cally, it is possible to divide the structure of 3 in four
trimetallic fragments A ±D and one NaCl molecule (Fig-
ure 3). The formulas for A ±D, that do not describe the
bridging between the fragments, that is [Nd3(�3-OtAm)(�3-
Cl)(�2-OtAm)3(OtAm)3Cl] (A : Nd1�Nd3), [Nd3(�3-OtAm)-
(�3-Cl)(�2-OtAm)3(OtAm)3Cl(HOtAm)] (B : Nd4�Nd6),
[Nd3(�3-OtAm)(�3-Cl)(�2-OtAm)3(�2-Cl)(OtAm)3Cl] (C :
Nd7�Nd9) and [Nd3(�3-OtAm)(�3-Cl)(�2-OtAm)3(�2-Cl)(O-
tAm)3Cl(HOtAm)] (D : Nd10�Nd12), show structural rela-
tionships between these fragments and heteroleptic trinuclear
complexes reported in the literature. Thus, fragments A and B
have a formula unit related to [Y3(�3-OtBu)(�3-Cl)(�2-Ot-
Bu)3(OtBu)3Cl(tHF)2][21b] and, structurally, these units are
nearly identical. Fragments C and D feature also a similar
structure and a formula unit related to A and B except that a
�2-Cl ligand has replaced a �2-OtBu ligand. As shown in
Table 2, the bond length observed for the terminal alkoxide
(2.090(8)�2.113(7) ä in A and B ; 2.070(7)�2.100(7) ä in C
and D), the bridging Nd-O(�2-OR) (2.347(7)�2.497(7) ä in A
and B ; 2.314(7)�2.380(7) ä in C and D) and Nd-O(�3-OR)
(2.442(7) ± 2.521(6) ä in A and B ; 2.452(7) ± 2.555(7) ä in C
and D) are similar to those found in 1. The presence of two
coordinated molecules of HOtAm, one in fragment B and one


in D, is clearly revealed by the longer Nd�O bond lengths
(Nd5�O13 2.545(7) ä, Nd11�O28 2.435(12) ä) compared
with the adjacent and other terminal Nd-OtAm groups
(Nd5�O14 2.109(7) ä, Nd11�O26 2.089(8) ä). This is also
reflected in the smaller La-O-C bond angles (Nd5-O13-C61
147.0(6)�, Nd11-O28-C136 158.2(18)�) for the coordinated
alcohols, which have only one lone pair for �-donation for
donation into vacant metal orbitals, versus the angles of the
adjacent covalently bound tert-amyloxy groups which have
two lone pairs and therefore approach a limiting angle of 180�
(Nd5-O14-C66 176.7(9)�, Nd11-O26-C126 174.0(10)�). Each
of the four Nd3 units has one �3-Cl ligand with Nd�Cl bond
lengths in the range of 2.945(3) ± 3.022(3) ä, values that
compare well with that observed in [Nd6(OiPr)17Cl]
(3.05(1) ä)[44] where the chloride atom is equidistant from
the six Nd atoms in a trigonal prism. All fragments A ±D, as
defined with the above formula units, have coordinative
vacancies which are filled by linking A ±B, B ±C, C ±D, D ±A
and A ±C through symmetrically bridging chloride ligands
with normal Nd-(�3-Cl) distances (2.792(3)-2.848(3) ä). The
Nd-Cl-Nd bond angles for the links between the fragments are
all similar (four in the range 169.11(12) ± 173.00(14)�), except
the one linking fragments C and D (151.97(13)�). This narrow
angle likely results from the constraint induced by the
coordination of the Na atom. Indeed, the latter is four-
coordinated by one �3-Cl, two internal �2-Cl and one �3-Cl
bridging two Nd3 units, with Na�Cl distances in the range of
3.222(11) ± 3.339(11) ä. These Na�Cl distances are much
longer than those observed in [LnNa8(OtBu)10Cl] complexes
(Ln�Y, Eu; 2.642(5) ± 3.032(5) ä; average Na�Cl,
2.82(13) ä).[43]


c) [Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(HOtBu)2] (4): The re-
action of Nd[N(SiMe3)2]3 with 8 equiv (per mol Nd) of tert-
butyl alcohol in n-hexane at 20 �C gives a single primary


Table 2. Selected bond lengths [ä] and angles [�] for complex 3.


Nd1�O5 2.100(7) Nd1-O5-C21 163.7(8)
Nd1�O2 2.348(7) Nd1-O2-C6 127.4(7)
Nd1�O1 2.521(6) Nd1-O1-C1 118.9(5)
Nd1�Cl5 2.842(3) Nd1-Cl5-Nd4 169.49(13)
Nd1�Cl1 2.992(2) Nd1-Cl1-Na1 177.4(2)
Nd2�Cl7 2.834(3) Nd8-Cl7-Nd2 169.11(12)
Nd2�Cl1 3.009(2) Nd2-Cl1-Na1 100.1(2)
Nd3�O3 2.483(7) Nd3-O3-Nd2 98.0(3)
Nd4-Cl5 2.848(3) O12-Nd4-Cl5 91.9(2)
Nd4�Cl2 3.010(3) Cl5-Nd4-Cl2 90.87(8)
Nd5�O14 2.109(7) Nd5-O14-C66 176.7(9)
Nd5�O10 2.374(7) Nd5-O10-Nd6 103.2(3)
Nd5�O9 2.380(7) Nd5-O9-Nd4 103.3(3)
Nd5�O8 2.442(7) Nd5-O8-Nd6 98.2(2)
Nd5�O13 2.545(7) Nd5-O13-C61 147.0(6)
Nd7�O19 2.090(7) Nd7-O19-C91 171.1(9)
Nd7�O17 2.370(8) Nd8-O17-Nd7 105.9(3)
Nd7�O16 2.555(7) Nd8-O16-Nd7 96.3(2)
Nd7�Cl6 2.792(3) Nd7-Cl6-Nd6 173.00(14)
Nd7�Cl3 2.991(3) Nd7-Cl3-Na1 165.2(2)
Nd8�Cl7 2.808(3) O20-Nd8-Cl7 95.3(2)
Nd8�Cl10 2.870(3) Nd9-Cl1-Nd8 85.72(7)
Nd8�Cl3 2.945(3) O20-Nd8-Cl3 173.6(2)
Nd10�Cl4 2.961(3) Nd10-Cl4-Nd12 77.39(6)
Nd12�Cl9 2.799(3) Nd12-Cl9-Nd3 170.39(12)
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product in 90% yield. Crystallization from toluene yielded
violet-blue crystals that analyzed for [Nd3(OtBu)9(HOtBu)2]
(4) (Scheme 1, Equation (4)). Variable temperature 1H NMR
studies were carried out to derive structural information on
this alkoxide in solution. The room temperature 200 MHz
1H NMR spectrum of 4 in [D8]toluene showed very broad
resonances characteristic of a fluxional behavior and temper-
atures below 5 �C were required to slow down the exchange
process. Due to effects of the paramagnetic neodymium
centers, important variations in the chemical shifts were
observed in the temperature range of �75 to 5 �C, causing
incidental, potentially misleading, overlapping of some reso-
nances, for example at �15 and �65 �C (see Experimental
Section). The 1H NMR spectrum of 4 at �45 �C showed a
major series, accounting for 96� 2% of total OtBu groups, of
six well-resolved, relatively sharp resonances with intensities
in the ratio 18:36:9:2:18:18, from lower to higher field. This
pattern is fully consistent with the trinuclear geometry
established for the equivalent yttrium and lanthanum com-
pounds,[23a] isostructural to 1, that contains two capping �3-
OtBu groups magnetically equivalent (singlet of relative
intensity 2), three bridging �2-OtBu groups in two different
environments (2�1), and two terminal ligands for each metal
of which two out of six are the coordinated tBuOH (2�4).
Beside this major set of resonances, a significant minor series
of six peaks was also observed in the variable temperature
NMR spectra; its relative intensity versus the major series
(4� 2%) did not vary within uncertainty in the temperature
range of �75 to 5 �C. This suggests, as in the case of 1, the
existence of two isomeric structures differing in the relative
location of the coordinated alcohols, that is either both on the
same side or on opposite sides of the Nd3 plane.


d) [Nd5(�5-O)(�3-OtBu)4(�2-OtBu)4(OtBu)5] (5): Stirring a
toluene solution of complex 4 for two weeks at room
temperature resulted in the formation of complex 5
(Scheme 1, Equation (5)). The variable temperature
1H NMR spectra in the range of �70 to 20 �C displayed
broad, unresolved resonances and did not provide an insight
into the solution structure of 5. The identity of 5 was
established by X-ray diffraction (Figure 4, Table 3). The
molecular structure corresponds to a pentagonal cluster made
of four basal and one apical neodymium centers having each
one terminal OtBu group, connected by four �3- and four �2-
bridging OtBu groups and comprising a central �5-oxo ligand.
This corresponds to the basic square pyramidal framework
observed for lanthanide oxoisopropoxides [Ln5(�5-
O)(OiPr)13][45±47] and the lanthanum equivalent of 5, which
has been independently reported during the course of this
study.[22b] The Nd5 square pyramid in 5 is quite regular as
revealed by the equivalence of the basal Nd atoms and the
nearly 90� Nd-O-Nd bond angles (Nd2B-O5-Nd2 89.60(3)�,
Nd1-O5-Nd2 94.8(2)�), with the apical/basal Nd ¥ ¥ ¥Nd dis-
tance longer than the basal/basal one (3.6550(6) versus
3.5139(5) ä). The Nd�O distances of the terminal alkoxide
ligands (Nd1�O1 2.146(9), Nd2�O4 2.138(6) ä), the doubly
bridging ligands (Nd2�O3 2.351(3) ä) and the triply bridging
ligands (Nd1�O2 2.418(5), Nd2�O2 2.523(3) ä) all fall within
the range of values observed for the terminal Nd�O(alkoxy)


bonds in complexes 1, 3, 4, and the aforementioned neo-
dymium alkoxy complexes. Also, the terminal ligands are
associated to nearly linear Nd-O-C angles (178.8(6) ±
180.0(0)�), much larger than those for bridging ligands
(121.1(3) ± 131.18(12)�). Contrary to the lanthanum equiva-
lent of 5,[22b] but as observed in [Nd5(�5-O)(OiPr)13],[43] the
apical Nd-�5-oxo bond length (Nd1�O5 2.473(9) ä) is only
slightly shorter than those involving the basal neodymium
centers (Nd2�O5 2.4933(8) ä).


e) [Nd2(�2,�2-OR)2(�2-OR)2(�1-OR)2] (OR�OCMe2CH2-
CH2OMe) (6): The foregoing examples have shown that
neodymium centers expand readily their coordination sphere
by additional adduct formation despite the presence of the
relatively bulky tert-butoxy and tert-amyloxy ligands. To
enforce a lower degree of agglomerization we investigated
the use of a �-donor-functionalized alcohol. The aminolysis
reaction of Nd[N(SiMe3)2]3 with three equivalents of the
monoclinching alcohol 4-methoxy-2-methylbutan-2-ol in ben-
zene at 20 �C gives, after recrystallization from toluene, blue
crystals of 6 [Eq. (6)].[48] Again, the variable temperature
1H NMR spectra in [D8]toluene of this compound showed
broad, unresolved resonances and proved uninformative with
regard to its solution structure.
An X-ray diffraction study revealed that complex 6 adopts


in the solid-state a symmetric dinuclear structure in which the
ether-alkoxide ligand is found in three different ligation


Figure 4. ORTEP plot of [Nd5(�5-O)(�3-OtBu)4(�2-OtBu)4(OtBu)5] (5)
with probability ellipsoids at 30% (carbon and hydrogen atoms omitted for
clarity).


Table 3. Selected bond lengths [ä] and angles [�] for complex 5.


Nd1�O1 2.146(9) Nd1-O1-C1 180.000(3)
Nd1�O2 2.418(5) Nd1-O2-C4 126.5(5)
Nd1�O5 2.473(9) Nd2-O2-C4 121.1(3)
Nd2�O2 2.523(3) Nd1-O2-Nd2 95.38(15)
Nd2�O3 2.351(3) Nd2-O3-C7 131.18(12)
Nd2�O4 2.138(6) Nd2-O3-Nd2C 96.73(18)
Nd2�O5 2.4933(8) Nd2-O4-C10 178.8(6)
O1�C1 1.402(18) Nd2-O5-Nd2A 170.4(4)
O2�C4 1.458(10) Nd1-O5-Nd2 94.8(2)
O3�C7 1.415(13) Nd2B-O5-Nd2 89.60(3)
O4�C10 1.423(12) Nd1-O5-Nd2B 94.8(2)







FULL PAPER J.-F. Carpentier et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0816-3778 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 163778


modes (Figure 5). As shown in Table 4, the neodymium
centers are symmetrically bridged by two �2,�2-ligands
through the O(alkoxide) atoms (Nd1�O4 2.3977(12) and
2.3992(12) ä; bite angle O4-Nd1-O3 78.26(4)�). Each neo-
dymium center possesses one terminal �2-ether-alkoxide
ligand (bite angle O2-Nd1-O1 70.70(5)�) and one terminal
�1-alkoxide ligand, and is thus six-coordinated. The axial O1-
Nd1-O6 angle of 163.73(5)� is distorted from the idealized
180�, likely because of steric demands in the bridge and in the
six-membered chelate ring. This steric crowding is further
documented by the bending of the terminal OtBu ligand
(Nd1-O6-C16 163.57(13)�), as discussed for 1. The Nd�O(alk-
oxide) bond lengths in 6 lie within the range of values
observed for the different structural types of OtBu ligands in
complexes 1, 3, 4, 5 and the other aforementioned neodymium
alkoxy complexes. The terminal Nd�O(alkoxide) bond length
in the �2-ligand (Nd1�O2 2.1759(13) ä) is only slightly
elongated compared to that in the �1-ligand (Nd1�O6
2.1526(13) ä); this indicates rather weak ring strain in the
terminal �2-ligand. The Nd�O(ether) contact within this
chelate ring (Nd1�O1 2.6629(14) ä) compares well with the
long Nd�O(thf) distance of 2.661(4) ä observed in 1, ascribed
to steric crowding. On the other hand, the Nd�O(ether)


distance in the �2,�2-ligand (Nd1�O3 2.5198(13) ä) is com-
parable to values found in much less crowded complexes, for
example [NdCl3(thf)3] (average 2.50 ä).[38]


The solid-state structure of 6 differs significantly from that
observed in the homoleptic dinuclear complex [Lu2(OCMe2-
CH2OMe)6], synthesized according to the silylamide route
from the corresponding �-donor-functionalized alcohol.[25]


[Lu2(OCMe2CH2OMe)6] features an asymmetric structure
with three �2 ,�2-bridging ligands, resulting in a completely
different alkoxide environment for the two lutetium centers
that are, respectively, six-coordinated and seven-coordinated.
Enhanced steric flexibility of our �-functionalized alkoxy
ligand and a large difference in the effective ionic radii of the
six-coordinated metal centers (Lu3� 1.00 ä; Nd3� 1.12 ä)[49]


presumably account for these structural changes.


f) Comments on synthetic and structural aspects related to
neodymium alkoxides : A set of polynuclear neodymium
alkoxides, featuring a remarkable structural diversity and
complexity, has been obtained from simple monometallic
precursors. Although the detailed intermediates and inter-
conversion processes involved in the construction of these
polymetallic alkoxides remain to be clarified, the results
described above give clear evidence how specific factors
substantially influence the outcome of the syntheses.
Particularly striking is the importance of the reaction


details, that is, the choice of alkali metal countercation and
ether solvent, during simple ionic metathesis reactions
between NdCl3 and alkali metal alkoxides. Given the numer-
ous examples in group III organometallic chemistry in which
the presence and specific nature of the cation strongly
influences the chemistry,[1, 4] it is not unreasonable to see
somewhat different results in the NaOR versus KOR (R�
tBu, tAm) reactions.[35] Wider variety of products and, in
particular, presence of several alkali metal atoms in yttrium
alkoxides has been often associated to LiOtBu (versus
NaOtBu) since lithium appears to be more readily carried
along in these systems.[21] The incorporation of alkali metal
atoms and of chloride in the yttrium systems has been
suggested to result from steric considerations;[21] contrary to
relatively large lanthanides (La3� 1.17 ä, Nd3� 1.12 ä),[49] an
yttrium analogue of 1, that is, [Y3(�3-OtBu)2(�2-OtBu)3(O-
tBu)4(thf)2], would be too crowded because of the two �3-OtBu
groups, but the small Y3� (1.04 ä) would sterically accom-
modate more easily the less bulky chloride and lithium ions.[21]


The formation with the early lanthanide Nd3�of homoleptic
alkoxides 1, 2 and heteroleptic complex aggregate 3, upon
replacing THF by Et2O, respectively, suggests that factors
other than steric considerations should be also taken into
account. The discrepancy noticed between ethers could be
due to the different solubility of metal alkali chlorides and/or
LnCl3 in these solvents. In addition, the ability of LnCl3 to
form THF adducts (LnCl3 ¥OEt2 adducts are not reported in
the literature) can also be a likely reason for such differences.


Olefin polymerization catalysis


As highlighted in the Introduction and will be further
illustrated later on in the present study, alkyl/alkoxide meta-


Figure 5. ORTEP plot of [Nd2(�2 ,�2-OR)2(�2-OR)2(�1-OR)2] (OR�OC-
Me2CH2CH2OMe) (6) with probability ellipsoids at 30% (hydrogen atoms
omitted for clarity).


Table 4. Selected bond lengths [ä] and angles [�] for complex 6.[a]


Nd1�O6 2.1526(13) O4-Nd1-O3 78.26(4)
Nd1�O2 2.1759(13) O4�-Nd1-O3 150.45(4)
Nd1�O4 2.3977(12) O2-Nd1-O1 70.70(5)
Nd1�O4� 2.3992(12) O4-Nd1-O1 84.40(4)
Nd1�O3 2.5198(13) O4�-Nd1-O1 92.17(5)
Nd1�O1 2.6629(14) O3-Nd1-O1 79.13(5)
Nd1�Nd1� 3.8615(2) C1-O1-C2 106.6(2)


Nd1-O1-C1 119.98(13)
O6-Nd1-O1 163.73(5) Nd1-O1-C2 126.82(16)
O2-Nd1-O4 154.46(5) Nd1-O2-C4 151.88(12)
O2-Nd1-O4� 112.67(5) Nd1-O3-C8 129.22(12)
O6-Nd1-O2 98.62(5) Nd1-O3-C7 115.49(14)
O6-Nd1-O3 89.12(5) Nd1-O4-C10 132.30(11)
O6-Nd1-O4 104.34(5) Nd1�-O4-C10 120.41(10)
O6-Nd1-O4� 103.46(5) Nd1-O4-Nd1� 107.22(4)
O4-Nd1-O4� 72.78(4) Nd1-O6-C16 163.57(13)
O2-Nd1-O3 91.21(5) C13-O5-C14 112.0(2)


[a] Only the major site-occupancy for C2 and C3 are listed.
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thesis reactions have proved complicated and rather unpre-
dictable. Therefore, a systematic investigation of the reactivity
of each lanthanide alkoxide complex we prepared with a
variety of potential alkylating reagents would be extremely
time- and energy-consuming. In addition, previous work in
the field has shown that the isolation of peculiar, structurally
well-defined alkyl-alkoxy-lanthanide complexes does not
warrant the identification of active olefin polymerization
systems (see Introduction). Thus, to explore the ability of the
lanthanide alkoxides to serve as Cp-free precursors for olefin
polymerization and to detect promising new catalyst systems,
we decided to use a more rapid screening approach by
investigating directly the reactivity of in situ combinations.


a) Ethylene polymerization promoted by Ndx(OR)yLn/MRz


combinations prepared in situ : A variety of in situ combina-
tions between lanthanide alkoxides and alkylating agents
MRz, which may be compared to classic multi-component
Ziegler ±Natta catalysts, was evaluated in ethylene polymer-
ization by varying both alkyl/alkoxide metathesis (step 1) and
polymerization (step 2) conditions, that is, Nd/MRz ratio,
reaction time and temperature, and solvent. The most striking
result of this preliminary screening is that only dialkylmagne-
sium reagents lead to active systems under 1 atm ethylene in
toluene; no polymerization activity was detected upon using
nBuLi, tBuLi, AlMe3, Al(n-oct)3, AlH(iBu)2, [nBuAlH-
(iBu)2][Li], BEt3 or even Grignard reagents (PhMgBr,
EtMgBr), under various reaction conditions. It is noteworthy
that this does not necessarily imply the absence of alkyl/
alkoxide metathesis processes between some of these re-
agents and the neodymium alkoxides (see below).
Using one equivalent of di(n-hexyl)magnesium per mol Nd


as co-reagent and toluene or hexane as the solvent, several
neodymium alkoxides proved to be effective polymerization
catalyst precursors. tert-Butoxy- and tert-amyloxy neodymium
complexes 1 and 2, prepared by salt metathesis, equally as
bulk or recrystallized materials,[33] showed a comparable
activity, observed since �50 �C and which proved moderate
in the temperature range of�20 to 40 �C. The average activity
over 1 h under 1 atm at 0 �C is A0 �C complex (1,2)� 5 ±
8 kgmol(Nd)�1h�1 bar�1 (range observed over 10 different
experiments and/or batches of 1 or 2). Activities in the same
range were obtained upon using samples of 1 prepared by
alcoholysis of the silylamide precursor [Nd(N(TMS)2)3] with a
slight excess of tBuOH in THF [Eq. (2)]; this establishes that
possible minor chlorine contamination in samples of 1
prepared by salt metathesis does not interfere to a significant
extent. On the other hand, the in situ system based on tert-
butoxy complex 4, prepared by a similar alcoholysis route but
using benzene as solvent [Eq. (4)] and which is analogous
to 1 except that the THF ligands have been replaced
by tBuOH, showed an activity about two orders of magni-
tude lower under similar conditions (A0 �C (complex 4)
�0.08 kgmol�1h�1bar�1).[50] Homoleptic mononuclear com-
plexes of tritox, [Nd(OCtBu3)3(thf)], and of a usual bulky
aryloxy ligand, [Nd(O-2,6-tBu2-4-Me-C6H2)3], led also to
poorly active systems, both requiring temperatures above
20 �C to initiate polymerization (A40�C� 0.6 kgmol�1h�1bar�1


for both systems).[50] Chloro-bridged complex aggregate 3,


oxo-complex 5 and dinuclear complex 6 with a �-donor-
functionalized alkoxy ligand proved completely ineffective.
It is noteworthy that, although trinuclear complexes 1 and 2


contain two coordinated THF molecules, the addition of
1 mol equiv THF per mol Nd (i.e. , 0.3 equiv per mol 1) proved
sufficient to inhibit all polymerization activity.[51] Inhibition
was also observed when 1 equiv NaCl (or KCl) per mol Nd
was added to the 1/Mg(n-hex)2 (1:1) system. These results
show the extreme sensitivity of the active species generated
from this combination towards Lewis bases. This may account
for the inefficiency of the systems based on Grignard reagents
since these potential activators are only available as ether
solutions, and those based on complexes 3 and 6, since they
each contain ™poisoning∫ moieties within their structure.[52]


b) Slurry-phase ethylene polymerization promoted by 1/
MgR2 in situ combinations : In situ combinations of tert-
butoxy complex 1 and dialkylmagnesium in toluene were
selected for further investigations. Representative results are
summarized in Table 5 and Figures 6 and 7. In terms of


Figure 6. Ethylene flowrates observed with 1/Mg(n-hex)2 systems (Mg/
Nd� 1.0, 1� 0.33 mmol, 0 �C, 1 atm).


polymerization efficiency, the alkyl/alkoxy metathesis appears
to be best conducted at 0 �C for 1 h with different dialkyl-
magnesium reagents. The nature of the latter affects the
activity of the system as judged by the amount of polyethylene
recovered after 1 h and also by the ethylene flow rates
(Figure 6). Compared to n-butylethylmagnesium and di(tri-
methylsilylmethyl)magnesium, di(n-hexyl)magnesium gives
the most productive catalyst. The activity of this system hits
its maximum after a few minutes and then decreases,
concomitantly with the appearance of an insoluble polymer-
like material (see below), to reach a plateau, apparently
independent of the dialkylmagnesium used (Figure 6). Such a
behavior is observed, however, only for a definite Nd to Mg
ratio of 1.0, as deviation from this value resulted in a rapid
drop of the activity (Figure 7). This contrasts markedly with
chlorolanthanocene/dialkylmagnesium systems that proved to
accommodate up to 40 equiv MgR2 per mol Ln with still high
ethylene polymerization activity.[20] The activity of the 1/
Mg(n-hex)2 combination at 0 �C, that is, A0 �C (complex 1)�
5 ± 8 kg mol(Nd)�1 h�1bar�1,[53] corresponds to a moderate
value on absolute Gibson×s activity scale,[17] which obviously
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Figure 7. Influence of the Mg/Nd ratio on the polymerization activity of
the 1/Mg(n-hex)2 system (1� 0.33 mmol, 0 �C, 1 atm C2H4).


does not compete with the best multi-component Ziegler ±
Natta and metallocene catalysts described so far.[2, 3] It
remains, however, somewhat higher than that for an equiv-
alent lanthanocene system, for example, [Cp*2SmCl2Li(OEt2)2]/
nBuEtMg (1:1) gave 0.34 kgmol�1h�1bar�1 under the same
reaction conditions.[20c]


The polyethylenes recovered under these conditions, after
methanol quenching, workup and drying, are highly crystal-
line (85 ± 90% according to DSC and XRD) with consistent
high Tm in the range 139 ± 143 �C, Mn� 200000 ± 400000 and
Mw/Mn� 2.3 ± 2.5. Analysis of aliquots sampled during the
polymerization course showed that the polyethylene charac-
teristics do not vary significantly; in particular, high molecular
weight polyethylene (Mn� 200000, Mw/Mn� 2.30) is already
present after 5 min. The monomodality of the GPC profiles is
consistent with the formation of only one type of active
species. No low molecular weight chains with vinyl end groups
were detected (NMR) in the final polymer produced under
these conditions, indicating that at 0 �C, �-H elimination and
transfer reactions to the monomer are almost absent, if any.
Raising the temperature over 20 �C led, however, to a severe
decrease in the polymer yield as well as in the molecular
weight (e.g., at 80 �C: Table 5, entry 8: Mn� 1700, Mw/Mn�
1.55, 29% vinyl chain ends). This is tentatively ascribed to a
process involving �-H elimination and subsequent deactiva-
tion of the resulting neodymium-hydride species (see below).


c) Slurry-phase ethylene polymerizations conducted in the
presence of transfer agents : The reactivity of the 1/Mg(n-hex)2


combination toward transfer agents was briefly evaluated
using phenylsilane and hydrogen. The introduction of
10 equiv PhSiH3 (per mol Nd) after 5 min of polymerization
did not affect the ethylene flow rate shown in Figure 6 and the
related productivity at 0 �C. The analysis of the polymer
recovered after 1 h revealed, however, that a transfer reaction
had occurred, as theMn decreased to 14300 withMw/Mn� 25.
1H and 13C NMR analysis of the polymer clearly showed the
formation of end-capped PhSiH2-polyethylene.[54] Dihydro-
gen proved an even better transfer agent: compared to the
reaction carried out with pure ethylene, using 2% (v/v) of H2


in ethylene led to a similar activity profile but with almost
doubled productivity (9 ± 10 kgmol�1h�1bar�1) (Figure 6).
Analysis of six aliquots sampled every 10 min over the
polymerization course under those conditions indicated a
constant Mn value of 17000 (�500) and a molecular weight
distribution Mw/Mn of 5.8, showing that an efficient transfer
has also occurred. Effective response of the catalyst system to
H2 was observed in the range 1 ± 10% (v/v). Nevertheless, this
could not be used to prevent catalyst decay at temperatures
above 0 �C; for example, the productivity of the 1/Mg(n-hex)2
combination at 20 �C in the presence of 2% (v/v) of H2


decreased to 4.4 kgmol�1 h�1bar�1 (Mn� 7800; Mw/Mn� 37).


d) Reactivation of in situ systems–Isolation of heterogene-
ous active polymerization species : The apparent polymer-
ization activity (ethylene flow rate) of the 1/Mg(n-hex)2
combination decreases after a few minutes to reach a plateau
after 60 min, at �1/10 of the maximal activity (Figure 6). We
observed that the latter could be rapidly, although partially
restored upon adding 1.0 equiv Mg(n-hex)2 per mol Nd to the
reaction mixture; then, polymerization proceeded as in the
initial batch (Figure 8, straight line). Similar restoration of


Figure 8. Effect of the addition of 1.0 equiv Mg(n-hex)2 (per mol Nd) to
the reaction mixtures with (––) and without (����) supernatant solution
on the ethylene flowrates (1.0 mmol Mg and Nd used to prepare the in situ
system, 0 �C, 1 atm).


activity was achieved three times consecutively from the same
initial in situ combination. This shows that the decrease in the
ethylene flow rate does not stem from an irreversible
deactivation process but suggests rather a gradual ™drowsi-
ness∫ of the active species, that may be associated to the
concomitant accumulation of insoluble, high molecular
weight materials over the reaction course.


Table 5. Ethylene polymerization using 1/MgR2 combinations. Influence
of reaction conditions on the polymer yield.[a]


MgRR� T alkyl t alkyl T polym PE
R, R�� [�C] [min] [�C] [g]


1 CH2SiMe3 0 60 0 1.80
2 nBu, Et 0 60 0 1.19
3 nBu, Et 0 180 0 0.53
4 n-hex 0 60 0 4.70
5 n-hex 0 180 0 1.69
6 n-hex 20 60 0 1.09
7 n-hex 0 60 40 2.75
8 n-hex 0 60 80 0.56


[a] Reactions were carried out in toluene under 1 atm of ethylene for 1 h
using 0.33 mmol of 1 and 1.0 mmol of dialkylmagnesium.
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In order to determine the distribution of total and active Nd
in solution (homogeneous) and in the polymeric material
precipitated (heterogeneous) during the reaction course, the
latter was isolated from the reaction mixture by filtration and
subsequently washed with toluene under rigorous exclusion of
oxygen and water at 0 �C. The beige solid (S) recovered was
subjected to microanalyses which revealed, over three differ-
ent samples, that 15� 2% of initial Nd (and 20� 4% ofMg) is
present in the precipitate.[55] The Nd/Mg ratio in S, 1.2� 0.4
approaches therefore that introduced for the in situ system
(Nd/Mg� 1.0). Most interestingly, when S was contacted with
ethylene in a fresh toluene slurry (1 atm, 0 �C), polymerization
took place with the same activity than in the corresponding in
situ experiment, just before its isolation. On the other hand,
the clear filtrate that contains 85� 2% of initial Nd proved
completely inactive toward ethylene, even upon reactivation
with fresh Mg(n-hex)2. These results establish that all of the
active species generated from the in situ combination of 1with
Mg(n-hex)2 (1:1) are contained in solid S. As a matter of fact,
it turned out that S polymerizes ethylene under solid-gas
conditions with significant activity (6 kgmol�1h�1bar�1 over
30 min at 0 �C).
Noteworthy, when a fresh toluene suspension of S was


treated with 1.0 equiv Mg(n-hex)2 (per mol Nd used in the in
situ combination to prepare S), the ethylene polymerization
activity could be strongly enhanced as compared to the initial
polymerization reaction (up to 100 kgmol�1h�1bar�1) (Fig-
ure 8, dotted line). To clarify this phenomenon, which is in
direct line with the aforementioned restoration of the
catalytic activity upon addition of Mg(n-hex)2 to the in situ
system, separate experiments were conducted. No redistrib-
ution of Nd metal between the solid and the supernatant
toluene solution (ICP elemental analysis) was observed upon
treatment of a toluene suspension of S with excess of Mg-
(n-hex)2. These results rule out the hypothesis of a simple
transmetallation process between the dialkylmagnesium re-
agent and insoluble (slowly active) Nd-polyethylenyl species
contained in S to form soluble (highly active) Nd-alkyl
species. Two other hypotheses that remain to be supported
are: i) a scavenging action of MgR2 comparable to the well-
documented effect of trialkylaluminums in group IV-promot-
ed polymerization[56] and/or ii) formation of new active sites.


e) Ethylene-methyl methacrylate diblock copolymerizations :
A major interest of alkyl-lanthanides in polymerization relies
on their unique propensity to induce both polymerization of
ethylene and polar monomers.[2] We investigated therefore
the ability of the new in situ catalyst combination 1/Mg(n-
hex)2 and of isolated compound S to initiate the diblock
copolymerization of ethylene and methyl methacrylate
(MMA). The crude polymer, obtained by initial polymer-
ization of ethylene with the in situ system and subsequent
addition of MMA to the reaction mixture at 0 �C, was shown
to contain 15 ± 20% of atactic homo-PMMA (Soxhlet extrac-
tion with THF for 3 d). This suggests that the in situ
combination 1/Mg(n-hex)2 generates more than one active
species for the polymerization of MMA, of which only one is
able to initiate the polymerization of ethylene. Indeed, we
checked that the solution recovered after filtration of


precipitate S from the reaction mixture, that contains 80 ±
85% of Nd and Mg initially introduced but proved inactive
towards ethylene, does initiate the polymerization of MMA to
give atactic PMMA in moderate activity.[57]


On the other hand, the crude polymer recovered from the
reaction of MMA with a slurry of solid S in fresh toluene at
0 �C contained only 3% of extractable products; 1H NMR
analysis showed that the latter are low molecular weight
MMA-rich block copolymers (MMA/ethylene � 3). The
MMA molar fraction in the THF-insoluble material obtained
under typical conditions (see Experimental Section) is 7� 2%
according to the weight increase, 1H NMR and SEC analyses.
The DSC analysis revealed the Tg of the PMMA block at
122 �C and the Tm of the PE block as a narrow peak at 142 �C.
The SEC analyses of the polyethylene obtained from the
hydrolysis of an aliquot of S (before addition of MMA) and of
the final THF-insoluble material showed an enhancement of
the molecular weight from Mn� 200000 to Mn� 250000 with
aMw/Mn of 4.0 (monomodal) in both cases. All of these results
confirm the true diblock nature of the polymer and, in turn,
that ethylene polymerization using the 1/Mg(n-hex)2 combi-
nation proceeds in a ™pseudo-living∫ fashion to give the Nd-
polyethylenyl intermediate S. In addition to the monomer
efficiency of the diblock polymerization process, especially
interesting is the possibility to attain block lengths as high as
200000 for the PE block and �50000 for the PMMA block.
As far as we are aware, these values are significantly higher
than those realized with lanthanocene initiators,[2] and allow
to consider these materials as valuable compatibilizers.[58]


Mechanistic aspects of Ndx(OR)yLn/MgR2 systems


The above polymerization results, in particular the effective
transfer reactions using PhSiH3 and H2 and the possibility to
achieve efficient ethylene-MMA block-copolymerization, are
in direct line with reactivity trends observed for alkyllantha-
nocene initiators.[2] This suggests a polymerization mechanism
through coordination ± insertion of the monomer onto a alkyl-
neodymium species, that would be produced by alkyl/alkoxide
metathesis between the alkoxy-lanthanide precursor and the
dialkylmagnesium co-reagent. In this section we described our
efforts to document this issue.


a) Isolation of metathesis products from Ndx(OR)yLn/MRz


systems : Repeated attempts to isolate and/or crystallize
product(s) formed during the reaction of 1 with dialkylmag-
nesiums were unsuccessful. Valuable structural information
was obtained only with the [Nd(O-2,6-tBu2-4-Me-C6H2)3]/
Mg(n-hex)2 system; the reaction of these precursors in a 1:1
ratio at room temperature in toluene gives mixed alkyl/
aryloxide magnesium compound 7, which was isolated in 90%
yield as colourless crystals and fully characterized by NMR
and a X-ray diffraction study (Figure 9).[59, 60]


Unfortunately, the neodymium co-product of this meta-
thesis reaction could not be isolated nor identified in solution
due to the paramagnetic Nd centers. One may reasonably
propose, however, a stoichiometry of the process as outlined
in Scheme 2.[60] Monitoring the reaction at 20 �C by 1H NMR
showed the gradual formation of uncoordinated 1-hexene (up
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Figure 9. ORTEP plot of [(n-hex)Mg(O-2,6-tBu2-4-Me-C6H2)]2 (7) with
probability ellipsoids at 50%.


O


tBu


tBu


MeNd +  Mg(n-hex)2


3


 1/2  [(ArO)Mg(n-hex)]2  +  1/n  "{(ArO)2Nd(n-hex)}n"


RT


7   (90%)


Scheme 2. Proposed pathway for the formation of metathesis product 7.


to 30% per mol Nd after 17 h). Considering the stability of
dialkylmagnesium derivatives in general, and of Mg(n-hex)2
in particular, towards �-H elimination, this observation
suggests that the expected primary product, ™[(n-hex)Nd(O-
2,6-tBu2-4-Me-C6H2)2]n∫, is not stable under these conditions
and rapidly undergoes �-H elimination to form concomitantly
1-hexene and so far unidentified lanthanide products.


b) NMR monitoring of 1/MRz combinations : The reactions of
1 with alkylating reagents were also monitored by variable
temperature NMR and led to the following observations,
showing similar release of the corresponding �-olefin. The
1H NMR spectrum of a 1:1 mixture of 1 and Mg(n-hex)2 in
[D8]toluene at �80 �C showed signals for the unreacted
reagents. On raising the temperature, the latter progressively
decreased to the profit of at least two sets of resonances
attributed to tBuO ligands of new neodymium species and the
formation of 1-hexene was observed from �20 �C. No further
evolution of the system was noticed after 15 h at 5 �C where
40% of Mg(n-hex)2 was transformed into 1-hexene and 1 was
completely converted to two new species present in a �10:1
ratio according to 1H NMR spectrum. Six resonances in the
range of ���70 to 26 ppm with an integrated ratio of
2:1:2:2:1:1 were unambiguously attributed to the major
species and suggested a polynuclear structure with tBuO
ligands in variable (terminal, bridging) environment. React-
ing a 1:1 mixture of 1 and Mg(n-hex)2 in [D8]toluene directly


at 20 �C for 30 min led to the same mixture of products. When
nBuMgEt was reacted with 1 under similar conditions, the
formation of 1-butene was observed from�30 �C and reached
a maximum of 14% per mol Nd after 15 min at 20 �C. The
parallel release of ethylene (�� 5.26) was detected at temper-
atures as low as�60 �C but the amount of this monomer in the
reaction medium started to decrease from �20 �C and no
ethylene was detected at 0 �C; simultaneously, the formation
of polyethylene in the NMR tube was observed. This
phenomenon is simply rationalized considering the polymer-
ization activity of the 1/MgR2 systems towards ethylene and
its inactivity towards �-olefins (1-hexene, 1-butene).[2] Fast
release of 1-butene was also observed from the 1/nBuLi
combination since �60 �C (up to 20% per mol Nd after
15 min). This suggests rapid alkyl/alkoxy metathesis and
subsequent �-H elimination from the resulting nBu-[Nd]
species. The high instability of the latter likely accounts for the
impossibility to achieve ethylene polymerization from neo-
dymium alkoxide/alkyllithium systems; this also indicates that
dialkylmagnesiums may serve not only as alkylating reagents
of the alkoxy precursor but also as stabilizers of the resulting
alkyl-[Nd] species, as they do in chlorolanthanocene/MgR2


systems through �-alkyl bridging.[20] The 1:1 combination of 1
with Mg(CH2SiMe3)2, an alkylating reagent with no H at the
�-position, proved more thermally stable (although not more
active for polymerization) but release of isobutene was
observed from 0 �C and amounted 40% per mol Nd after
24 h at 20 �C. Some other alkylating reagents lead also to
isobutene when combined to 1 but in lower amounts (maximal
amount per mol Nd observed after 24 h at 20 �C: Mg(n-hex)2,
4%; nBuMgEt, 2%, nBuLi, 12%). Formation of isobutene
(alkene) has been reported in some cases to occur via simple
thermolysis of tert-butoxy (alkoxy) lanthanide complexes,
without any assistance of alkylating reagent.[61] Nonetheless,
the smooth conditions under which the release of isobutene
proceeds (0 �C) and the nearly 1:1 concomitant formation of
isobutene and SiMe4 (identified by 1H and 13C NMR) upon
using Mg(CH2SiMe3)2 suggest that the loss of isobutene
proceeds in this case through concerted dealkylation of a
OtBu group by an adjacent alkyl (hydride) group rather than
by another OtBu group. Regardless of the mechanism
involved, the expected inorganic co-product is an oxo species,
such as for example 5, but it could not be formally identified
so far.


c) NMR monitoring of diamagnetic Lnx(OR)yLn/MgR2 sys-
tems : Alkyl derivatives of diamagnetic lanthanide centres can
be easily detected by their intrinsic alkyl chemical shifts. Thus,
to get additional clues for the probable formation of alkyl-
lanthanide species in the systems studied, we have examined
metathesis reactions between dialkylmagnesium reagents and
[La3(OtBu)9(thf)2] and [Y3(OtBu)7Cl2(thf)2]. Although com-
binations of these alkoxides of lanthanum and yttrium with
Mg(n-hex)2 were found to be significantly less efficient than
those based on 1 for ethylene polymerization,[53] one might
expect from their structural relation to 1 some common
reactivity features. In fact, when the reaction of a 1:1 mixture
of [La3(OtBu)9(thf)2] and Mg(n-hex)2 in [D8]toluene was
monitored by variable temperature 1H NMR, a new multiplet
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signal at ���0.90 ppm, characteristic of a La-CH2 moiety,[16]


appeared from �10 �C and was observed up to 20 �C.
However, its relative intensity remained small with respect
to other resonances (tBuO, CH2 from MgR2) and the
progressive formation of 1-hexene was observed. When the
same experiment was carried out using Mg(CH2SiMe3)2, the
methylene singlet resonance for this reagent (� �1.37)
disappeared to the benefit of three new singlet resonances
in a �1:4:2 ratio (���1.13, �1.23, �1.99, respectively).
Another informative observation was made upon monitoring
the reaction of a 1:1 mixture of [Y3(OtBu)7Cl2(thf)2] and
Mg(n-hex)2 in [D8]toluene at 20 �C. The 1H NMR spectra
showed the formation of a new multiplet signal at ��
�0.13 ppm, with couplings of 4 Hz, consistent with
2J(89Y,1H) splitting[7, 9±12] and products of general formula
[Y(OtBu)xCly(n-hex)z] were indicated; release of 1-hexene
was observed at the same time. These experiments provide
therefore clues supporting alkyl/tert-butoxide metathetic ex-
change between lanthanide and magnesium metal centres.[60]


Not surprisingly in light of previous work in this field,[7±16]


NMR spectroscopy revealed complex selectivity and stoichi-
ometry of these reactions.
All together these results strongly suggest the formation of


one or several [Nd]-{n-hex} species from Mg(n-hex)2 and
neodymium tert-butoxide 1 that show(s) reactivity towards
ethylene and some polar monomers similar to that of well-
identified alkyl-lanthanocene complexes. A rational repre-
sentation for the in situ generation of such species, its use as
either initiator or catalyst for polymerization and possible
decomposition pathways, is proposed in Scheme 3.


Conclusion


Our results demonstrate that the association of an homoleptic
alkoxy neodymium complex with a dialkylmagnesium co-
reagent can generate significantly active species for ethylene
polymerization. As expected from parallel work in group IV
chemistry,[3] these Cp-free systems show similar (and some-
times superior) polymerization performance to the corre-
sponding metallocene systems. It confirms thus the ability of
some alkoxy/aryloxy residues to act as valuable ancillary
ligands for lanthanide metals in the field of polymerization.
Several questions arise, however, concerning the difficulties to
produce and stabilize such active species. In line with the
unsuccessful attempts in this direction,[7±16] our results high-
light the narrow window in which effective polymerization
can be achieved with regards to the nature of the alkoxy-
lanthanide precursor and alkylating co-reagent.
In fact, to find an adequate balance between the thermal


stability of the alkyl-alkoxy-lanthanide species and their
reactivity toward olefin monomers appears as the major issue
of this chemistry. NMR investigations indicate a relative
easiness of the alkyl/alkoxy metathesis reaction to proceed
and the tendency of the resulting alkyl-alkoxy-lanthanide
species to undergo rapid �-H elimination and ligand (tert-
butoxy) thermolysis. In this regard, the exact influence of
alkoxy ancillary ligands on the reactivity of alkyl-lanthanide
remains a quite controversial issue. On one hand, one may


Scheme 3. Proposed general mechanism for activation and deactivation
pathways of tert-butoxy-neodymium/dialkylmagnesium polymerization
systems.


argue that electron-withdrawing alkoxide ligands, compared
to good �-donor Cp-type ligands, increase the electrophilicity
of the metal center and, therefore, facilitate �-H elimination
from alkyl-alkoxy-lanthanide species. This simple view may
allow for the easy release of �-olefins observed from
combinations of lanthanide alkoxides with alkylating agents
in the absence of ethylene. On the other hand, the relative
thermodynamics of Ln-C versus Ln-H bond dissociation
energies suggests that chain termination (�-H elimination,
chain transfer) reactions should be further inhibited or slow,
in comparison with the rate of propagation by replacement of
Cp* ligands by hard, electronegative tert-butoxide ligands.[62]


Such arguments have been used to account for the stability of
the bridging alkyl groups in [{Y(C5Me5)(O-2,6-tBu2C6H3)}2(�-
H)(�-CH2CH2R)] toward �-H elimination[5c] and fit well with
the formation of high molecular weight polymer observed
with the [Nd3(OtBu)9(thf)2]/MgR2/ethylene systems.
The high sensitivity of the active species generated from 1/


MgR2 combinations towards Lewis bases suggests that usual
strategies, based on the introduction of additional donor
atoms within the ligand framework (e.g. in 6),[4d] may be
inappropriate to stabilize alkyl-alkoxy-lanthanide species
aimed at ethylene polymerization. We suspect that the
adequate (although not ultimate) balance between stability
and activity found in 1/MgR2 combinations may originate
from the degree of aggregation (nuclearity) of the active
species and specificities of dialkylmagnesiums (e.g. the
electronegativity of Mg which is equivalent to that of the
lanthanides).
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Formation of dimers and higher polymetallic species has
been often related to decreased polymerization activity in
group IV chemistry.[3] In this regard, it is remarkable that we
have detected only sluggish polymerization systems derived
from mononuclear lanthanide precursors such as [Nd(O-2,6-
tBu2-4-Me-C6H2)3] and [Nd(tritox)3]. Considering the large
bulkiness and robustness of these ligands, one may assume
that they induce the formation of monolanthanide alkyl-
alkoxy(aryloxy) species.[7±16] Much more active polymeriza-
tion systems derive from trinuclear precursor 1 based on the
tert-butoxy ligand, which often leads to polynuclear structures
due to its relative moderate bulkiness.[4] Therefore, it is not
unreasonable to think that aggregation to some extent of
™[(tBuO)2LnR]∫ moieties may contribute to stabilize an
active polymerization site. A considerable difficulty usually
associated to the chemistry of lanthanide alkoxides relies in
their high tendency to form a variety of cluster aggregates,
which hampers their isolation in pure form and their
characterization. This may prove, however, to be also a key
issue for the successful development of new alkoxy-based
lanthanide catalysts. Current work is focused on structural
investigations of model systems related to these neodymium
alkoxide/dialkylmagnesium combinations.


Experimental Section


General : All operations were performed under dry argon using standard
Schlenk techniques or in a dry glove box under nitrogen. Solvents and
deuterated solvents were freshly distilled from sodium/potassium amalgam
under argon and degassed prior to use. Anhydrous NdCl3 (99.9%) was
purchased from Strem and used as received. tert-Butyl and tert-amyl
alcohol were dried over and distilled from CaH2. tBuONa (97%, Aldrich)
and tBuOK (95%, Aldrich) were dried at 130 �C under 10�3 Torr prior to
use. Sodium tert-amylate was prepared from sodium and tert-amyl alcohol
at 25 �C; excess alcohol was removed by evaporation and tAmONa was
dried at 130 �C under high vacuum. Complexes [Nd{N(SiMe3)2}3(thf)],[63]


[Nd(OCtBu3)3(thf)][27a] and [Nd(O-2,6-tBu2-4-Me-C6H2)3][32] were prepared
according to the reported procedures and sublimed prior to use. Ethylene
(Air Liquide, N35) was purified by passage through a moisture filter
(Chrompack, No. 7971). MMA (99%, Aldrich) was distilled twice over
CaH2 and stored at �20 �C under argon. Alkylating agents AlMe3, Al(n-
oct)3, AlH(iBu)2 (Schering), nBuEtMg (20 wt% solution in heptane, Texas
Alkyl), Mg(n-hex)2 (1.33� solution in heptane, Texas Alkyl), PhMgBr
(1.0� solution in THF), EtMgBr (3.0� solution in THF), BEt3 (1.0�
solution in hexanes), nBuLi (1.6� solution in hexanes) and tBuLi (1.7�
solution in pentane) (all Aldrich) were used as received. Mg(CH2SiMe3)2
was prepared according to literature.[64] [nBuAlH(iBu)2][Li] was prepared
prior to use from equimolar amounts of AlH(iBu)2 and nBuLi.


NMR spectra of lanthanide alkoxides were recorded on Bruker AC-200,
AC-300 or AM-400 spectrometers in Teflon-valved NMR tubes at 23 �C
unless otherwise indicated. 1H (200, 300 and 400 MHz) and 13C (50, 75 and
100 MHz) chemical shifts are reported versus SiMe4 and were determined
by reference to the residual solvent peaks. Elemental analyses were
performed by Pascher Laboratories, Erlangen (Germany) and at Rhodia
Research Center, Aubervilliers (France). Molecular weights of polymers
were determined by size-exclusion chromatography (SEC) using polystyr-
ene gel columns at 135 ± 155 �C and ortho-dichlorobenzene as the solvent,
with either a PL220 (Polymer Laboratories) apparatus or a Waters
apparatus equipped with coupled refractometer and viscosity detectors.
The number-average molecular weight (Mn) and polydispersity ratio (Mw/
Mn) were calculated by universal calibration in reference to polystyrene
standards. 1H and 13C NMR spectra of polymers were recorded on a Bruker
AM-400 spectrometer at 130 �C in C2D2Cl4. Melting points (Tm), glass
transition temperature (Tg), and crystallinity of polymers were determined
by DSC (Setaram DSC 141 apparatus, 10 �Cmin�1, under nitrogen) and


X-ray diffraction (XRD, Siemens D5000 spectrometer, CuK�1,2 , 5� � 2� �


55�) analysis.


4-Methoxy-2-methylbutan-2-ol : A diethyl ether solution of MeMgI
(100 mL of a 3.0� solution, 0.3 mol) in a 250 mL round-bottom flask fitted
with an addition funnel under nitrogen was cooled to 0 �C. Methyl
3-methoxypropionate (14.2 g, 0.12 mol) in diethyl ether (90 mL) was added
dropwise over 40 min at 0 �C and the reaction mixture was allowed to stir
for 18 h at room temperature. The reaction mixture was poured in ice (50 g)
and treated with a saturated aqueous solution of NH4Cl until clear
separation of the two phases occurred. The aqueous layer was extracted
with Et2O (15 mL). The organic layers were combined, washed first with a
cold saturated aqueous solution of NaHCO3 (30 mL) and then cold water
(2� 30 mL), and dried overMgSO4. Removal of the solvent and distillation
of the residue (Eb� 85 �C under 95 Torr) gave a colorless liquid (8.4 g,
59%). 1H NMR (300 MHz, CDCl3): �� 1.21 (s, 6H; CH3), 1.73 (t, J�
5.9 Hz, 2H; CH2), 3.17 (s, 1H; OH), 3.33 (s, 3H; OCH3), 3.60 (t, J� 5.9 Hz,
2H; OCH2); 13C NMR (75 MHz, CDCl3): �� 29.3 (CMe2), 41.4 (CH2), 58.9
(MeO), 70.2 (OCH2), 70.8 (COH).


[Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(thf)2] (1)


Salt metathesis route : In the glovebox, tBuONa (2.88 g, 30.0 mmol) was
dissolved in THF (50 mL) and transferred to a flask containing a
suspension of NdCl3 (2.51 g, 10.0 mmol) in THF (50 mL). The mixture
was stirred with a magnetic stir bar for 3 d at 25 �C. The solution was
decanted overnight and filtered, leaving behind a pasty solid that was
discarded. Removal of solvents from the solution at 20 �C and drying the
residue under 10�3 Torr for 6 h offered a pale blue solid (3.36 g, 82%).
1H NMR (400 MHz, [D8]toluene): � (5 �C)� 41.0 (s, 18H), 17.2 (s, 18H),
�1.5 (s, 9H),�14.7 (s, 9H), �21.7 (s, 18H),�25.8 (s, 18H), �29.5 (s, 9H);
� (27 �C)� 34.2 (br s, 18H), 14.8 (br s, 18H), �0.5 (br s, 9H), �9.9 (s, 9H),
�20.2 (br s, 27H), �22.8 (s, 18H); elemental analysis calcd (%) for
C44H97Nd3O11 (1) (1234.97): C 42.79, H 7.92; found: C 41.32, H 7.74; crude
samples of 1 prepared by salt metathesis and worked-up as described above
were shown to contain less than 0.5% of Cl.


Amide alcoholysis route : In a Schlenk tube, tBuOH (3.0 mL, 31 mmol) was
added dropwise to a stirred solution of Nd[N(SiMe3)2]3 (1.25 g, 2.0 mmol)
in THF (20 mL). The resulting clear light-blue solution was stirred for 3 d at
room temperature. Removal of volatiles under high vacuum for 10 h at
room temperature gave a light-blue solid that was subsequently recrystal-
lized from toluene (0.48 g, 57%). The 1H NMR spectra ([D8]toluene, 5 �C)
of the crystals featured reproducibly as the major (ca. 70%) peaks the
seven resonances observed for samples of 1 prepared from NaOtBu along
with additional (ca. 30%) rather broad resonances at �� 46.8, 45.5, 40.0,
22.3, 15.1, �27.3, �33.0, �34.1, �42.6.


X-ray crystal structure determination of 1 ¥ THF : Crystals of 1 ¥THF were
grown from a concentrated toluene solution of the crude product obtained
from tBuONa at �5 �C. A pale blue crystal of approximate dimensions
0.19� 0.20� 0.21 mm was mounted on a glass fiber. X-ray measurements
were made using a Bruker SMARTCCD area-detector diffractometer with
MoK� (�� 0.71073 ä) at T� 158(2) K.


Crystal data:[65] orthorhombic Pbcn : a� 17.0538(10), b� 20.0343(12), c�
17.7400(11) ä; V� 6061.1(6) ä3; formula unit: C44H97O11Nd3 ¥C4H8O with
Z� 4; Fw: 1307.04; 	calcd� 1.432 gcm�3 ; F(000)� 2676; �(MoK�)�
2.581mm�1. 38059 reflections were collected (1.57��
� 28.27�). The
structure was solved by direct methods.[66] The tert-butoxide ligand located
on the two-fold axis and the thf ligands were disordered. The carbon atoms
associated with these ligands were included using multiple components
with partial site-occupancy-factors. There was also one disordered THF
solvent molecule present per formula unit. Hydrogen atoms associated with
the disordered tert-butoxide ligand and with the solvent molecule were not
included in the refinement. Full-matrix least-squares refinement on F 2


based on 7315 independent reflections converged with 213 variable
parameters and 30 restraints. R1� 0.0410 (for those 5589 data with I�
2�(I)); wR2� 0.1044; GoF (F 2)� 1.059.[67] �	max� 1.505 and �1.027 eä�3.


[Nd3(�3-OtAm)2(�2-OtAm)3(OtAm)4(thf)2] (2): Compound 2 was pre-
pared by salt metathesis similar to 1, starting from NdCl3 (2.51 g,
10.0 mmol) and tAmONa (3.31 g, 30.0 mmol) in THF (100 mL). Workup
left compound 2 as a pale blue solid (3.1 g, 66%). This crude material was
directly used for polymerization experiments.


[Nd12(OtAm)26Cl11Na] ¥ 2(Et2O) (3 ¥ 2Et2O): In a glovebox, tAmONa
(1.67 g, 15.1 mmol) was dissolved in Et2O (25 mL) and transferred to a
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flask containing a suspension of NdCl3 (1.25 g, 5.0 mmol) in Et2O (25 mL).
The mixture was stirred with a magnetic stir bar for 3 d at 25 �C. The
solution was decanted overnight and filtered, leaving behind a pasty solid
which was discarded. Removal of solvents from the solution at 20 �C and
drying the residue under 10�3 Torr for 6 h left a blue solid (1.52 g). X-ray
quality crystals of 3 were isolated in low yield from a concentrated solution
of this material in toluene at �5 �C. The crystals, once isolated, were
insoluble even in THF.


X-ray crystal structure determination of 3 ¥ 2Et2O : A pale blue crystal of
approximate dimensions 0.40� 0.42� 0.51 mm was mounted on a glass
fiber. X-ray measurements were made using a Bruker SMART CCD area-
detector diffractometer with MoK� (�� 0.71073 ä) at T� 163(2) K.


Crystal data:[65] monoclinic P21/c : a� 30.7931(14), b� 19.9495(9), c�
34.4764(15) ä, �� 105.3890(10)� ; V� 20419.7(16) ä3; formula unit:
C140H310Cl11NaNd12O28 ¥ 2(C4H10O) with Z� 4; formula weight: 4733.94;
	calcd� 1.540 gcm�3 ; F(000)� 9504; �(MoK�)� 3.190mm�1. 153104 reflec-
tions were collected (0.69��
� 23.26�). The structure was solved by direct
methods.[66] There were two molecules of diethyl ether solvent present per
formula unit. Two of the tert-butoxide ligands were disordered. It was
necessary to employ geometric and thermal parameter restraints (2815 to-
tal) to all carbon atoms and the solvent molecules via the SHELXTL using
the SAME, EADP and PART commands. Disordered atoms were included
using multiple components with partial site-occupancy-factors. Hydrogen
atoms were not included in the refinement. Full-matrix least-squares
refinement on F 2 based on 29327 independent reflections converged with
959 variable parameters and 2815 restraints. R1� 0.0544 (for those 24067
data with I� 2�(I)); wR2� 0.1645; GoF (F 2)� 1.053.[67] �	max� 2.469 and
�2.199 eä�3.


[Nd3(�3-OtBu)2(�2-OtBu)3(OtBu)4(HOtBu)2] (4): In a Schlenk tube,
tBuOH (7.0 mL, 73.0 mmol) was slowly added over ca. 5 min to a stirred
solution of Nd[N(SiMe3)2]3 (3.85 g, 6.15 mmol) in n-hexane (60 mL). The
resulting clear light-blue solution was stirred for 3 d at room temperature.
Volatiles were then removed by evaporation in vacuum for 12 h at room
temperature to give a light blue solid (2.30 g, 90% based on Nd).
Crystallization from toluene offered analytically pure blue crystals
(1.55 g, 61%). 1H NMR (200 MHz, [D8]toluene, �15 �C): �� 19.5 (s,
18H), 6.4 (s, 45H), �13.5 (s, 2H; OH), �25.2 (s, 18H), �32.0 (s, 18H);
(�45 �C): �� 23.8 (s, 18H), 9.0 (s, 36H), 5.5 (s, 9H; 1-�2-OtBu), �4.3 (s,
2H; OH), �34.2 (s, 18H), �38.1 (s, 18H); (�65 �C): �� 27.3 (s, 18H), 10.9
(s, 36H), 2.7 (s, 9H; 1-�2-OtBu), �6.0 (s, 2H; OH), �42.4 (s, 36H);
elemental analysis calcd (%) for C44H101Nd3O11 (1239.00): C 42.65, H 8.22;
found: C 41.8, H 7.92.


[Nd5(�5-O)(�3-OtBu)4(�2-OtBu)4(OtBu)5] (5): In a glovebox, 4 (0.720 g,
1.74 mmol Nd) was dissolved in toluene (ca. 5 mL) and the clear blue
solution was allowed to stand at room temperature for two weeks. After
concentration to ca. 2 mL under vacuum, the solution was placed at �5 �C,
leaving X-ray quality crystals of 5 ¥ 2(toluene) (which looses toluene in
vacuo) (0.310 g, 53%). Elemental analysis calcd (%) for the toluene-free
complex C52H117Nd5O14 (1687.7): C 37.00, H 6.99; found: C 36.2, H 7.56.


X-ray crystal structure determination of 5 ¥ 2(toluene): A pale purple
crystal of approximate dimensions 0.33� 0.41� 0.52 mmwas mounted on a
glass fiber. X-ray measurements were made using a Bruker SMART CCD
area-detector diffractometer with MoK� (�� 0.71073 ä) at T� 163(2) K.


Crystal data:[65] tetragonal P4/nmm : a� 16.6902(6), b� 16.6902(6), c�
14.0266(7) ä; V� 3907.3(3) ä3; formula unit: C52H117Nd5O14 ¥ 2(C7H8) with
Z� 2; formula weight: 1871.92; 	calcd �1.591 gcm�3 ; F(000)� 1882;
�(MoK�)� 3.317mm�1. 40230 reflections were collected (1.45��
�


28.29�). The structure was solved by direct methods.[66] There were two
molecules of toluene solvent present per formula unit. Two of the tert-
butoxide ligands were disordered. Carbon atoms C2, C3, C11, C12 and C13
were included using partial site-occupancy-factors. The toluene methyl
carbon C17 was also disordered and included as above. Hydrogen atoms
were not included in the refinement. Full-matrix least-squares refinement
on F 2 based on 2710 independent reflections converged with 90 variable
parameters and no restraints. R1� 0.0452 (for those 2410 data with I�
2�(I)); wR2� 0.1266; GoF (F 2)� 1.086.[67] �	max� 2.561 and �1.211 eä�3.


[Nd2(OCMe2CH2CH2OMe)6] (6): In a Schlenk tube, 4-methoxy-2-methyl-
butan-2-ol (0.718 g, 6.06 mmol) dissolved in benzene (10 mL) was added
dropwise via canula to a stirred solution of Nd[N(SiMe3)2]3 (1.266 g,
2.02 mmol) in benzene (10 mL). The resulting clear light-blue solution was


stirred for 36 h at room temperature. Evaporation of volatiles, followed by
drying under high vacuum for 6 h at 50 �C, gave a blue pasty solid in
quantitative yield. Crystallization from toluene at �5 �C offered pure blue
crystals suitable for X-ray diffraction (0.58 g, 58%). Elemental analysis
calcd (%) for C36H78Nd2O12 (991.46): C 43.61, H 7.93; found: C 43.2, H 7.81.


X-ray crystal structure determination of 6 : A pale purple crystal of
approximate dimensions 0.28� 0.48� 0.48 mm was mounted on a glass
fiber. X-ray measurements were made using a Bruker SMART CCD area-
detector diffractometer with MoK� (�� 0.71073 ä) at T� 163(2) K.


Crystal data:[65] triclinic P1≈ : a� 9.4496(3), b� 10.7702(4), c� 12.8522(5) ä;
�� 96.7120(10), �� 96.5560(10), �� 115.7290(10)� ; V� 1150.21(7) ä3;
formula unit: C36H78Nd2O12 with Z� 1; formula weight: 991.46; 	calcd�
1.431 gcm�3; F(000)� 510; �(MoK�)� 2.282mm�1. 12462 reflections were
collected (1.62��
� 28.30�). The structure was solved by direct meth-
ods.[66] Carbon atoms C2 and C3 were disordered and included using
multiple components with partial site-occupancy-factors (major 0.70;
minor 0.30). Full-matrix least-squares refinement on F 2 based on 5448 in-
dependent reflections converged with 341 variable parameters and no
restraints. R1� 0.0178 (for those 5286 data with I� 2�(I)); wR2� 0.0449;
GoF (F 2)� 1.033.[67] �	max� 0.801 and �0.610 eä�3.


Ethylene polymerizations promoted by Ndx(OR)y /MRz combinations
prepared in situ : In a typical experiment, a solution of complex 1 (0.37 g,
0.30 mmol) in toluene (10 mL) was added to a solution of Mg(n-hex)2
(0.98 g, 1.0 mmol) in toluene (10 mL) and the reaction mixture was stirred
for 1 h at 0 �C. The resulting brown solution was injected through a syringe
into a 500 mL Schlenk tube containing toluene (80 mL) kept at 0 �C under
1 atm ethylene (previously saturated solution). Magnetic stirring was
started (1100 rpm) and the ethylene consumption was monitored by a mass
flowmeter (Aalborg, GFM17) connected to a totalling controller (KEP),
which acts as a flow rate integrator. The reaction was quenched by addition
of a 5% HCl methanol solution (200 mL) to the reaction mixture and the
polymer was recovered by filtration and dried under vacuum.


Experiments conducted at different temperatures, Nd/Mg ratios or in the
presence of a transfer agent (feed with a preformed C2H4/H2 mixture or
introduction of PhSiH3 through a syringe in the reaction mixture after
5 min), and preliminary experiments aimed at evaluating the ability of
other lanthanide alkoxide/alkylating reagent combinations, were conduct-
ed using a similar procedure.


Isolation of solid catalyst S : A typical ethylene polymerization experiment
was conducted as described above over 30 min. The resulting reaction
mixture was placed under argon and filtrated over a sintering glass funnel
while keeping temperature at 0 �C. The clear filtrate was collected under
argon at 0 �C for analytical purposes and polymerization catalysis assays.
The solid recovered was washed with cold toluene (2� 50 mL) at 0 �C, to
give S as a beige gummy solid, which was rapidly used for further
polymerization. ICP microanalyses of three different batches of S prepared
under the above conditions showed that it contains 15� 2% of Nd and
20� 4% ofMg initially introduced (as 1 andMg(n-hex)2, respectively), and
the balance for these metals was found in the filtrate. Chlorine content in S
was below detection limit of elemental analysis.


Ethylene polymerizations promoted by isolated solid catalyst S : a) Gas
phase ethylene polymerization : The polymerization was carried out directly
in the sintering glass funnel by contacting isolated solid 7 with 1 atm of
ethylene at 0 �C. In a typical experiment, upon using a solution of 1 (0.37 g,
0.30 mmol) activated by Mg(n-hex)2 (0.98 g, 1.0 mmol) in toluene (100 mL)
for 1 h at 0 �C allowed to collect, after 10 min of reaction with 1 atm
ethylene at 0 �C, 3.4 g S as a beige precipitate. The latter was filtered off at
0 �C and washed twice with cold toluene (2� 50 mL). Ethylene (1 atm) was
then contacted onto the beige solid, resulting in the rapid growth of white
efflorescence of polyethylene and a consumption of 0.5 g ethylene over
90 min. Upon stirring with a magnetic stir bar in the bottom of the sintering
funnel, 1.4 g ethylene were additionally polymerized over 30 min. Quench-
ing and workup as described above afforded 5.4 g polyethylene.


b) Slurry phase ethylene polymerization : In a glovebox, freshly prepared
solid S (typically 4 ± 5 g) was introduced into a 500 mL Schlenk. Cold
toluene (100 mL) was introduced and the resulting mixture was placed at
0 �C. After purging with 1 atm ethylene, magnetic stirring was rapidly
started (1100 rpm). Ethylene consumption monitoring and final quenching
were performed as described above.
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Diblock ethylene-MMA copolymerization : Diblock ethylene-MMA co-
polymerization was achieved by reacting a suspension of solid S in toluene
with MMA at 0 �C. A typical experiment is as follows: Upon using a
solution of 1 (0.37 g, 0.30 mmol) activated byMg(n-hex)2 (0.98 g, 1.0 mmol)
in toluene (100 mL) for 1 h at 0 �C allowed to collect, after 10 min of
reaction with 1 atm ethylene at 0 �C, S (3.3 g) as a beige precipitate. The
latter was filtered-off at 0 �C, washed twice with cold toluene (2� 50 mL)
and introduced into a Schlenk-tube with toluene (100 mL) at 0 �C. Freshly
distilled MMA (9.0 mL, 90 mmol) was then introduced rapidly (ca. 5 s)
through a syringe and the reaction mixture was stirred magnetically
(1100 rpm) for 1 h at 0 �C. After addition of a 5% HCl/methanol solution
(200 mL), crude polymer was obtained by filtration (4.8 g). Soxhlet
extraction with boiling THF for 72 h led to the solubilization of only 3%
of the crude material. Most of analytical data for the final copolymer are
provided in the text. IR (KBr): �� � 1729, 1194, 1148 cm�1.


Reaction of [Nd(O-2,6-tBu2-4-Me-C6H2)3] with Mg(n-hex)2; synthesis of
[(n-hex)Mg(O-2,6-tBu2-4-Me-C6H2)]2 (7): In a glovebox, a solution of
[Nd(O-2,6-tBu2-4-Me-C6H2)3] (0.42 g, 0.52 mmol) in a minimum of toluene
was added to a solution of dry Mg(n-hex)2 (1.01 g, 0.52 mmol) in toluene.
The mixture was allowed to stand at �40 �C for three days, resulting in the
formation of colourless crystals of 7 that were separated out from the
supernatant solution (0.227 g, 90%). 1H NMR (300 MHz, C6D6): �� 0.04
(dd, J �8 Hz, 2H, CH2Mg), 0.85 (t, J� 7.0 Hz, 3H, CH3 hex), 1.24 (m, 6H,
CH2CH2CH2), 1.54 (s, 6H; tBu), 1.63 (m, 2H; CH2), 2.25 (s, 3H; CH3 Ar),
7.15 (s, 2H; H arom); 13C NMR (75 MHz, C6D6): �� 7.6, 14.6, 21.4, 23.3,
29.1, 32.5, 32.9 (CMe3), 35.1, 38.2, 127.1, 129.0, 139.4, 154.3; elemental
analysis calcd (%) for C42H72O2Mg2 (657.62): C 76.71, H 11.04; found: C
76.9, H 10.91.


X-ray crystal structure determination of 7: A colorless crystal of
approximate dimensions 0.29� 0.32� 0.46 mm was mounted on a glass
fiber. X-ray measurements were made using a Bruker SMART CCD area-
detector diffractometer with MoK� (�� 0.71073 ä) at T� 163(2) K.


Crystal data:[65] triclinic P1≈ : a� 9.3991(4), b� 9.8064(4), c� 11.5627(5) ä;
�� 92.2830(10), �� 106.1100(10), �� 97.9190(10)� ; V� 1010.72(7) ä3;
formula unit: C42H72O2Mg2 with Z� 1; formula weight: 657.62; 	calcd�
1.080 gcm�3; F(000)� 364; �(MoK�)� 0.091mm�1. 10924 reflections were
collected (1.84��
� 28.29�). The structure was solved by direct meth-
ods.[66] The molecule was located about an inversion center. Hydrogen
atoms were located from a difference-Fourier map and refined (x, y, z and
Uiso). Full-matrix least-squares refinement on F 2 based on 4783 independ-
ent reflections converged with 352 variable parameters and no restraints.
R1� 0.0381 (for those 3952 data with I� 2�(I)); wR2� 0.1006; GoF (F 2)�
1.027.[67] �	max� 0.365 and �0.189 eä�3.


NMR monitoring of 1/MgR2 combinations : In a typical experiment, in a
glovebox, a Teflon valve NMR tube was charged with 1 (33.6 mg,
0.027 mmol), Mg(n-hex)2 ¥ 0.5heptane (20.0 mg, 0.080 mmol) and 1,2,4,5-
tetramethylbenzene (10.6 mg, 0.079 mmol; NMR internal standard).
[D8]Toluene was then transferred under vacuum at �80 �C, the solution
was made homogeneous at this temperature and the tube was introduced in
the pre-cooled NMR probe. The progress of the reaction was monitored
upon raising the temperature by 10 �C intervals. The formation of 1-hexene
(� (1H)� 4.98 (m, 2H), 5.72 (m, 1H); � (13C)� 108.2, 132.9; confirmed by
GC/MS) was observed from �30 �C and that of isobutene (� (1H)� 4.70
(s); � (13C)� 111.0, 141.7) from 0 �C. After 14 h at 20 �C, the amounts of
1-hexene and isobutene were 40 and 2%, respectively. Resonances for two
new Nd species were observed at �� 23.7 (relative intensity, 20), 18.5 (10),
�5.0 (20), �8.2 (20), �11.1 (10), �69.8 (10) and �� 25.7 (2), 19.9 (1), 15.6
(2), 11.3 (1), �6.8 (2), �12.3 (2); other resonances attributable to these
species possibly overlapped with signals of diamagnetic species in the range
of 4 to �1 ppm.


Reactions performed with [La3(OtBu)9(thf)2] and [Y3(OtBu)7Cl2(thf)2]
were conducted using a similar protocol.
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Synthesis, Redox Properties, and EPR Spectroscopy of Manganese(���)
Complexes of the Ligand N,N-Bis(2-hydroxybenzyl)-N�-2-
hydroxybenzylidene-1,2-diaminoethane: Formation of Mononuclear,
Dinuclear, and Even Higher Nuclearity Complexes


Heimo Schmitt,[a] Reiner Lomoth,[b] Ann Magnuson,[c] Jonathan Park,[c] Jacob Fryxelius,[a]
Mikael Kritikos,[d] Jerker Ma rtensson,[e] Leif Hammarstrˆm,[b] Licheng Sun,[a] and
Bjˆrn äkermark*[a]


Abstract: The synthesis and character-
ization of the title trisphenolate ligand
are described. From its reaction with
manganese(���) three complexes were
isolated. The crystal structures revealed
one pentacoordinate monomer and two
similar dimers with different solvents of
crystallization. In the dimers the metal
ions are hexacoordinate and connected
through bridging of two phenolates. A
combination of electrochemistry and
EPR spectroscopy showed that, in ace-
tonitrile, the isolated batches were all


identical and mainly monomeric, indi-
cating that the mononuclear complex is
in equilibrium with the dimer and per-
haps also with complexes of higher
nuclearity, as suggested by the detection
of both the trimer and the tetramer by
electrospray ionization mass spectrome-
try (ESI-MS). The successful use of the


monomer batch as an epoxidation cata-
lyst indicated that a high-valent manga-
nese ± oxo species can be formed, al-
though it is probably short-lived. This is
also suggested by EPR studies of the
species formed by electrochemical oxi-
dation of the complex. Upon one-elec-
tron oxidation, a manganese(��) species
was formed, which was at least partly
converted to another species containing
a phenoxy radical.


Keywords: EPR spectroscopy ¥
manganese ¥ redox chemistry ¥
structure elucidation


Introduction


In oxygenic photosynthesis, conversion of carbon dioxide into
biomass by light energy with electrons derived from water is
initiated by excitation of chlorophyll P680 at the reaction
center, followed by transfer of one electron to the acceptor
system. The oxidized chlorophyll, P680�, is rapidly reduced


back to P680 by an electron from the water oxidation center
(WOC).[1±5] This consists of a tyrosine residue, TyrosineZ, and
a cluster of four manganese ions which functions as a storage
device for up to four oxidizing equivalents. Neither the
detailed water oxidation mechanism nor the structure of the
manganese cluster is known but clearly the manganese ions
are oxidized in several steps in the catalytic cycle.[4, 5] It is also
very likely that high-valent manganese complexes are in-
volved (for extensive discussion and earlier references, see
references [5±7]).
One suggested mechanism, based on quantum-chemical


calculations, involves addition of water to a high-valent Mn ±
oxo complex.[6] Recently, a dimer consisting of high-valent
manganese coordinated to terpyridine was shown to catalyze
oxidation of water by oxone.[7] Since oxone is used as oxidant,
manganese(�)± or manganese(��) ± oxo complexes are most
certainly intermediates in the reaction. High-valent mono-
nuclear manganese ± oxo complexes with phenolic ligands are
also intermediates in epoxidation of alkenes.[8±12] No such
complexes have been isolated but a few high-valent oxo
complexes with amide ligands have been characterized.[13, 14]


However, there are some recent examples of manganese(��,��)
dimers with one or two phenolic ligands per manganese
atom.[15, 16] Some stable monomeric manganese(��) complexes
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with one phenolic ligand are also known.[17, 18, 19] To see if
phenolic ligands could stablize manganese(�) ± oxo species, we
aimed to prepare a manganese(���) ± trisphenoxy complex and
to investigate whether it could be transformed into a high-
valent oxo complex. As a first attempt, we have synthesized
the trisphenolic ligand N,N,N�-tris(2-hydroxybenzyl)-1,2-dia-
minoethane (1), which reacts with manganese(���) acetate to
give a complex (2), in which the secondary amine of the ligand
has been oxidized to imine by excess manganese(���). Two
related dinuclear complexes, 3a and 3b, have also been
isolated.


Results and Discussion


Synthesis : The preparation of the complex 2 was straightfor-
ward. The condensation of 2-hydroxybenzaldehyde and 1,2-
diaminoethane, followed by reduction by borohydride, gave
N,N�-2,2�-bis(2-hydroxybenzyl)-1,2-diaminoethane. This was
then condensed with 2-hydroxybenzaldehyde and the cyclic
product was reduced by borohydride to give N,N,N�-tris(2-
hydroxybenzyl)-1,2-diaminoethane (1) (Scheme 1).
On reaction with manganese(���) perchlorate in the pres-


ence of sodium acetate, 1 gave the complex 2 in fair yield. In
the process of complex formation, the secondary amine
function of the ligand was oxidized to imine. This type of
dehydrogenation process has been observed in some related
dimeric manganese complexes as well as in a monomeric
cobalt tetrahydrosalen complex.[16, 20] Crystallization of the
complex gave a monomer 2 and two related dimers 3a and 3b,
depending on the conditions. This suggests that the monomer
and the dimers have similar energies and could be in
equilibrium in solution [Eq. (1)]. This is supported by the
electrospray ionization mass spectrum of the crude precipitate
from addition of manganese(���) to the ligand 1 (Figure 1),
which shows strong peaks for the protonated monomer 2 at
m/z 429.8 and the solvent-free dimer 3 at m/z 858.1. Cyclic
voltammetry has shown, in a moderately coordinating solvent
such as acetonitrile, that 2 is the dominant species.


According to susceptibility measurements (for which we
thank Prof. J. J. Girerd), crude preparations of 2 and 3a also
contain a third species, which seems to be a trimer. It is


therefore possible that the
monomer± dimer equilibrium
also includes higher species
such as trimer and even tetram-
er, as suggested by the appear-
ance in the mass spectrum of a
substantial peak from the trim-
er at m/z 1286.1 and a small
peak from the tetramer at m/z
1714.7 in the crude product
from preparation of 3b (Fig-
ure 1).


Solid-state structures : The
structures of 2 and 3 in the solid
state were determined by sin-
gle-crystal X-ray crystallogra-
phy (Table 1).


Crystal structure of 2 : The unit
cell contains four units of 2, one


Scheme 1. Synthesis of manganese(���) ±N,N-bis(2-hydroxybenzyl)-N�-2-hydroxybenzylidene-1,2-diaminoethane
complexes 2.


Figure 1. Mass spectrum of the crude precipitate from the reaction of MnIII


with the ligand 1.
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of which constitutes the asymmetric unit. Selected bond
lengths and angles are given in Table 2. In the complex
(Figure 2), the central Mn atom is bonded to the three O
atoms and to two N atoms of the pentadentate ligand,


Figure 2. Structure of C23H21MnN2O3 (2) (ORTEP view; ellipsoids at 50%
probability level).


exhibiting a very distorted co-
ordination, which is intermedi-
ate between a trigonal bipyra-
mid (tbp) and a square pyramid
(sp).
The tbp can be regarded as


built up from the almost copla-
nar atoms Mn1, O1, O2 and N2
defining the equatorial plane
(the largest deviation of the
atoms from this mean plane is
0.03 ä), and by atoms O3 and
N1 defining the apical positions.
The axial atoms have an N1-
Mn1-O3 angle of 170.4�. Alter-
natively, the structure can be
regarded as a distorted sp with
O1 as the axial ligand. This
interpretation is attractive be-
cause of the unusually long
Mn�O1 distance, 1.969 ä, and
also because it fits with the
EPR data (see below). The


fivefold coordination geometry adopted may be quantified
by using the � descriptor for five-coordination suggested by
Addison et al.[21] This distortion index is defined as �� (��
�)/60. For an ideal C4v sp, �� 0; for a C3v tbp �� 1. A � value of
0.53 supports the observation of a very distorted fivefold
coordination. The most frequently encountered coordination
geometry of Mn complexes with N2O3 donor sets is the slightly
distorted sp geometry.
A short C16�N2 distance (1.283 ä) indicates the presence


of a C�N imine bond and that the pentadentate ligand has
undergone oxidation during the complexation reaction. Most
of the other bond lengths are in the same range as in related
complexes: the Mn�N bonds are 2.073 ± 2.100 ä for the bond
to the aliphatic amine nitrogen atom, and the Mn�N�C bonds
are 2.005 ± 2.188 ä.[16, 22±27] The same is true for the Mn�phe-
nolate bonds, which range from 1.863 to 1.919 ä.[16, 23] The
only exception is the long Mn�O1 bond (1.969 ä) mentioned
above.
To assess the oxidation state of the Mn atom from the X-ray


diffraction structural parameters, bond valence sums were
calculated. The analysis, based on the method of O×Keeffe
and Brese, gave a reasonable oxidation state of 3.17, some-
what above that found for complex 3a and the expected value
of �3.[28]
Although the solid-state structure of 2 consists of discrete


molecules, with a nonbonding Mn ¥¥¥Mn distance of 4.617 ä
between neighboring molecules, there is a rather short
intermolecular contact (3.323 ä) between O3 and C3i (i�
1� x, � y, 2� z) which could possibly indicate a non-van
der Waals contact. In this context, weakly associated mono-
mers of some related pentacoordinate MnIII complexes have
been reported, such as [(3,6-(CH3)2salophen)MnIII]PF6 ¥H2O
and Mn(salen)[2-(3-oxobutenyl)phenolate].[29, 30] However, in
these compounds the closest intermolecular interaction is
between the central Mn atom and a ligand O atom in an
adjacent molecule.


Table 1. Selected crystal data for 2, 3a, and 3b.


2 3a 3b


empirical formula C23H21MnN2O3 C48H50Mn2O8N4 C47H48Mn2O8N4Cl2
Mr 428.36 920.80 977.69
crystal system monoclinic monoclinic triclinic
space group P21/n (no. 14) P21/n (no. 14) P1≈ (no. 2)
Z 4 2 1
a [ä] 13.648(2) 10.0688(9) 10.133(2)
b [ä] 7.1591(8) 16.767(2) 11.135(2)
c [ä] 19.831(2) 12.670(1) 12.548(2)
� [�] 115.715(19)
� [�] 97.828(13) 98.523(11) 107.11(2)
� [�] 96.31(2)
V [ä]3 1919.6(4) 2115.4(3) 1171.8(4)
crystal size [mm3] 0.03� 0.12� 0.22 0.09� 0.34� 0.42 0.17� 0.17� 0.20
�calcd [gcm�3] 1.482(1) 1.446(1) 1.456(1)
temperature [K] 293(1) 110(1) 293(1)
� (MoK�) [mm�1] 0.716 0.658 0.820
F(000) 888.0 960.0 529.0
N(obs), N(par) 1889, 262 2695, 322 1979, 305
R(int) 0.0966 0.0874 0.1271
S(goodness of fit) 0.770 0.984 0.752
R1, wR2, (I� 2�(I)) 0.0362, 0.0605 0.0387, 0.0817 0.0687, 0.1556
��max, ��min [eä3] 0.27, �0.39 0.68, �1.14 0.62, �0.92


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


Mn1�O1 1.969(2) O3�C18 1.330(4)
Mn1�O2 1.914(2) N1�C2 1.500(4)
Mn1�O3 1.863(2) N1�C3 1.506(4)
Mn1�N1 2.073(2) N1�C23 1.508(4)
Mn1�N2 2.005(2) N2�C1 1.462(4)
O1�C15 1.329(4) N2�C16 1.283(4)
O2�C9 1.340(3)
O1-Mn1-O2 110.39(9) Mn1-O1-C15 126.18(19)
O1-Mn1-O3 94.15(10) Mn1-O2-C9 126.7(2)
O1-Mn1-N1 92.33(9) Mn1-O3-C18 127.2(2)
O1-Mn1-N2 110.77(10) Mn1-N1-C2 109.16(17)
O2-Mn1-O3 90.83(9) Mn1-N1-C3 107.88(17)
O2-Mn1-N1 93.48(9) Mn1-N1-C23 111.87(16)
O2-Mn1-N2 138.70(10) Mn1-N2-C1 113.95(18)
O3-Mn1-N1 170.45(9) Mn1-N2-C16 124.78(19)
O3-Mn1-N2 89.47(10) N1-Mn1-N2 81.66(9)
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Crystal structure of 3a : The crystal and molecular structures
are shown in Figure 3a, and selected bond lengths and angles
in Table 3. The unit cell contains two formula units of the
centrosymmetric dimeric complex together with two meth-
anol solvent molecules. The CH3OH molecule is connected to


the Mn2 dimer through an almost linear two-center hydrogen
bond. The distance between the O4 donor atom and the O2
acceptor atom is 2.826 ä and the O4-H4-O2 angle is 162.4�.
Since the two Mn centers are interrelated by a crystallo-


graphic inversion center, they have identical coordination
geometries. The hexacoordinate Mn atoms have rather
irregularly shaped coordination octahedra comprising the
N2O4 donor set on each metal atom. The N1-Mn1-O1 angle
(164.22�) shows that the axial ligand atoms are tilted away
from the planar Mn2O2 moiety. Moreover, there is a signifi-
cant difference in bond length between the axial Mn1�O1
(1.907 ä), Mn1�N1 (2.100 ä) pair and the equatorial
Mn1�N2 (2.188 ä), Mn1�O3 (2.264 ä) pair. This geometrical
distortion could be expected for an octahedral high-spin d4


MnIII ion. Therefore the Jahn ±Teller axis is oriented along the
N2�Mn1�O3 bonds in the Mn2O2 plane.
In 3a, the Mn�Mn distance (3.3168 ä) is somewhat greater


than other MnIII�MnIII contacts in Mn2(�-OR)2 systems.[31]
This elongation can possibly be attributed to the combined
effect of the Jahn ±Teller axis and the well-defined geo-
metrical restrictions imposed by the pentadentate ligand
structure.[32, 33] Recently, the �-phenoxide dimer [MnIII(sa-


len)(H2O)]2(H2O)2 was reported to have a comparable
Mn�Mn distance (3.334 ä) and also an N2O4 coordination
environment around each Mn atom.[15]


Some of the internal pentadentate ligand geometry has
similiar features in the two complexes described here. As in
the monomer 2, C�N imine bonds (1.277 ä) are present in the
dimeric complex 3a.
Bond valence sums calculated from the X-ray diffraction


structural parameters gave the very reasonable oxidation
state of 2.92 for the Mn atoms.[28]


Crystal structure of 3b : The molecular structure of 3b
(Figure 3b, Table 4) is very similar to that of 3a. The main
difference is the greater Mn ¥¥¥Mn distance (3.489 ä) in 3b.
The presence of a five-coordinate MnIII complex in both
solution and the solid state, together with its assembled
dinuclear forms in the solid state, shows that MnIII is capable
of forming labile complexes on combination with the penta-
dentate ligand 1. In addition, a potentially important feature


Table 3. Selected bond lengths [ä] and angles [�] for 3a.[a]


Mn1�Mn1i 3.3168(8) C4�C9 1.403(4)
Mn1�O2 1.884(2) C5�C6 1.379(5)
Mn1�O1 1.907(2) C6�C7 1.382(5)
Mn1�O3i 1.919(2) C7�C8 1.386(4)
Mn1�N1 2.100(2) C8�C9 1.400(4)
Mn1�N2 2.188(3) C10�C15 1.392(4)
Mn1�O3 2.264(2) C10�C11 1.397(4)
O2�C9 1.352(3) C10�C23 1.509(4)
O1�C18 1.339(3) C11�C12 1.390(5)
O3�C15i 1.366(3) C12�C13 1.380(5)
O4�C24 1.401(5) C13�C14i 1.392(5)
N1�C3 1.499(4) C15�C14i 1.397(4)
N1�C1 1.504(4) C16�C17 1.446(4)
N1�C23 1.508(4) C17�C22 1.405(4)
N2�C16 1.277(4) C17�C18 1.419(4)
N2�C2 1.466(4) C18�C19 1.403(4)
C1�C2 1.527(4) C19�C20 1.382(4)
C3�C4 1.504(4) C20�C21 1.389(5)
C4�C5 1.401(4) C21�C22 1.382(5)
O2-Mn1-O1 89.44(9) C18-O1-Mn1 127.3(2)
O2-Mn1-O3i 166.36(9) C9-O2-Mn1 129.2(2)
O1-Mn1-O3i 93.51(9) C15i-O3-Mn1i 118.5(2)
O2-Mn1-N1 88.95(9) C15i-O3-Mn1 126.9(2)
O1-Mn1-N1 164.22(9) Mn1-O3-Mn1i 104.64(8)
O3i-Mn1-N1 91.74(9) C3-N1-C1 109.2(2)
O2-Mn1-N2 98.10(10) C3-N1-C23 106.1(2)
O1-Mn1-N2 86.16(9) C1-N1-C23 111.2(2)
O3i-Mn1-N2 95.38(9) C3-N1-Mn1 110.3(2)
N1-Mn1-N2 78.53(9) C1-N1-Mn1 107.1(2)
O2-Mn1-O3 91.03(8) C23-N1-Mn1 112.9(2)


[a] Symmetry code i): �x, 1� y, 1� z.


Figure 3. a) Structure of [C23H21MnN2O3]2 ¥ CH3OH (3a) (ORTEP view;
ellipsoids at 50% probability level; symmetry code: i)� x, �y, �z).
b) Structure of [C23H21MnN2O3]2 ¥ CH2Cl2 (3b) (ORTEP view; ellipsoids at
50% probability level; symmetry code: i) 1� x, 1� y, 1� z).
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of the mononuclear complex 2 is the vacant coordination site
(Tables 1 ± 4).


Magnetic studies : The magnetic susceptibility curves of 2 and
3 are different, but they are difficult to interpret, perhaps
because of the presence of impurities such as ferromagnetic
particles in the samples, as suggested by a referee.


Electrochemistry : Voltammograms of 2 in acetonitrile are
shown in Figure 4 and the electrochemical data are summar-
ized in Table 5. The differential pulse voltammogram (upper
insert, Figure 4) shows two cathodic (Epk��0.25 V,�2.36 V)
and three major anodic peaks (Epk� 0.55 V, 1.20 V, 1.75 V).
The second reduction and the third oxidation occur at


potentials at the limit of the potential range given by the
background solvent. In cyclic voltammetry the first reduction
gives a quasi-reversible wave at E1/2��0.26 Vand the second
reduction results in a wave at E1/2��2.45 V with a weak
reverse peak. An irreversible wave with Epa� 0.60 V corre-
sponding to the first oxidation was observed at low sweep rate
(10 mVs�1), whereas faster scans (500 mVs�1) resulted in a
minor reverse peak at Epc� 0.46 V. An ill-defined wave
corresponding to the second oxidation was observed in slow
scans (10 mVs�1), whereas faster scans (500 mVs�1) showed a
well-defined but totally irreversible wave with Epa� 1.30 V.
The second oxidation process resulted in deposition of
insoluble oxidation products on the working electrode,


necessitating polishing after each scan. According to the
voltammetric peak heights all the electrode reactions can be
assigned to one-electron processes, although the difference in
degrees of reversibility makes an exact count uncertain. The
one-electron nature of the first reduction and the first
oxidation was confirmed coulometrically. No reliable coulo-
metric measurements could be performed on either the
second reduction or the second oxidation because of electro-
lyte reduction and deposition on the electrode, respectively.
Identical electrochemical behavior was observed for the


different batches of the complex that had been characterized
in the solid state as 2 or 3a, respectively. Peak potentials,
voltammetric peak currents and coulometric measurements
were identical, within experimental error, for solutions with
the same formal concentration of the monomeric unit,
indicating that either 2 dimerizes in solution or, more
probably, 3a is solvolyzed to 2. Dimerization in solution
seems unlikely, considering the electrochemical results, since
the metal-centered redox processes in a dimer can be
expected to split considerably due to the coulombic inter-
action of the metal ions, rather than resulting in a single two-
electron process.


Spectroelectrochemistry : The intense absorption at 300 nm
(�247� 22400 dm3mol�1 cm�1) in the electronic spectrum of 2


Table 4. Selected bond lengths [ä] and angles [�] for 3b.[a]


Mn1�Mn1i 3.348(9) C4�C9 1.403(7)
Mn1�O2 1.892(4) C5�C6 1.380(9)
Mn1�O1 1.928(3) C6�C7 1.384(9)
Mn1�O3i 1.934(4) C7�C8 1.398(9)
Mn1�N1 2.119(4) C8�C9 1.416(8)
Mn1�N2 2.193(4) C10�C15 1.379(7)
Mn1�O3 2.284(3) C10�C11 1.383(8)
O2�C9 1.347(6) C10�C23 1.517(8)
O1�C18 1.344(6) C11�C12 1.406(9)
O3�C15i 1.380(6) C12�C13 1.362(9)
O4�C24 1.401(5) C13�C14i 1.387(9)
N1�C3 1.488(7) C15�C14i 1.405(8)
N1�C1 1.496(6) C16�C17 1.453(8)
N1�C23 1.530(6) C17�C22 1.415(9)
N2�C16 1.284(7) C17�C18 1.409(7)
N2�C2 1.462(7) C18�C19 1.389(7)
C1�C2 1.509(8) C19�C20 1.400(9)
C3�C4 1.516(8) C20�C21 1.369(9)
C4�C5 1.412(8) C21�C22 1.368(9)
O2-Mn1-O1 91.4(2) C18-O1-Mn1 131.8(3)
O2-Mn1-O3i 166.9(2) C9-O2-Mn1 127.2(3)
O1-Mn1-O3i 93.3(2) C15i-O3-Mn1i 118.1(3)
O2-Mn1-N1 88.6(2) C15i-O3-Mn1 128.5(3)
O1-Mn1-N1 165.1(2) Mn1-O3-Mn1i 104.8(2)
O3i-Mn1-N1 90.9(2) C3-N1-C1 111.7(4)
O2-Mn1-N2 94.8(2) C3-N1-C23 106.3(4)
O1-Mn1-N2 86.5(2) C1-N1-C23 109.7(4)
O3i-Mn1-N2 98.0(2) C3-N1-Mn1 110.0(3)
N1-Mn1-N2 78.7(2) C1-N1-Mn1 106.8(3)
O2-Mn1-O3 91.8(2) C23-N1-Mn1 112.4(3)
O1-Mn1-O3 98.4(2) C16-N2-C2 119.7(5)
O3-Mn1-O3i 75.2(2) C16-N2-Mn1 124.7(4)
N1-Mn1-O3 96.5(2) C2-N2-Mn1 115.2(3)
N2-Mn1-O3 171.7(2)


[a] Symmetry code i): 1� x, 1� y, 1� z].


Figure 4. Cyclic voltammogram of complex 2 (2m�) in CH3CN
(10 mVs�1). Upper inset: Differential pulse voltammogram. Lower inset:
Oxidative scan (500 mVs�1).


Table 5. Electrochemical data for MnIIIL in CH3CN solution with 0.1�
[N(n-C4H9)4]PF6 as supporting electrolyte.


2nd
Reduction


1st
Reduction


1st
Oxidation


2nd
Oxidation


3rd
Oxidation


Epk
[a] [V] � 2.36 � 0.25 0.55 1.20 1.75


E1/2 [V][b] � 2.37 � 0.26 0.53 ± ±
�Ep [mV] 110[c], 80[c], 145[d] 190[d] ± ±


[a] Differential pulse voltammetry peak potential. [b] � 0.02 V.
[c] 10 mVs�1. [d] 500 mVs�1.
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in acetonitrile (Figure 5) is assigned to ligand-centered
transitions by comparison with the spectrum of the ligand
(not shown). The broad visible absorption of the complex can
be assigned to charge transfter (CT) transitions, for example,
phenolate to MnIII ligand-to-metal charge transfers (LMCTs).
Multiple LMCTs could arise from different ligand functions
as well as from splitting of the metal states in a complex with
reduced symmetry.


Figure 5. Electronic spectrum of complex 2 (1m�) in CH3CN and spectral
changes upon electroreduction at �0.70 V.


Upon reduction of 2 to [2]�(Figure 5) almost all visible
absorption is lost, in agreement with the assignment to MnIII


LMCTs, and sharp isosbestic points at 215, 219, 257, 361, and
398 nm are observed in the course of the reduction. The
increasing absorption at 380 nm (�380� 3900 dm3mol�1 cm�1)
is possibly due to a MnII-to-phenolate metal-to-ligand charge
transfer (MLCT), and spectral changes below 300 nm might
arise from the effect of the metal oxidation state on the ligand-
centered (LC) transitions.
Upon the first oxidation an increasing absorption at all


wavelengths above 300 nm was observed initally as indicated
by the dashed arrows in Figure 6a, whereas only the LC
transitions at 247 and 270 nm were losing intensity (not
shown). After 120 s, however, absorption between 470 and
650 nm and below 370 nm began to decrease, while a further
increase in absorption was observed between 360 and 470 nm
and above 650 nm with reasonably sharp isosbestic points at
these wavelengths that were maintained for 20 min. Compar-
ison of the spectrum observed after 120 s with the spectrum of
2 showed the largest increases in absorption around 550 nm
and below 350 nm. The difference spectrum obtained by
subtracting the initial spectrum of 2 from the spectrum
observed at 120 s (Figure 6b) can be assigned to the initial
product transiently formed in the oxidation of 2 (solid line).
The EPR spectra of the electro-oxidized complex suggest that
a MnIV complex represents the initial oxidation product of 2.
The electronic spectrum supports this assignment since similar
spectra have been observed with MnIV± phenolate complexes
and have been assigned to the phenolate-to-MnIV


Figure 6. Electro- and photo-oxidation of complex 2 in CH3CN: a) spectral
changes upon electro-oxidation of complex 2 (1m�) at 0.70 V from 0 to
120 s (dashed arrows) and 120 to 1200 s (solid arrows); b) normalized
transient absorption spectrum (�) observed by laser plash photolysis upon
oxidation of complex 2 (0.3m�) with photogenerated Ru(bpy)33� and
difference spectra for electro-oxidation: spectrum at 120 s minus spectrum
at 0 s (––) and spectrum at 1200 s minus spectrum at 0 s (±±±).


LMCTs.[16, 17, 19, 23] The product subsequently formed from [2]�


showed two absorption bands peaking around 400 and
650 nm. The difference spectrum obtained by subtracting
the initial spectrum of 2 from a spectrum observed after
complete electro-oxidation at 0.70 V (after 1200 s; dashed
line) consisted of a sharp band at 410 nm and a broad, less
intense band with a maximum at 630 nm; these are well-
known signatures of phenoxyl radicals.[34] A similar spectrum
has been reported for the oxidation product of a
MnIV�O�MnIII dimer with a phenolate ligand and has been
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attributed to a phenoxyl radical. The formation of a phenoxyl
radical in this complex was evidenced by characteristic
vibrational bands in the resonance Raman spectrum of the
oxidized MnIV complex.[16] Thus, on the basis of the electronic
spectrum the oxidation product subsequently formed by
oxidation of 2 at 0.70 V can be identified as a phenoxyl
radical. This is also suggested by EPR spectroscopy (see
below). The coordination to the metal center seems to prevent
the radical from fast bimolecular decay. This explains the
unusual persistence of the radical at room temperature, which
is well known for sterically hindered phenols.[35] A similar
effect has been observed for other metal-coordinated or
hydrogen-bonded radicals.[36±39] Since direct oxidation of
phenolate does not occur at the potential of the first
oxidation, we suggest that the phenoxyl radical is formed by
catalytic oxidation of the phenolate group via the intermedi-
ate MnIV species [Eq. (2)]. The idea that the phenoxyl radical


[MnIVL]�� [MnIIIL .]� (2)


is coordinated to MnIII rather than to MnIV is supported by the
one-electron nature of the first oxidation and the decay of the
530 nm band assigned to a phenolate-to-MnIV LMCT con-
comitantly with the formation of the phenoxyl radical.
To support the results of the spectroelectrochemical


measurements that suggest that one-electron oxidation of 2
represents a metal-centered oxidation resulting initially in a
MnIV species, we studied the oxidation of 2 on the time scale
of laser flash photolysis. Photogenerated [Ru(bpy)3]3� (bpy�
2,2�-bipyridine) was used as the one-electron oxidant (E1/2�
1.28 V). This complex was obtained from oxidative quenching
of [*Ru(bpy)3]2� with either methylviologen (4,4�-dimethylbi-
pyridinium) or p-benzoquinone.[40] The reaction of 2 with
[Ru(bpy)3]3� proceeds with a bimolecular rate constant of 4�
109 dm3mol�1 s�1. The spectrum of the product observed 10 �s
after the excitation is shown in Figure 6b (open circles). The
shape of the transient spectrum from flash photolysis is in
reasonable agreement with the difference spectrum initially
observed upon electro-oxidation (Figure 6b, solid line). In
particular, it lacks the 400 nm band attributed to the phenoxyl
radical that might already be present to some extent in the
early spectrum shown in Figure 6b. If the spectral assignments
based on the EPR results below, and similarities to reported
UV/Vis spectra, are assumed to be correct, the results of the
flash photolysis experiments provide further evidence that a
MnIV species, rather than [MnIIIL .]� , represents the initial
oxidation product of 2.
When complex 2 was oxidized at 1.30 V, an increasing


absorption was observed over the whole visible spectrum,
together with a bleaching of the absorption below 300 nm, but
no isosbestic point survived the course of this interconversion.
The magnitude of the spectral changes was approximately
twice that of the change observed upon oxidation at 0.70 V. In
contrast to the oxidation at 0.70 V, no intermediate increase in
absorption around 500 nm, which can be attributed to a MnIV


species, was observed.
In Figure 7, the final spectra after oxidation at 0.70 V


(broken line) and 1.30 V (solid line) are compared after
subtraction of the initial spectrum of 2. The spectra are very


Figure 7. Electro-oxidation of complex 2 in CH3CN: spectra at 1200 s
minus spectra at 0 s for oxidation at 0.70 V (±±±) and 1.30 V (––).


similar and can be assigned to phenoxyl radicals, in agreement
with the observation of a spin-coupled radical in the EPR
spectrum (see below). Judging from the magnitude of the
410 nm band, oxidation at 1.30 V forms approximately twice
as great a concentration of phenoxyl radicals as the oxidation
at 0.70 V. The formation of more than one radical site on the
complex seems unlikely and we suggest that oxidation at
1.30 V creates a higher concentration of the [MnIIIL .]� radical
by direct oxidation of the ligand compared with the slower
formation of [MnIIIL .]� via a MnIV species [Eq. (2)] that
occurs at 0.70 V. Direct oxidation of the ligand at the higher
potential is in agreement with the absence of absorption by a
MnIV intermediate observed by spectroelectrochemistry dur-
ing oxidation at 1.30 V, in contrast to the oxidation at 0.70 V.
The [2]� observed by EPR spectroscopy at this potential (see
below) is most probably due to the incomplete oxidation
caused by deposition on the electrode under the bulk
electrolysis conditions employed for EPR sample prepara-
tion. This problem affects the electrolysis in the spectroelec-
trochemical OTTLE (optically transparent thin layer electro-
chemical) cell less severely and allows for complete con-
version of 2, since a small amount of compound is electrolyzed
at a relatively large electrode.


EPR spectroscopy: EPR spectra of the title compounds and
their oxidation and reduction products have been recorded in
frozen acetonitrile solution. The two batches, identified as 2
and 3a in the solid state, displayed identical EPR properties in
all the oxidation states investigated.
EPR spectroscopy was performed with the oscillating B1


field of the microwave irradiation parallel to the static
magnetic field in a dual-mode cavity. For complex 2, a signal
approximately 300 G wide was then observed, centered
around g� 8.1 and displaying six well-resolved hyperfine
lines, with a splitting of 45 G (Figure 8a), which is a signature
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Figure 8. EPR spectra of complex 2, dissolved in ethanol/methanol (50:50,
v/v): a) polarization of the microwave B1 field parallel to the external (B0)
field; b) polarization of B1 perpendicular to B0 . The signal in a), centered
around g� 8, displays six well-resolved hyperfine lines typical for a
monomeric MnIII complex with axial symmetry. Insert (top): signal
amplitude of the MnIII signal species in a) as a function of the reciprocal
temperature. Spectrometer settings (microwave frequency, microwave
power): a) 9.30 GHz, 32 mW; b) 9.60 GHz, 13 mW. Both spectra: modu-
lation amplitude 10 G; temperature 4.2 K.


for a monomeric MnIII species.[41] The temperature depend-
ence of the signal intensity obeys the Curie law (Figure 8,
insert), which indicates a negative value for the zero-field
splitting parameter D (not shown). Similar parallel-mode
EPR signals have been observed previously in Mn superoxide
dismutase, Photosystem II and several inorganic MnIII com-
pounds.[41, 42, 43] In these previous studies, the signals were
simulated and explained as arising from transitions between
the Ms��2 levels in an S� 2 state of a MnIII ion. Campbell
et al. showed that the splitting between the six hyperfine lines
from a MnIII species varies according to the ligand environ-
ment, and depends on the zero-field splitting parameters D
and E, that is, the coordination geometry.[43] The geometry for
a MnIII ion with a negative value for the axial parameterD can
be either six-coordinate and tetragonally elongated, or a five-
coordinate square pyramid. It has been suggested[43] that a
relatively small hyperfine splitting constant A� , such as the
45 G splitting in the present case, can be best accounted for by
a five-coordinate square pyramid. The crystal structure data
of 2 revealed that the MnIII ion is five-coordinate, and has a
geometry that might be regarded as distorted square-pyrami-
dal. Therefore, the EPR properties of 2, in the light of the
crystal data, support the predictions made by Campbell
et al.[43]


Apart from the resolved hyperfine structure, the EPR
spectrum of 2 also displays an underlying structureless
feature, about 700 G wide. The unstructured signal is centered


at a slightly higher g value, about g� 9. In the traditional
perpendicular mode the spectrum displayed a distinctive peak
at g� 8.5 (Figure 8b). Somewhat similar EPR signals have
been reported for dinuclear MnIII/IV complexes.[41] However,
both Campbell et al. and Bryliakov et al. recently reported
perpendicular-mode EPR signals from monomeric
MnIII�salen complexes, very similar to the one in Fig-
ure 8b.[44, 45] The results suggest that it is mainly the mono-
meric 2 that is observed in the EPR spectra, but the presence
of dimer 3a in the frozen solutions studied by EPR spectro-
scopy cannot be excluded.
The first reversible reduction can be assigned to a metal-


centered process resulting in [2]� , as suggested by the EPR
spectra observed after electrolysis at�0.50 V. The intensity of
the EPR spectrum of 2 decreased to about 6% of the starting
amplitude (not shown). In the traditional perpendicular EPR
mode, two spectroscopic species were then observed, of which
only one was visible at 4 K. It is a broad and complex
spectrum at low field, with a maximum around g� 5 (Fig-
ure 9a). It displayed a number of lines with partly resolved
fine structure, approximately 80 G apart. With increasing
temperature, the signal amplitude decreased and at 10 K a
different spectrum became visible (Figure 9a, peaks beween
approximately 2500 and 4500 G.). It is several kilogauss


Figure 9. EPR spectra of complex 2 in perpendicular polarization, after
bulk electrolysis at different electrode potentials (see Results section).
a) After reduction by one electron per complex. The signal species marked
with an asterisk possibly originates from the lowest lying doublet in a
monomeric MnII species with large zero-field splittings. The spectral
features at higher magnetic field are from excited integer spin states in a
coupledMn2II,II dimer. b) After oxidation by one electron per complex. The
peak at g� 4 is a typical feature of a MnIV compound (S� 3/2). The
structured signal species at g� 2 is likely to originate from MnII in a
symmetrical environment, that has been released from its original ligand
environment after the oxidation. c) After oxidation by two electrons per
complex, followed by a quick transfer to a sample tube and freezing in
liquid nitrogen. Apart from the spectral features in b), an organic radical is
observed at g� 2.032 (see also insert). The radical is likely to be associated
with the ligand molecule, and near (a few a ngstrˆms from) a metal ion (see
text). Spectrometer settings: temperature, in a) and insert, 20 K, and in b),
c), 4 K; microwave power 13 mW (insert, 6 mW); microwave frequency
9.60 GHz; modulation amplitude 10 G.
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broad, and has the characteristics of a weakly ferromagneti-
cally coupled MnII/MnII dimer, in an excited spin state with
S�0. Comparable spectra from coupled MnII/MnII dimers
have been reported on several occasions and are well
characterized.[46] The origin of the first species, observed at
low temperature, is unclear. In low-symmetry MnII centers,
the zero-field splitting causes the levels in the spin system to
be nondegenerate and often only the lowest-lying doublet can
be observed. Broad resonances with a variety of structures,
with g values ranging from 5 to 8, have been observed in cases
of low-symmetry centers in MnII compounds, as well as in
some Mn enzymes.[47] The signal at g� 5 probably arises from
a monomeric MnII complex in a distorted geometry. The
second species, visible from 10 K to about 50 K, is clearly a
coupled MnII/MnII dimer. The coulometric analysis showed
that one electron per Mn ion had been transferred and it is
very unlikely that the reduction of both metal centers in a
coupled dimer would occur at the same potential as a two-
electron process. In addition, it should be possible to detect
formation of a MnII/MnIII dimer. Therefore, it has to be
assumed that the MnII/MnII dimer has been formed upon one-
electron reduction of 2 to [2]� and subsequent dimerization.
Since voltammetry shows only one reversible peak for the re-
oxidation of [2]� to 2, the dimerization seems to occur only as
the temperature is decreased to form the rigid solvent
employed in the EPR experiments.
Re-oxidation at 0.05 V afforded about 80% of the initial 2,


(as evidenced by coulometry and EPR spectroscopy), indicat-
ing limited long-term stability of [2]� .
Electrolysis at 0.70 V resulted in the formation of a MnIV


complex together with free MnII ions as indicated by the
observation of two distinct peaks in the EPR spectra. The first
gives rise to a sharp peak with g� 4, accompanied by a broad,
unresolved resonance around g� 5 ± 6 (Figure 9b). The peak
at g� 4 is the signature of a monomeric MnIV ion in an axial
S� 3/2 configuration, which is expected from a one-electron
oxidation of a monomeric MnIII complex.[48] The g� 6 signal
may be an additional feature of the MnIV spectrum.
A signal 600 G wide at g� 2 with six hyperfine lines was


also observed. Although some MnIV compounds have been
shown to display similar EPR signals, it is more likely that the
g� 2 signal in our case arises from MnII ions, apparently
released from the ligand since further oxidation of the
complex resulted in an increase in the g� 2 signal but
rendered the g� 4 signal unchanged (see below).[49] Integra-
tion of the signal and comparison with a standard sample gave
an estimated concentration of MnII of 60��, or 6% of the
total amount of 2 in the sample. Oxidation of the ligand that
could account for the release of free MnII ions is likely to
occur at a potential similar to the potential of the MnIII�MnIV
couple as apparent from the voltammograms of the complex
and of the protonated ligand (not shown). According to the
EPR spectra, the relative concentration of the MnIV complex,
compared with that of free MnII, is higher in a partly oxidized
sample (0.4 charge equivalents) taken after 40 s of electrolysis
than after exhaustive electrolysis (6 ± 8 min). This shows that
the MnIV complex represents a short-lived intermediate of the
first oxidation. Together with the results of spectroelectro-
chemistry and laser flash photolysis experiments (see above)


this suggests that the oxidation of the ligand proceeds via the
initial formation of [2]� .
According to the EPR spectra, no 2 was recovered by re-


reduction of the oxidized sample at 0.05 V and the fraction
(approimately 10% of one charge equivalent) that passed
during electrolysis has to be assigned to processes other than
re-reduction of [2]� to 2.
Further oxidation at 1.40 V of a sample first oxidized at


0.70 V did not result in formation of additional [2]� or in
higher oxidation states of manganese, but gave rise to an
increase in the EPR signal from free MnII (90��).
Electrolysis of a solution of 2 at 1.40 V, aiming for rapid,


sequential two-electron oxidation, gave only 40% of the
expected two-electron charge equivalent before the current
had decayed almost completely, mainly because of deposition
on the electrode. The EPR spectrum of this solution again
displayed the MnIV and MnII signals, but the MnII formed was
only about 40��. In addition to these previously observed
signals, a radical signal at g� 2.03, peak-to-trough width 15 G,
also appeared (Figure 9, insert). The radical signal was not
saturated at microwave powers up to 20 mW, which indicates
that it is close, and magnetically coupled, to a metal center,
although probably not coordinated to it. The absence of fine
structure in the signal makes confirmation of the chemical
identity of the radical difficult. However, according to its
electronic spectrum obtained by spectroelectrochemistry, it
can be identified as a phenoxyl radical.


Conclusion


By reaction of the trisphenolate ligand 1 with MnIII, a
pentacoordinate complex 2 could be isolated. On crystalliza-
tion frommethanol or dichloromethane, the dimers 3a and 3b
could also be isolated. A combination of electrochemistry and
EPR spectroscopy showed that, in acetonitrile, this complex
was mainly monomeric, perhaps because the solvent coordi-
nated to the sixth position. However, the mononuclear
complex 2 was probably in equilibrium with the dimer 3 and
perhaps also with complexes of higher nuclearity, as suggested
by the detection of both the trimer and the tetramer by
electrospray ionization mass spectrometry (ESI-MS).
It is clear that high manganese oxidation states, MnIV or


MnV, are required for oxidation of water. Attempts to observe
a MnV± oxo species formed by reaction of 2 with iodosoben-
zene have been unsuccessful so far, but the successful use of 2
as epoxidation catalyst shows that such species can be formed,
although they are probably short-lived[45, 50] (see also H.
Schmitt, unpublished results). This is also suggested by the
EPR studies of the species formed by electrochemical
oxidation of 2. Upon one-electron oxidation, a MnIV species
was formed, which was at least partly converted to another
species, containing a loosely coordinated phenoxy radical.
Attempted conversion of these species to MnV seemed to
result in over-oxidation of the ligand, as indicated by EPR
signals which probably stemmed from MnII. Catalytic forma-
tion of oxygen via a MnV± oxo complex thus seems difficult,
but may still be possible if the reaction is fast enough, in
analogy with the epoxidation which does work. However, it is
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probable that ligands that are less readily oxidized than simple
phenols will be required for the formation of an efficient
catalyst.


Experimental Section


Syntheses


N,N�-Bis(2-hydroxybenzyl)-1,2-diaminoethane : This was prepared essen-
tially as described previously.[51] Salicylaldehyde (10.45 mL, 100 mmol) was
added to a stirred solution of ethylenediamine (3.34 mL, 50 mmol) in
ethanol (150 mL). Immediately the solution turned yellow and within a
minute a yellow precipitate was formed. The mixture was refluxed for 1 h,
during which the yellow compound redissolved, and then it was cooled to
0 �C. The regained precipitate was filtered off and a second crop was
collected by evaporation followed by resuspension in small amounts of ice-
cold ethanol and filtering. The solid was washed with small amounts of ice-
cold ethanol and dried in air to give yellow flakes (13.06 g, 48.7 mmol; 98%
yield). 1H NMR (300 MHz, CDCl3, 25 �C, TMS): 	� 3.95 (s, 4H), 6.85 (t,
2H), 6.90 (d, 2H), 7.20 (d, 2H), 7.30 (t, 2H), 8.35 ppm (s, 2H).


This product (5.14 g, 19.2 mmol) was suspended in stirred methanol
(100 mL) and sodium borohydride (1.465 g, 38.36 mmol) was added in
small portions. Gas evolution was observed and after 0.5 h the suspension
was colorless. The mixture was cooled and the crystals that formed were
isolated by filtration and washed with cold methanol to afford N,N�-bis(2-
hydroxybenzyl)-1,2-diaminoethane (3.9 g, 14 mmol; 75% yield) as a white
powder. 1H NMR (300 MHz, CDCl3, 25 �C, TMS): 	� 2.85 (s, 4H), 4.00 (s,
4H), 6.80 (t, 2H), 6.85 (d, 2H), 7.00 (d, 2H), 7.20 ppm (t, 2H).


N,N,N�-Tris(2-hydroxybenzyl)-1,2-diaminoethane (1): N,N�-Bis(2-hydroxy-
benzyl)-1,2-diaminoethane (3.79 g, 13.9 mmol) was suspended in stirred
methanol (80 mL) and salicylaldehyde (1.46 mL, 14.0 mmol) was added,
causing a yellow coloration. After refluxing for 1 h a clear solution was
obtained. Evaporation of the solvent gave a yellow-white precipitate which
was suspended in n-hexane (100 mL) and boiled. Cooling and filtration
(washing with n-hexane) gave a yellow-white powder (4.88 g, 13.0 mmol;
93% yield).[32] 1H NMR (300 MHz, CDCl3, 25 �C, TMS): 	� 2.70 (d t, 2H),
3.30 (d t, 2H), 3.40 (d, 2H), 4.00 (s, 1H), 4.10 (d, 2H), 6.80 (m, 3H), 6.90 (t,
1H), 6.95 (d, 1H), 7.05 (d, 2H), 7.15 (m, 3H), 7.30 ppm (t, 2H).


This compound (2.00 g, 5.32 mmol) was suspended in stirred methanol
(30 mL), and trichloroacetic acid (0.906 g, 5.32 mmol) was added. When
everything had dissolved, the solution was cooled to �78 �C and sodium
borohydride (0.329 g, 8.61 mmol) was added in small portions. After 5 h,
the temperature was slowly raised to room temperature and the mixture
was stirred overnight. The precipitate was isolated by filtration, washed
with a small amount of cold methanol, and dried to give 1 (1.49 g,
3.94 mmol; 74% yield) as a white powder. 1H NMR (300 MHz, CDCl3,
25 �C, TMS): 	� 2.70 (t, 2H), 2.90 (t, 2H), 3.70 (s, 4H), 3.80 (s, 2H), 6.70 ±
7.15 ppm (m, 12H); 13C NMR (100 MHz, CDCl3, 25 �C): 	� 44.9, 49.6, 51.6,
54.05, 115.3, 118.4, 118.6, 123.2, 124.1, 127.8, 128.3, 128.6, 130.0, 156.5,
156.9 ppm; MS: m/z : 379 [M�H]� .
Complexation with manganese(���)


Preparation of 2 : A mixture of N,N,N�-tris(2-hydroxyphenylmethyl)ethy-
lenediamine (1) (0.151 g, 0.4 mmol), Mn(ClO4)3 ¥ 6H2O (0.325 g, 0.8 mmol)
and NaOAc (0.098 g, 1.2 mmol) was dissolved in acetone/water (5:1, v/v). A
dark solution was obtained, which was stirred for 15 min, then left
overnight. The manganese complex 2 was obtained as a dark crystalline
solid (0.156 g, 0.35 mmol, 87% yield). Crystallization from methanol and
water gave crystals suitable for X-ray analysis. Elemental analysis (%)
calcd for C23H21MnN2O3(H2O): C 61.9, H 5.15, Mn 12.3, N 6.3, O 14.3;
found: C 62.1, H 5.32, Mn 12.35, N 6.1, O 14.1.


Preparation of 3a : By the same procedure as for 2, but using two
equivalents of Mn(OAc)3, the crude complex 3a was obtained. Recrystal-
lization from methanol gave dark crystals of 3a, which were suitable for
X-ray analysis.


Preparation of 3b : Mn(OAc)3 (1.300 g, 4.849 mmol) was suspended in
stirred methanol (75 mL). Ligand 1 (0.601 g, 1.590 mmol) in dichloro-
methane (75 mL) was added and the mixture was refluxed for 1 h. The
reaction mixture was washed with water (3� 100 mL), dried with sodium


sulfate, filtered, and evaporated to give a black powder (0.235 g,
0.549 mmol, 34.5% yield), which was a mixture of 2 and 3. IR spectroscopy
showed the presence of an imine group. The crude complex was
characterized by cyclic voltammetry and EPR spectroscopy. ESI-MS
showed strong peaks at m/z 429.791 [M�H]� , 489.874 [M�HOAc�H]� ,
and 858.107 [(M)2�H]� . Minor peaks appeared at 808.158 and 1286.146
[(M)3�H]� . At high senstivity, a peak at 1714.726, corresponding to the
tetramer, could also be observed along with many other peaks, which were
not assigned.


Crystals of 3b were obtained by dissolving the crude product in dichloro-
methane, then slowly evaporating the solvent to give thin dark flakes, which
were suitable for X-ray analysis.


X-ray crystal structures : Suitable single crystals of C23H21MnN2O3 (2),
[C23H21MnN2O3]2 ¥ CH3OH (3a), and [C23H21MnN2O3]2 ¥ CH2Cl2 (3b) were
selected and mounted on glass fibers with epoxy glue. The data for 2, 3a,
and 3b were collected on a Stoe image-plate diffractometer at T� 293, 110,
and 293 K, respectively. Unit cell dimensions: 2 : a� 13.6483(15), b�
7.1591(8), c� 19.831(2) ä, �� 97.828(13)�, V� 1919.6(4) ä3; 3a : a�
10.0688(9), b� 16.7667(17), c� 12.6703(12) ä, �� 98.523(11)�, V�
2115.4(3) ä3; 3b : a� 10.133(2), b� 11.135(2), c� 12.548(2) ä, ��
117.72(2), �� 98.523(11), �� 96.31(2)�, V� 1171.8(4) ä3. Intensity data
were corrected for absorption effects using the X-SHAPE program
package.[52] Systematic absences in the diffraction data were consistent
with space group P21/n (no. 14) for both 2 and 3a. Additional crystallo-
graphic data are given in Table 1. The structure of 2 was solved by
conventional heavy-atom techniques, and of 3a and 3b by direct methods
(SHELXS-97).[53] All three structures were refined by full-matrix least-
squares on F 2 (SHELXL97).[54] The R values are defined as R(int)�� �
F 2
o �F 2


o (mean)�/�[F 2
o ], S� [�[w(F 2


o �F 2
c 	2]/(n�p)]1/2, R1����F0� � �Fc�� /


�F0�, wR2� [�[w(F 2
o �F 2


c 	2]/�[w(F 2
o 	2]]1/2. CCDC-166458 (2), CCDC-166459


(3a), and CCDC-166460 (3b) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Centre, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(�44)1223-336033; or deposit@ccdc.cam.ac.uk).
Magnetic susceptibility measurements : Preliminary magnetic susceptibil-
ities were measured for both complexes. The AC magnetic susceptibilities
on powdered polycrystalline samples of 2 and 3a were measured (500 Hz
and 1000 Am�1) in the range 11 ± 320 K with a Lake Shore Inc. AC
Susceptometer, Model 7130, equipped with a helium cryostat. Diamagnetic
corrections were made using Pascal�s constants.[55]


Electrochemistry : Cyclic voltammetry, differential pulse voltammetry, and
controlled potential electrolysis were performed by using a three-electrode
system connected to an Autolab potentiostat with a GPES electrochemical
interface (Eco Chemie). The working electrode was a glassy carbon disc
(diameter 2 mm, freshly polished) for voltammetry or a platinum grid
cylinder (15 mm� 15 mm diameter) for bulk electrolysis. A platinum spiral
in a compartment separated from the bulk solution by a fritted disk was
used as counter electrode. The reference electrode was a nonaqueous Ag/
Ag� electrode (CH Instruments, 10m� AgNO3 in acetonitrile) in a
separate compartment with a potential of �0.08 V versus the ferrocene/
ferrocenium couple in acetonitrile as an external standard. All potentials
are reported relative to the saturated calomel electrode (SCE); they were
converted by adding 0.30 V to the potentials measured against the Ag/Ag�


electrode according to E1/2� 0.38 V versus SCE for the ferrocene/ferroce-
nium couple.[56]


Electrolyte solution was prepared from dry acetonitrile (Merck, spectro-
scopy grade, dried with MS 3 ä) with 0.1� tetrabutylammonium hexa-
fluorophosphate (TBAPF6, Fluka, electrochemical grade) that had been
dried at 373 K. The glassware was oven-dried, assembled and flushed with
argon while hot. Before all measurements oxygen was removed by
bubbling the stirred solutions for 10 min with solvent-saturated argon
and the samples were kept under an argon atmosphere during measure-
ment.


The EPR samples were prepared electrochemically by bulk electrolysis of
2 ± 5 mL solutions of the Mn complex (1m�) at controlled potentials. After
electrolysis 250 �L samples were transferred to argon-flushed EPR tubes,
frozen immediately and kept in liquid nitrogen.


UV/Vis spectroelectrochemistry : Spectroelectrochemical measurements
were made in an OTTLE-type quartz cell, optical path length 1 mm. A
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10 mm� 30 mm platinum grid (400 mesh per cm2) was used as working
electrode. The counter and reference electrodes were as described in the
Electrochemistry section above.


Solvent-saturated argon was bubbled into the samples for 20 min and they
were then transferred with the argon current to the argon-flushed cell. The
spectra were recorded on a UV/Vis diode array spectrophotometer
(Hewlett Packard 8435).


EPR spectroscopy : EPR measurements were performed on a Bruker E500
X-band spectrometer equipped with a dual-mode cavity and an Oxford
Instruments ESR900 flow cryostat. Complexes 1a and 2awere dissolved to
1m� in dry acetonitrile and frozen in liquid nitrogen before measurements.
Spectrometer settings were modulation frequency 100 kHz, modulation
amplitude 10 G; all spectra were taken at 4 K. See the figure legends for
further details.


Flash photolysis : Flash photolysis measurements with optical transient
absorption detection were performed with a laser flash photolysis set-up
consisting of a Nd:YAG laser/OPO combination (Quantel) and a flash
photolysis spectrometer (Applied Photophysics). The samples were excited
at 460 nm with an energy of 30 mJ per 5 ns pulse. MnIIIL (0.1 ± 1m�) was
disolved in acetonitrile (Merck, spectroscopy grade) containing Ru(b-
py)3(PF6)2 (
40��, Abs460� 0.6) and methylviologen hexafluorophos-
phate (20m�) or p-benzoquinone (10m�, Fluka, �99.5%). The bimolec-
ular rate constant of the reaction of MnIIIL with [Ru(bpy)3]3� was
determined from a pseudo first-order plot of the recovery rate for
[Ru(bpy)3]2� observed at 450 nm with methylviologen as quencher. To
avoid the intense and broad absorption of the reduced methylviologen,
transient spectra were recorded with p-benzoquinone as acceptor. Oxygen
was removed by bubbling with solvent-saturated nitrogen.
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Mono- and Disubstituted N,N-Dialkylcyclopropylamines from
Dialkylformamides via Ligand-Exchanged Titanium±Alkene Complexes**


Armin de Meijere,*[a] Craig M. Williams,[b] Alexandre Kourdioukov,[c] Sergei V. Sviridov,[a]
Vladimir Chaplinski,[a] Markus Kordes,[a] Andrei I. Savchenko,[a] Christian Stratmann,[a]
and Mathias Noltemeyer[d]


Dedicated to Professor Hans Paulsen on the occasion of his 80th birthday


Abstract: Dibenzylformamide was
treated with cyclohexylmagnesium bro-
mide in the presence of either titanium
tetraisopropoxide or methyltitanium
triisopropoxide and a variety of cyclic
and acyclic alkenes and alkadienes to
give new mono- and disubstituted as
well as bicyclic dialkylcyclopropyla-
mines (Tables 1 ± 3) in yields ranging
from 18 to 90% (in most cases around
55%). 3-Benzyl-6-(N,N-dibenzylami-
no)-3-azabicyclo[3.1.0]hexane (10a)
and the orthogonally bisprotected
3-tert-butoxycarbonyl-6-(N,N-dibenzyl)-
3-azabicyclo[3.1.0]hexane (10d) as well


as the analogous 6-(N,N-dibenzylami-
no)bicyclo[3.1.0]hexane (12) were ob-
tained as pure exo diastereomers in
particularly high yields (87, 90, and
88%, respectively) from N-benzylpyrro-
line (15a), N-Boc-pyrroline (15d ;
Boc� tert-butyloxycarbonyl) and cyclo-
pentene (19). 1,3-Butadiene (52) and
substituted 1,3-butadienes were also
aminocyclopropanated quite well to give


2-ethenylcyclopropylamines in good
yields (51 ± 64%). Except for alkenyl-
and aryl-substituted compounds, N,N-
dibenzylcyclopropylamines can be de-
benzylated by catalytic hydrogenation
to the primary cyclopropylamines as
demonstrated for 10a and 10d to yield
the fully deprotected 10e (93%) and
mono-Boc-protected 10 f (98%), re-
spectively. The latter are interesting
templates for combinatorial syntheses
of libraries of small molecules with a
well defined distance of 4.3 ä between
two nitrogen atoms.


Keywords: amines ¥ cyclopropana-
tion ¥ cyclopropylamines ¥ N ligands
¥ titanium ¥ transition metals


Introduction


The aminocyclopropyl moiety plays a significant role in a
variety of naturally occurring amino acids[1] and quite a
number of biologically active non-natural compounds.[2]


Three convincing examples are the antidepressant Tranylcy-
promine (1)[3] as well as the two broad-spectrum antibacterials
Ciprofloxacin (2),[4] and Trovafloxacin (3)[5] which are actual
commercially available drugs. There are only a few reasonably
general routes to cyclopropylamines,[6] the classical ones being
Hofmann (or an analogous) degradation of a carboxylic acid
derivative,[7] �-elimination on a C3 fragment containing a
halogen (or other good leaving group) and a C-H-acidifying
amino group equivalent,[7, 8] as well as the more recently
reported reductive amination of a cyclopropanone equivalent
(acetal or hemiacetal).[9] These processes can be quite tedious
or not viable for certain cyclopropylamines. Our recently
developed titanium-mediated cyclopropanation of N,N-dia-
lkylcarboxamides,[10, 11] an adaptation of the Kulinkovich
protocol for the conversion of esters to cyclopropanols,[12] is
more general and conveniently applicable towards the syn-
thesis of a large variety of 1- and 2-substituted, 1,2-, 2,2-, and
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2,3-disubstituted as well as 1,2,2- and 1,2,3-trisubstituted
cyclopropylamines. One obvious limitation of this method,
however, can arise from the unavailability of a suitably
substituted Grignard reagent 8 which is required to generate
the titanacyclopropane reactive intermediate 7 that actually
transfers the two-carbon fragment to the acid dialkylamide 4
(Scheme 1). This difficulty, though, can be overcome by the
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possibility of generating the appropriately substituted titana-
cyclopropane intermediate 7a from another one 7b, prepared
by the Grignard route, by alkene ± ligand exchange, as was
first shown by Kulinkovich et al. for styrene in the preparation
of phenyl-substituted cyclopropanols,[13] and later applied by
Sato et al.[14] as well as Cha et al.[15, 16] The latter authors favor
the use of commercially available cyclopentylmagnesium
chloride which yields a 2-titanabicyclo[3.1.0]hexane, corre-
sponding to a titanium± cyclopentene complex, that rapidly
undergoes ligand exchange with monosubstituted alkenes.[15b]


In view of the importance of more highly substituted cyclo-
propylamines such as exo-6-amino-3-azabicyclo[3.1.0]hexane
(10e) which is an essential fragment in Trovafloxacin (3), we
embarked on a project to develop improved conditions for the
cyclopropanation of acid dialkylamides via titanacyclopro-
pane reactive intermediates generated by alkene ± ligand
exchange.


Results and Discussion


Initial attempts were made with styrene (38a) and 1,3-
butadiene (52) following the original protocol of Kulinkovich
et al.[13] using ethylmagnesium bromide and [Ti(OiPr)4]. The
correspondingly substituted cyclopropylamines 39a, 53 de-
rived from N,N-dibenzylformamide were obtained, albeit in
unsatisfactory yields. According to Sato et al. , propene ± tita-
nium intermediates generated from [XTi(OiPr)3] (X� iPrO,
Cl) and isopropylmagnesium halides undergo ligand exchange
more rapidly than the parent ethylene ± titanium complex.[14]


Therefore, the use of isopropylmagnesium bromide in diethyl
ether and in tetrahydrofuran in the presence of [Ti(OiPr)4]
was tested for the ligand exchange with N-benzylpyrroline
(15a) and subsequent aminocyclopropanation with N,N-
dibenzylformamide. Indeed, exo-6-(dibenzylamino)-3-ben-
zyl-3-azabicyclo[3.1.0]hexane (10a) was obtained in both
cases, yet 10a was always accompanied by equal amounts of
a mixture of cis- and trans-2-methyl-N,N-dibenzylcyclopro-
pylamine (11), apparently formed by direct attack of the
propene ± titanium complex on the formamide. When 15awas
treated with isopropylmagnesium bromide in the presence of
[Ti(OiPr)4] and N,N-dibenzylformamide at room temper-
ature, it gave, in addition to 10a and 11, N-benzyl-3-
isopropylpyrrolidine (18) in large proportions (Scheme 2).
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The latter was the major product (up to ca. 50% yield) when
this same reaction was carried out in the absence of N,N-
dibenzylformamide. This type of reductive coupling of an
alkene ± titanium intermediate to another alkene has liter-
ature precedence and was first described as an ethylene
dimerization reaction.[17, 18]


Far better yields of the trisbenzyl-protected bicyclic dia-
mine 10a were obtained by using a cyclohexylmagnesium
halide (chloride or bromide).[15b] Optimization of all the
parameters for the reaction conditions (solvent, temperature,
nature of the titanium species, excess of Grignard reagent)
was eventually achieved and gave 10a as the pure exo
diastereomer in up to 87% yield (Table 1, entry 1) without any
other cyclopropylamine side product.[19] The configuration of
10a was unequivocally proved by an X-ray crystal structure
analysis of the debenzylated diamine 10e (see Figure 1).[20]
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mide could easily be removed by filtration through a pad of
silica gel and/or short path distillation under reduced pressure.
The partially p-methoxybenzyl-protected analogues of 10a,
the bicyclic diamines 10b,c could also be prepared according
to the same protocol from N-(p-methoxybenzyl)pyrroline
(15b) and dibenzylformamide or N-benzylpyrroline (15a)
and N-benzyl-N-(p-methoxybenzyl)formamide, respectively
(Table 1, entries 2, 3). An even better result was achieved with
N-(tert-butoxycarbonyl)pyrroline[21] (15c) giving the syntheti-
cally useful orthogonally bisprotected diamine 10d in 90%
yield.[22, 23]


When cyclopentylmagnesium chloride, which has been
favored by Cha et al.[16] in generating ligand-exchanged


titanium reagents with terminal
alkenes, was applied for com-
parison in the transformation of
15a, three products were ob-
tained, the expected 10a
(34%), exo-6-(N,N-dibenzyla-
mino)bicyclo[3.1.0]hexane (12)
(49%), apparently arising by
the direct reaction of the tita-
nium intermediate from cyclo-
pentylmagnesium chloride
(without ligand exchange), and
N-benzylpyrrolidine (13) (ca.
28%) arising from formal hy-
drogenation of N-benzylpyrro-
line (15a), probably by hydro-
lysis of the titanacyclopropane
intermediate formed from 15a.


With the optimized protocol
(that is with the use of cyclo-
hexylmagnesium bromide and
[MeTi(OiPr)3]),[11] it appears
that nonterminal alkenes can
be used to generate ligand-ex-
changed titanium± alkene spe-
cies that react with N,N-diben-
zylformamide (and other N,N-
dialkylformamides) without
problems, and thus a number
of other cyclic alkenes and
dienes were tested (Table 1).
Cyclopentene (19), cyclohex-
ene (22), cyclooctene (24), and
cycloocta-1,5-diene (26), all re-
acted to give the corresponding
bicyclic cyclopropylamines in
poorer yields (11 ± 33%) than
N-benzylpyrroline (15a) (Ta-
ble 1, entries 5, 7 ± 9); all these
bicyclic cyclopropylamines
were pure exo diastereomers,
in none of the cases could the
endo isomer be detected. The
yield of exo-6-dibenzylaminobi-
cyclo[3.1.0]hexane (12) could
be increased to 88%, when


cyclopentylmagnesium bromide (or chloride) in the presence
of cyclopentene (19) was used.[24] Norbornene (20) with its
strained double bond, and the conjugated 1,3-cyclohexadiene
(36) gave significantly better yields of 21 and 37 (43 and 58%,
respectively; Table 1, entries 6 and 14) than cyclohexene (22).
Cycloocta-1,5-diene (26) afforded, in addition to 11% of the
mono-aminocyclopropanation product 27, a small amount
(1.5% yield) of the twofold aminocyclopropanation product
28 as colorless crystals which could be characterized by an
X-ray structural analysis as the exo,exo-5,10-bis(dibenzylami-
no)-anti-tricyclo[7.1.0.04, 6]decane (28) (see below, Fig-
ure 1).[20] Cyclopentadiene (33) apparently is only deproto-
nated by the basic organometallic intermediates, and thus


Table 1. N,N-Dibenzylcyclopropylamines from N,N-dibenzylformamides and 1,2-disubstituted alkenes via
ligand-exchanged titanacyclopropane intermediates.


Entry Alkene Conditions[a] Product Yield d. r.


[%]
(cis/trans
or endo/exo)


1 A 87 � 2:98


2 E 68 � 2:98
3 E 67 � 2:98
4 A 90 � 2:98


5 B 28 � 2:98
C 88[b] � 2:98


6 B 43 � 2:98


7 C 27 � 2:98


8 C 33[c] � 2:98


9 A 11 � 2:98


B 1.5 � 2:98


10 A 26 1:2:6


11 A 13 1:14:15


12 B ± ± ±


13 A trace ±


14 B 58 � 2:98


[a] Under all conditions 1.0 equivalent of the respective formamide was used. A: alkene/diene and [Ti(OiPr)4]
(1.1 equiv), MeMgCl (or MeMgBr) and cHexMgBr (1.2 equiv). B: alkene/diene and [Ti(OiPr)4] (1.0 equiv),
cHexMgBr (2.0 ± 2.5 equiv). C: cycloalkene and [Ti(OiPr)4] (1.0 equiv), cHexMgBr (3.1 equiv). E: alkene
(1.0 equiv), [Ti(OiPr)4] (1.01 equiv), cHexMgBr (3.33 equiv). [b] cC5H9MgBr was used instead of cHexMgBr.
[c] cC8H15MgBr was used instead of cHexMgBr.
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recovered unchanged, whereas
spiro[2.4]heptadiene (34) gave
the corresponding cyclopropyl-
amine 35 only in trace amounts.
This must be due to steric
hindrance of complexation at
one of its double bonds by the
neighboring spirocyclopropane
moiety.


The acyclic nonterminal al-
kenes cis-2-pentene (29) and
trans-3-hexene (31) could be
converted to the corresponding
2,3-disubstituted cyclopropyla-
mines 30 and 32, albeit in low
yields (26 and 13%, respective-
ly), and without retention of the
original alkene configuration
(Table 1, entries 10, 11), as
three diastereomers were
formed in both cases.


Terminal alkenes generally
give better yields than open-
chain internal ones. Styrene
(38a) and substituted styrenes
38b,c as well as 40a ± d (Ta-
ble 2) were tested preferential-
ly, since not only trans-2-phe-
nylcyclopropylamine (1, Tranyl-
cypromine)[3] is well known as a
pharmacologically active com-
pound, but a number of (2-
arylcyclopropyl)urea derivatives have been shown to be
particularly potent inhibitors of HIV-1 reverse transcrip-
tase.[25] In fact, (2-phenylcyclopropyl)-N,N-dibenzylamine
(39a) was obtained from styrene (38a) as a 1:3.1 mixture of
cis and trans isomers in 66% yield. The substituted styrenes
38b,c and 40a ± d were converted to the corresponding (2-
arylcyclopropyl)amines 39b,c and 41a ± d in 9 ± 46% yield
with the 4-methoxy- and 3-trifluoromethyl-substituted com-
pounds giving the best results (Table 2, entries 2 ± 7). Most
probably for steric reasons, 2-bromostyrene (38c) only gave
the trans-2-(2�-bromophenyl)-substituted cyclopropylamine
39c. While 2-ethenylfuran (42) furnished 2-furylcyclopropyl-
amine (43) in 43% yield, 2-ethenylpyridine did not react at all.
Ethenyl ethyl ether (44) underwent aminocyclopropanation
in extremely low yield (4%) (Table 2, entry 9), but allyldi-
benzylamine (46) as well as ethenyltrimethylsilane (48)[26] and
allyltrimethylsilane (50) provided the correspondingly sub-
stituted cyclopropylamines 47b, 49, 51 in moderate to good
yields (39, 59, and 28%, respectively).


Acyclic conjugated dienes with at least one terminal double
bond turned out to be particularly good ligands, such as
cyclohexadiene (36), and could rather efficiently be amino-
cyclopropanated to furnish 2-ethenylcyclopropylamines in
moderate to good yields (up to 64%, Table 3, entries 1 ± 8).[27]


Surprisingly, the reaction with substituted 1,3-butadienes
such as isoprene (54), 4-methyl-1,3-pentadiene (57), and
myrcene (61) all gave the alkenyldibenzylaminocyclopro-


panes derived from putative attack on the more highly
substituted double bond of the conjugated diene unit rather
than the expected product which would have been formed by
attack on the least substituted double bond (Table 3, entries 2,
4, 7). As these expected products were not detected in any
case, and control experiments with 2,3-dimethylbutadiene
(56) and 2,5-dimethyl-2,4-hexadiene (60) did not yield any
cyclopropylamine, it must be concluded that the alkenyldii-
sopropyloxytitanacyclopropane 67 with the least substituted
double bond of the conjugated diene attached to the titanium
center, is kinetically–and possibly thermodynamically–fa-
vored. The formamide then cycloadds to this alkenyltitana-
cyclopropane 67 by way of a metalla ± ene reaction with a six-
center transition state to yield an oxatitanacycloheptene 68.
This intermediate can cyclorevert to an (iminiumallyl)titani-
um oxide 1,8-zwitterion 69, which subsequently can only
cyclize to a cyclopentenylamine or to the observed, more
highly substitued cyclopropylamine 70 (Scheme 3).[27]


The formation of the same cyclopropylamine from 2-meth-
yl-1,3-pentadiene (59) as from 4-methyl-1,3-pentadiene (57)
(entries 5, 4 in Table 3) most probably arises by initial
isomerization of the former to the latter under the conditions
employed. The fact that the conjugated 6-methyl-1,3,5-hepta-
triene (65) yields only the 2,3-dialkenylcyclopropylamine 66
(Table 3, entry 9), which arises from putative attack at the
central double bond in 65, may also be taken to indicate that
the initially formed intermediate is actually the less substi-


Table 2. N,N-Dialkylcyclopropylamines from N,N-dialkylformamides and terminal alkenes via ligand-ex-
changed titanacyclopropane intermediates.


Entry Alkene Conditions[a] Product Yield d. r.
[%] (cis/trans)


1 A a X�H 66 1:3.1


2 A b X� 4-OMe 45 1:1.2
3 A c X� 2-Br 30 � 2:98


4 A a 2-CF3 11[b] 1:4
5 A b 4-CF3 18 0:1
6 A c 3-CF3 46[b] 1:11.5
7 A d 3,5-(CF3)2 9[b] 1:16


8 A 43 1:4


9 A 4 1:0


10 D a R�Me 44[c] 1:5
b R�Bn 39 1:4


11 D 59 0:1


12 D 28 0:1


[a] A: see Table 1. D: alkene/diene (1.0 ± 1.2 equiv), [MeTi(OiPr)3] (1.0 ± 1.5 equiv), cHexMgBr (1.5 ± 2.4 equiv).
[b] Addition of cyclohexylmagnesium bromide within 20 min. [c] N,N-Dimethylformamide was used instead of
N,N-dibenzylformamide.
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tuted titanacyclopropane of type 67, which reacts in a metal-
la ± ene reaction mode rather than the conceivable most
highly substituted titanacyclopropane arising from coordina-
tion on the trisubstituted double bond in 65.


In most cases, N,N-dibenzylformamide was used to prepare
N,N-dibenzylcyclopropylamines, but other N,N-dialkylforma-
mides can be employed as well. Except for aryl- and alkenyl-
substituted compounds, N,N-dibenzylcyclopropylamines can
be debenzylated to give the primary cyclopropylamines by
catalytic hydrogenation over palladium on charcoal in meth-


anol in the presence of 5 mol%
acetic acid or 2� hydrochloric
acid. No ring opening occurred,
as demonstrated for the trisben-
zyl-protected bicyclic diamine
10a, to afford pure exo-6-ami-
no-3-azabicyclo[3.1.0]hexane
(10e) in excellent yield (93%)
using 1.7 mol% of Pd/C catalyst
(Scheme 4). Debenzylation of
compounds 10a and 10d under
neutral conditions gave dia-
mine 10e and mono-N-Boc-
protected diamine 10 f in high
yields (93 and 98%, respective-
ly), but it required larger
amounts of catalyst to go to
completion [ca. 10 mol% of
Pd/C 10%)]. On a larger scale,
though, deprotection of 10d
could be carried out under
neutral conditions with only
3 mol% of the Pd/C catalyst.
Reaction of 10d with trifluoro-
acetic acid gave the hydrotri-
fluoroacetate of 10g from
which the amine 10g was liber-
ated in 98% overall yield by
treatment with a polymeric
base such as poly-(4-vinylpyri-
dine).


To rigorously prove the con-
figuration of the bicyclic dia-
mines 10 and to determine the
influence of substituents on the
two nitrogen atoms on the con-


formation of the skeleton, X-ray crystal structure analyses
were performed on the free diamine 10e as well as the two
3-Boc-protected derivatives 10d and 10 f (Figure 1.)[20] In all
three compounds of type 10, the 3-azabicyclo[3.1.0]hexane
skeleton adopts a flattened boat-type conformation with the
nitrogen corner in the five-membered heterocycle being bent
towards the cyclopropyl group. This bending angle is rather
similar in 10d (23.1�) and 10e (27.2�), but significantly smaller
(only 11.2�) in the mono-Boc-protected diamine 10 f. Con-
sequently, the nitrogen ± nitrogen distance is largest in 10 f


Table 3. N,N-Dibenzylcyclopropylamines from N,N-dibenzylformamides and conjugated dienes via ligand-
exchanged titanacyclopropane intermediates.


Entry Alkene Conditions[a] Product Yield d. r.
[%]


(cis/trans)


1 D 56 � 2:98


2 A 59 � 2:98


3 A ±[b] ± ±


4 A 64 1:5.3[c]


5 A 27 1:3[c]


6 A ±[b] ± ±


7 A 51 � 2:98


8 A 9 1:0


9 A 54 1:1.5:1.5[c]


[a] A, D: see Table 1, 2. [b] No conversion of diene observed. [c] The ratio of isomers was calculated on the basis
of 1H NMR spectra of obtained chromatography fractions.
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(4.31 ä), and it is slightly shorter in 10d and 10e (4.22 and
4.28 ä, respectively).


The tricyclic skeleton of 28, in the crystal, adopts an ideal
crown shape with the central eight-membered ring in a chair
conformation[28] (Figure 1). As is usual in cyclopropyl-
amines,[29] and in donor-substituted cyclopropane derivatives
in general,[30] the distal bond (with respect to the amino
substituent) is longer than the proximal bonds in all four
molecules (1.517(2) vs. 1.498(2) (av) in 10d ; 1.511(4) vs.
1.508(2) in 10e ; 1.512(3) vs. 1.502(3) in 10 f ; 1.522(2) vs.
1.510(2) in 28).


In all cases, in which no or only low yields of cyclopropyl-
amines were produced, three by-products were observed in
varying amounts. One of them was, naturally, exo-7-(N,N-
dibenzylamino)bicyclo[4.1.0]heptane (23) resulting from non-
ligand exchanged cyclopropanation with the 6-titanabicy-
clo[4.1.0]heptane intermediate originally formed from cyclo-
hexylmagnesium bromide. The second and third went un-
identified for some time, however, they were finally assigned
as 1,1�-bicyclohexyl (71)[18] and dibenzyl(cyclohexylmethyl)-
amine (76)[31] by comparison with authentic samples. In most
cases these by-products could be removed from the crude
reaction mixtures either by distillation or chromatography.


The major fraction of 71 resulted from a Wurtz type
reaction in the preparation of the Grignard reagent, in which
the yield of 1,1�-bicyclohexyl (71) amounted up to 60%, when
THF was used as the solvent. However, it is yet unknown, how
the tertiary amine 76 would be formed. It cannot arise from
hydrolysis of the unreacted oxatitanacyclopentane intermedi-
ate 73 of type 7 formed from the titanabicyclo[4.1.0]heptane
72 (from cyclohexylmagnesium bromide and MeTi(OiPr)3)
and N,N-dibenzylformamide. One possible rationalization is
that 73 reacts with another molecule of cyclohexylmagnesium
bromide to yield 74 in which a �-hydride is transferred to the
O,N-acetal carbon atom (Scheme 5). The resulting intermedi-


ate 75, upon hydrolysis, would yield 76. This mechanism is
unprecedented in the literature, if operable, however, it might
also explain the formation of 3-isopropyl-N-benzylpyrrolidine
18 from N-benzylpyrroline 15 (see above).


Conclusion


In conclusion, the newly developed conditions constitute a
significant advance towards a rather general synthesis of
various substituted cyclopropylamines from cyclic and acyclic
alkenes, alkadienes, and even trienes. Many of these virtually
functionalized cyclopropylamines were previously difficult or
even impossible to obtain. The bicyclic diamine 10, especially
in its mono-Boc-protected form 10 f, is an interesting template
for the combinatorial synthesis of libraries of small molecules
with a well-defined distance between two nitrogen atoms.[32]


Figure 1. Structures of 3-tert-butoxycarbonyl-6-exo-(N,N-dibenzylamino-3-azabicyclo[3.1.0]hexane (10d), 6-exo-amino-3-azabicyclo[3.1.0]hexane (10e),
6-exo-amino-3-tert-butoxycarbonyl-3-azabicyclo[3.1.0]hexane (10 f), and exo,exo-5,10-bis(dibenzylamino)-anti-tricyclo[7.1.0.04, 6]decane (28) in the crys-
tals.[20]
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Experimental Section


1H (250 MHz) and 13C (62.9 MHz) NMR: Bruker AM 250, CDCl3 as
solvent, chemical shifts based on residual CHCl3 relative to SiMe4, coupling
constants are reported in Hz. Mass spectra (MS): Varian MAT CH7, MAT
731, and high-resolution mass spectra (HRMS): Varian MAT 311A. The
molecular compositions were determined by high-resolution mass spec-
trometry with preselected ion peak matching at R� 10000 to be within
�2 ppm of the exact masses. Melting points were determined on a B¸chi
510 melting point apparatus and are uncorrected. Microanalyses were
performed by the Mikroanalytisches Laboratorium des Instituts f¸r
Organische Chemie der Georg-August-Universit‰t Gˆttingen. Experiments
were conducted either under an atmosphere of nitrogen or argon and tetra-
hydrofuran (THF) was freshly distilled from sodium/benzophenone. All
cyclic alkenes, dienes and trienes were commercially available from either
Sigma-Aldrich, Merck-Schuchardt or Fluka companies. These alkenes were
further purified by distillation under reduced pressure or distillation from
calcium hydride under an atmosphere of argon and then stored at �24 �C.
Grignard reagents were also purchased from the above companies except
for cyclohexylmagnesium bromide,[33] molar concentrations were deter-
mined by acid/base titration against phenolphthalein. Radial chromatog-
raphy was performed on a Chromatotron, Model 7924Tusing silica gel PF-
254 with CaSO4 ¥ 1/2H2O type 60 for TLC, E. Merck, Darmstadt. Column
chromatography was performed on flash silica gel 60 mesh or alumina B,
ICN. 13C and 1H NMR spectra only of major diastereomers are reported,
unless stated otherwise, because of too many overlapping indistinguishable
peaks in the spectra of diastereomeric mixtures.


General procedure A for the aminocyclopropanation of alkenes (GP A):
Methylmagnesium chloride (1.79 mL, 3� solution in THF) was added
dropwise over 5 ± 10 min at 0 ± 5 �C to a solution of titanium tetraisoprop-
oxide (1.43 mL, 4.88 mmol) in anhydrous THF (15 mL). After the mixture
had been stirred for a further 5 min, a solution of N,N-dibenzylformamide
(1.00 g, 4.44 mmol) in anhydrous THF (6 mL) was added over 30 s followed
by addition of the respective alkene (4.88 mmol). Cyclohexylmagnesium
bromide (2.69 mL, 2.0 � solution in diethyl ether) was then added dropwise
over 45 ± 50 min. The reaction mixture was allowed to warm to room
temperature over 9-±26 h before it was quenched with water (2.5 mL)
(exothermic reaction). After the resulting precipitate became white in
color (ca. 15 min) it was removed by vacuum filtration. The precipitate was
washed with diethyl ether (20 mL) and the combined filtrates were
concentrated. The residue was purified affording pure product. Yields
given below are based on N,N-dibenzylformamide used.


General procedure B for the aminocyclopropanation of alkenes (GP B):
Titanium tetraisopropoxide (1 equiv) was added over 5 min at room
temperature to a solution of equivalent amounts of alkene or diene (13.3 ±
39.6 mmol, 1 equiv) and N,N-dibenzylformamide (1 equiv) in anhydrous
THF (40 ± 60 mL). Cyclohexylmagnesium bromide (2.0 ± 2.5 equivalents of
a 2.1 ± 2.2 � solution in diethyl ether) was added over 35 ± 45 min at room
temperature followed by further stirring for 12 h. The resultant black-
brown suspension was quenched with water (3.0 ± 5.0 mL) (exothermic
reaction), and the mixture stirred until the precipitate became white in
color. The precipitate was removed by vacuum filtration and was washed
with deithyl ether (35 ± 50 mL). The combined filtrate was dried (MgSO4)
and the solution concentrated under reduced pressure to give a residue
which was purified providing pure product.


General procedure C for the aminocyclopropanation of alkenes (GP C): A
solution of the corresponding cycloalkylmagnesium bromide (31.0 mmol)
in THF/benzene (3:1) was added dropwise by syringe to a solution of N,N-
dibenzylformamide (2.25 g, 10.0 mmol), titanium tetraisopropoxide (2.84 g,
10.0 mmol) and cycloalkene (10.0 mmol) in THF (10 mL) at room temper-
ature over a period of 20 min. The mixture was then stirred under reflux for
10 min, quenched with water (15 mL), and diluted with petroleum ether
(10 mL). The precipitate was removed by vacuum filtration and washed
with petroleum ether (50 mL). The combined organic extracts were
evaporated in vacuo and the residue was dissolved in diethyl ether
(50 mL) and treated with 25% aqueous sulfuric acid (15 mL). The aqueous
phase contained a white solid precipitate which was treated with 30%
sodium hydroxide solution (10 mL) and extracted with diethyl ether
(75 mL). The diethyl ether solution was dried (Na2SO4) and the solvent
evaporated in vacuo affording the pure product.


General procedure D for the aminocyclopropanation of alkenes (GP D):
Cyclohexylmagnesium bromide solution in diethyl ether (1.5 ± 2.4 equiv)
over 10 s ± 1 h was added to a solution of the corresponding alkene (1.0 ±
1.2 equiv), N,N-dimethyl-, or N,N-dibenzylformamide (1 equiv) and meth-
yltitanium triisopropoxyde (1.0 ± 1.5 equiv) in THFat ambient temperature
under an atmosphere of argon. After additional stirring the above work-up
(see GP A or B) gave a residue that was subjected to column
chromatography or Kugelrohr distillation.


General procedure E for the aminocyclopropanation of alkenes (GP E): A
cold solution of N-arylmethylpyrroline 15b,c (7.50 mmol), titanium tetrai-
sopropoxide (7.55 mmol), and N,N-bis(arylmethyl)formamide (7.50 mmol)
in THF (5 ± 10 mL) was added in one portion to a cooled (0 �C) solution of
cyclohexylmagnesium bromide, obtained by addition of cyclohexyl bro-
mide (25.0 mmol) in THF (10 mL) to magnesium turnings (0.60 g,
25.0 mmol). The mixture was slowly warmed up to room temperature over
a period of 30 ± 45 min and then heated under reflux for 60 ± 120 min. The
resulting reaction mixture was quenched with a solution of saturated
sodium sulfate (2 mL) and diluted with petroleum ether (20 mL). The
colorless precipitate was removed by filtration and the solvent evaporated
in vacuo. The residue was dissolved in ethyl acetate (20 mL) and treated
with 25% H2SO4 (10 mL). The aqueous phase was separated, treated with
30% NaOH solution (4 mL), and extracted with petroleum ether (50 mL).
The organic layer was dried (K2CO3) and evaporated to give the crude
product 10b,c which was distilled in a Kugelrohr or used without additional
purification.


3-Benzyl-6-exo-(N,N-dibenzylamino)-3-azabicyclo[3.1.0]hexane (10a):
According to GP A, the mixture of N-benzylpyrroline (15a) (1.49 g,
9.37 mmol) and [Ti(OiPr)4] (2.84 g, 10.0 mmol) in THF (5 mL) was treated
with MeMgCl (3.4 mL, 3 � in THF, 10.2 mmol), then a solution of N,N-
dibenzylformamide (2.25 g, 10.0 mmol) in THF (10 mL) was added in one
portion. Cyclohexylmagnesium bromide (14.0 mL, 21.4 mmol, 1.53 � in
THF/benzene 3:1) was added at ambient temperature over 50 min and the
reaction mixture was heated under reflux for 15 min. After work-up the
residue was filtered through a pad of silica gel; elution with petroleum
ether/ethyl acetate (15:1). Distillation (170 �C/10�4 Torr) of the crude
product in a Kugelrohr gave the product 10a as a pale yellow oil (3.00 g,
87%). 1H NMR (CDCl3): �� 1.27 (s, 2H), 2.21 (s, 1H), 2.31 (d, J� 8.7 Hz,
2H), 2.88 (d, J� 8.7 Hz, 2H), 3.56 (s, 2H), 3.65 (s, 4H), 7.26 ± 7.33 ppm (m,
15H); 13C NMR (CDCl3): �� 25.6, 45.0, 54.4, 58.8, 59.1, 126.7, 126.8, 127.9,
128.1, 128.4, 129.4, 138.9, 139.5 ppm; HRMS calcd for C26H28N2 368.2252,
found 368.2252; MS (EI�): m/z (%): 368 (12), 277 (50), 249 (44), 210 (5),
172 (6), 158 (54), 131 (10), 106 (2), 91 (100).


6-exo-(N,N-Dibenzylamino)-3-(p-methoxybenzyl)-3-azabicyclo[3.1.0]hex-
ane (10b): A solution of N-(p-methoxybenzyl)pyrroline (15b) (0.73 g
3.85 mmol), [Ti(OiPr)4] (1.11 g, 3.90 mmol) and N,N-dibenzylformamide
(0.88 g, 3.90 mmol) in THF (5 mL) was treated with cyclohexylmagnesium
bromide (13.30 mmol in THF (5 mL)) according to GP E. Yield: 1.05 g
(68%). 1H NMR (CDCl3): �� 1.32 (bs, 2H), 2.26 (bs, 1H), 2.33 ± 2.36 (bd,
J� 8.5 Hz, 2H), 2.92 (d, J� 8.8 Hz, 2H), 3.55 (s, 2H), 3.71 (s, 4H), 3.86 (s,
3H), 6.91 ± 6.94 (m, 2H), 7.23 ± 7.26 (m, 2H), 7.31 ± 7.41 ppm (m, 10H);
13C NMR (CDCl3): �� 25.6, 44.9, 54.3, 55.2, 58.4, 59.5, 113.4, 126.7, 127.9,
129.4, 129.6, 131.5, 138.9, 158.4 ppm; HRMS calcd for C27H30N2O: 398.2358,
found 398.2358; MS (EI�): m/z (%): 398 (12), 91 (100).


3-Benzyl-6-exo-[N-benzyl-N-(p-methoxybenzyl)amino]-3-azabicy-
clo[3.1.0]hexane (10c): A solution of N-benzylpyrroline (15a) (1.20 g,
7.54 mmol), [Ti(OiPr)4] (2.13 g, 7.50 mmol) and N-benzyl-N-(p-methoxy-
benzyl)formamide (1.91 g, 7.48 mmol) in THF (10 mL) was treated with
cyclohexylmagnesium bromide (25.0 mmol in THF (10 mL)) according to
GP E. Yield: 2.01 g (67%). 1H NMR (CDCl3): �� 1.29 (bs, 2H), 2.21 (bs,
1H), 2.33 ± 2.36 (bd, J� 8.5 Hz, 2H), 2.91 (d, J� 8.8 Hz, 2H), 3.59 (s, 2H),
3.63 (s, 2H), 3.67 (s, 2H), 3.84 (s, 3H), 6.88 ± 6.93 (m, 2H), 7.22 ± 7.40 ppm
(m, 12H); 13C NMR (CDCl3): �� 25.6, 44.8, 54.4, 55.2, 58.0, 58.7, 59.1,
113.2, 126.7, 127.9, 128.1, 128.5, 129.4, 130.6, 130.9, 139.0, 139.5, 158.5 ppm;
HRMS calcd for C27H30N2O: 398.2358, found 398.2358; MS (EI�): m/z (%):
398 (8), 121 (100), 91 (60).


3-tert-Butyloxycarbonyl-6-exo-(N,N-dibenzylamino)-3-azabicyclo[3.1.0]-
hexane (10d): According to GP A, a mixture of N-Boc-pyrroline (15d)
(4.37 g, 25.8 mmol) and [Ti(OiPr)4] (9.20 mL, 30.9 mmol) in THF (70 mL)
was treated with MeMgCl (10.4 mL, 3 � solution in THF, 31.2 mmol), and
then a solution of N,N-dibenzylformamide (6.98 g, 30.9 mmol) in THF
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(25 mL) was added in one portion. cHexMgBr (23.5 mL, 51.7 mmol, 2.2 �
in Et2O) was added at ambient temperature over 3 h, and the reaction
mixture was heated under reflux for 15 min. After work-up the crude
compound 10d (9.90 g) was purified by column chromatography on basic
alumina with activity grade II; elution with pentane/diethyl ether (5:1). The
product 10d (8.75 g, 90%) was obtained as a colorless solid. M.p. 79 �C.
1H NMR (C6D6): �� 1.02 ± 1.14 (bm, 2H), 1.39 ± 1.43 (m, 1H), 1.52 (s, 9H),
3.05 (dd, J� 4.4, 10.6 Hz, 1H), 3.21 (dd, J� 4.4, 11.0 Hz, 1H), 3.38 (d, J�
10.6 Hz, 1H), 3.45 (s, 4H), 3.62 (d, J� 11.0 Hz, 1H), 7.10 ± 7.35 ppm (m,
10H); 13C NMR (CDCl3): �� 25.3, 25.9, 28.5, 47.6, 47.7, 47.9, 58.9, 79.2,
127.0, 128.1, 129.4, 138.5, 154.6 ppm; HRMS calcd for C24H30N2O2 378.2307,
found 378.2307; MS (EI�): m/z (%): 378 (48), 287 (33), 231 (44), 225 (35),
187 (72), 134 (42), 91 (100); elemental analysis calcd (%) for C24H30N2O2


(378.5): C 76.16, H 7.99; found: C 76.22, H 7.91. X-ray crystal structure
analysis: see below.[20]


Carried out on a larger scale, this procedure furnished, from N-Boc-
pyrroline (15d) (101 g, 0.60 mol) and [Ti(OiPr)4] (187 g, 0.66 mol) in THF
(1.8 L), MeMgCl (219 mL, 3 � solution in THF, 0.66 mol), N,N-dibenzyl-
formamide (148 g, 0.66 mol) and cHexMgBr (811 mL, 1.62 � solution in
Et2O), 10d in 76% yield (172.5 g).


exo-6-(N,N-Dibenzylamino)bicyclo[3.1.0]hexane (12): According to GP B,
cyclopentene (19) (2.70 g, 39.6 mmol), N,N-dibenzylformamide (8.99 g,
39.9 mmol) in anhydrous THF (15 mL), and cyclohexylmagnesium bro-
mide (41.5 mL, 87.2 mmol, 2.1� solution in diethyl ether) gave a crude
product that was subjected to vacuum distillation (50 ± 90 �C/0.05 Torr) to
remove 1,1�-dicyclohexyl. The residue was then subjected to column
chromatography (hexanes) on silica gel to provide exo-7-(N,N-dibenzyla-
mino)bicyclo[4.1.0]heptane (23) (1.30 g; 11%) as colorless crystals (m.p.
50 �C) and 12 (3.12 g; 28%) as a colorless oil.


exo-7-(N,N-dibenzylamino)bicyclo[4.1.0]heptane (23): 1H NMR (CDCl3):
�� 0.85 (s, 2H), 1.10 ± 1.35 (m, 4H), 1.45 ± 1.60 (m, 3H), 1.70 ± 1.90 (m, 2H),
3.70 (s, 4H), 7.25 ± 7.45 ppm (m, 10H); 13C NMR (CDCl3): �� 19.8, 21.8,
22.9, 48.6, 58.4, 126.8, 128.0, 129.5, 138.6 ppm; HRMS calcd for C21H25N
291.1987, found 291.1986; MS (EI�): m/z (%): 291 (6), 262 (2), 236 (1), 210
(1), 200 (100), 181 (1), 161 (9), 146 (10), 132 (2), 118 (6), 106 (34), 91 (78).


exo-6-(N,N-Dibenzylamino)bicyclo[3.1.0]hexane (12): 1H NMR (CDCl3):
�� 0.98 ± 1.12 (m, 1H), 1.20 (br s, 2H), 1.50 ± 1.68 (m, 6H), 3.65 (s, 4H),
7.26 ± 7.39 ppm (m, 10H); 13C NMR (CDCl3): �� 22.5, 27.2, 27.4, 44.3, 58.4,
126.9, 128.0, 129.6, 138.5 ppm; HRMS calcd for C20H23N 277.1830, found
277.1830; MS (EI�): m/z (%): 277 (6), 249 (1), 234 (1), 210 (7), 186 (100),
167 (3), 158 (6), 131 (3), 118 (5), 106 (30), 91 (42); elemental analysis calcd
(%) for C20H23N (277.4): C 86.59, H 8.36; found: C 86.53, H 8.45.


exo-6-(N,N-Dibenzylamino)bicyclo[3.1.0]hexane (12): According to GP C,
cyclopentene (19) (0.68 g, 10.0 mmol) and cyclopentylmagnesium bromide
(23.0 mL, 1.35 �, 31 mmol) in THF/benzene (3:1) after work-up gave pure
12 as a colorless oil (2.44 g, 88%).


exo-3-(N,N-Dibenzylamino)tricyclo[3.2.1.02, 4]octane (21): According to
GP B, norbornene (20) (1.30 g, 13.8 mmol) and cyclohexylmagnesium
bromide (15.7 mL, 34.5 mmol, 2.2 � solution in diethyl ether) gave, after
column chromatography (hexanes) on silica gel, 21 as colorless crystals
(1.80 g, 43%), m.p. 31 ± 33 �C. 1H NMR (CDCl3): �� 0.58 (d, J� 10.2 Hz,
1H), 0.70 (s, 2H), 0.93 (d, J� 10.2 Hz, 1H), 1.19 (m, 2H), 1.33 (m, 2H), 1.72
(s, 1H), 2.20 (s, 2H), 3.57 (s, 4H), 7.25 ± 7.30 ppm (m, 10H); 13C NMR
(CDCl3): �� 25.4, 29.3, 29.4, 35.6, 39.1, 58.0, 126.7, 127.9, 129.5, 138.5 ppm;
HRMS calcd for C22H25N 303.1987, found 303.1986; MS (EI�): m/z (%): 303
(6), 274 (4), 226 (6), 212 (36), 200 (5), 167 (1), 144 (3), 118 (1), 107 (3), 91
(100); elemental analysis calcd (%) for C22H25N (303.5): C 87.08, H, 8.30;
found: C 86.95, H 8.45.


exo-7-(N,N-Dibenzylamino)bicyclo[4.1.0]heptane (23): According to GP
C, cyclohexene (22) (0.82 g, 10.0 mmol) and cyclohexylmagnesium bromide
(20.0 mL, 1.5 �, 30.0 mmol in THF/benzene 3:1) gave a crude product
(1.35 g) that was subjected to column chromatography (petroleum ether/
ethyl acetate, 20:1) on silica gel to afford 23 (0.80 g; 27%) as a colorless oil,
and dibenzyl(cyclohexylmethyl)amine (76) (0.53 g; 18%). Spectroscopic
and analytical data as reported above.


N,N-Dibenzyl-9-exo-aminobicyclo[6.1.0]nonane (25): According to GP C,
cyclooctene (24) (0.54 g, 4.9 mmol) and cyclooctylmagnesium bromide
(18.5 mL, 0.825 �, 15.26 mmol) in THF/benzene 3:1 gave, without acid/
base purification, a crude product (2.28 g) that was subjected to column
chromatography (petroleum ether/ethyl acetate, 20:1) on silica gel,


affording 1,1�-bicyclooctyl (0.63 g), starting N,N-dibenzylformamide
(0.12 g), dibenzyl(cyclooctylmethyl)amine (0.27 g; 17%), and the title
compound 25 (0.53 g; 33%) as a pale yellow oil. 1H NMR (CDCl3): ��
0.58 ± 0.63 (m, 1H), 0.87 ± 0.95 (m, 2H), 1.17 ± 1.26 (m, 4H), 1.29 ± 1.63 (m,
6H), 1.78 ± 1.85 (m, 2H), 3.54 (s, 4H), 7.22 ± 7.38 ppm (m, 10H); 13C NMR
(CDCl3): �� 25.6, 25.7, 26.1, 29.3, 48.4, 58.6, 126.7, 127.9, 129.4, 139.0 ppm.


exo-9-(N,N-Dibenzylamino)bicyclo[6.1.0]non-4-ene (27): According to GP
A, 1,5-cyclooctadiene (26) (0.528 g, 4.88 mmol) after 22 h, gave a crude
product which was passed through a plug of silica gel; elution with tert-butyl
methyl ether/hexane (2:98) afforded two fractions. The first one, which
contained unreacted starting material and side products, was discarded.
The second fraction (0.50 g) contained a mixture of the title compound 27,
exo-7-(N,N-dibenzylamino)bicyclo[4.1.0]heptane (23), and cyclohex-
yl(N,N-dibenzylamino)methane (72). This fraction was placed on a column
containing silver nitrate impregnated silica gel.[34] The column was eluted
(ethyl acetate/n-hexane 1:4) in the dark until eluting impurities could not
be detected by TLC (silver nitrate impregnated) analysis. The impregnated
silica gel was then quickly dried in vacuo and transferred from the column
to a conical flask to which was added aqueous ammonia (25%). The slurry
was extracted with n-hexane (2� 100 mL) to give the product 27 (�90%
pure) which was further purified by careful radial chromatography (tert-
butyl methyl ether/n-hexane, 2:98) followed by Kugelrohr distillation
(150 ± 170 �C/0.01 Torr) to afford 27 as a colorless oil (0.15 g; 11%).
1H NMR (CDCl3): �� 0.70 ± 0.90 (m, 2H), 1.18 ± 1.39 (m, 3H), 1.80 ± 2.01
(m, 4H), 2.09 ± 2.28 (m, 2H), 3.63 (s, 4H), 5.52 ± 5.60 (m, 2H), 7.12 ±
7.47 ppm (m, 10H); 13C NMR (CDCl3): �� 26.6, 26.8, 28.5, 51.3, 58.7,
126.7, 127.9, 129.4, 130.2, 139.1 ppm; HRMS calcd for C23H27N 317.2143,
found 317.2143; MS (EI�): m/z (%): 317 (14), 288 (3), 262 (4), 240 (5), 236
(8), 226 (29), 210 (5), 172 (1), 158 (6), 132 (9), 106 (10), 91 (100).


exo,exo-5,10-Bis(N,N-dibenzylamino)-anti-tricyclo[7.1.0.04, 6]decane (28):
With one equivalent of 1,5-cyclooctadiene (26) (1.20 g, 11.1 mmol)
according to GP B, except that two equivalents of dibenzylformamide
(5.00 g, 22.2 mmol), [Ti(OiPr)4] (6.31 mL, 21.4 mmol) in THF (60 mL) and
four equivalents of cyclohexylmagnesium bromide (27.6 mL, 1.77 �,
49 mmol) were used. After 23 h the above work-up gave a mixture of
compounds 23, 27, 28, and 72 in a molar ratio of 1.20:1.35:0.34:1.00
(according to 1H NMR spectroscopy). Column chromatography on silica
gel (hexane) gave the only pure fraction containing compound 28 (85 mg;
1.5% based on diene) as a crystalline solid. M.p. 154 �C. 1H NMR (CDCl3):
�� 0.70 (s, 8H), 1.30 (s, 2H), 1.90 (s, 4H), 3.60 (s, 8H), 7.20 ± 7.40 ppm (m,
20H); 13C NMR (CDCl3): �� 26.9, 28.3, 51.1, 58.6, 126.7, 127.9, 129.4,
138.9 ppm; HRMS calcd for C38H42N2 526.3348, found 526.3347; MS (EI�):
m/z (%): 526 (5), 435 (100), 344 (2), 330 (3), 292 (13), 240 (6), 196 (7), 172
(4), 120 (5), 106 (23), 91 (97). X-ray crystal structure analysis: see below.[20]


1-(N,N-Dibenzylamino)-2-ethyl-3-methylcyclopropane (30): According to
GP A, cis-3-pentene (29) (0.26 mL, 0.171 g, 2.44 mmol) after 26 h gave a
crude product that was subjected to column chromatography (ethyl
acetate/n-hexane, 5:95) on silver nitrate impregnated silica gel,[34] affording
three fractions. The first fraction (54 mg) contained the title compound 30
as a mixture of two diastereomers, and the second fraction (107 mg)
contained a third diastereomer of 30, overall yield 161 mg (26%). The two
minor diastereomers could not be further separated. Two minor diaster-
eomers: 1H NMR (CDCl3): �� 0.14 ± 0.26 (m, 1H), 0.39 ± 0.49 (m, 1H),
0.91 (d, J� 6.1 Hz, 3H), 1.01 (t, J� 7.4 Hz, 3H), 1.36 ± 1.53 (m, 1H), 1.56 ±
1.71 (m, 2H), 3.46 (d, J� 13.5 Hz, 2H), 3.76 (d, J� 13.5 Hz, 2H), 7.24 ±
7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 14.6, 17.8, 20.35, 20.42, 29.2,
49.8, 58.4, 126.7, 127.9, 129.4, 138.9 ppm; 1H NMR (CDCl3): �� 0.21 ± 0.32
(m, 1H), 0.51 ± 0.63 (m, 1H), 0.83 (t, J� 7.3 Hz, 3H), 1.15 (d, J� 6.1 Hz,
3H), 1.36 ± 1.53 (m, 1H), 1.56 ± 1.71 (m, 2H), 3.56 (d, J� 13.7 Hz, 2H), 3.69
(d, J� 13.7 Hz, 2H), 7.24 ± 7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 12.6,
13.3, 20.0, 25.7, 29.1, 48.1, 58.2, 126.7, 127.9, 129.4, 138.5 ppm; HRMS calcd
for C20H25N 279.1986, found 279.1986; MS (EI�): m/z (%): (mixture of two
minor isomers) 279 (5), 264 (4), 250 (12), 224 (1), 188 (90), 181 (4), 146 (2),
132 (2), 118 (5), 106 (22), 91 (100); elemental analysis calcd (%) for
C20H25N (279.4): C 85.97, H 9.02; found: C 86.20, H 8.99. Major
diastereomer: 1H NMR (CDCl3): �� 0.26 ± 0.33 (m, 1H), 0.54 ± 0.61 (m,
1H), 0.70 ± 0.85 (m, 1H), 0.88 (t, J� 7.2 Hz, 3H), 0.91 ± 1.11 (m, 1H), 1.14 ±
1.40 (m, 3H), 1.63 (sept, J� 3.3 Hz, 1H), 3.69 (d, J� 13.6 Hz, 2H), 3.75 (d,
J� 13.6 Hz, 2H), 7.26 ± 7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 14.0,
14.4, 21.7, 22.2, 34.7, 43.7, 57.2, 126.7, 127.9, 129.4, 138.8 ppm; HRMS calcd
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for C20H25N 279.1986, found 279.1986; MS (EI�): m/z (%): 279 (2), 250 (1),
236 (2), 188 (39), 146 (1), 132 (2), 118 (5), 106 (10), 91 (100).


1-(N,N-Dibenzylamino)-2,3-diethylcyclopropane (32): According to GPA,
trans-3-hexene (31) (0.411 g, 4.88 mmol) after 18 h gave a crude product
which was passed through a plug of silica gel (tert-butyl methyl ether/n-
hexane, 1:4), then subjected to column chromatography (ethyl acetate/n-
hexane, 5:95/10:90 gradient) on silver nitrate impregnated silica gel.[34] The
first fraction contained one diastereomer of the title compound 32 (88 mg,
7%), other following fractions contained mixtures of two other diaster-
eomers and cyclohexyl(N,N-dibenzylamino)methane (72). A second silver
nitrate impregnated silica gel column (ethyl acetate/n-hexane, 2:98/5:95
gradient) removed amine 72 from the mixture to give an impure minor
diastereomer of 32 (6 mg; 0.5%) (only benzyl group signals could be seen
in the 1H NMR spectrum) and the second diastereomer (81 mg; 6%). First
diastereomer: 1H NMR (CDCl3): �� 0.22 ± 0.39 (m, 1H), 0.45 ± 0.60 (m,
1H), 0.89 (t, J� 6.9 Hz, 3H), 0.92 ± 1.04 (m, 1H), 1.07 (t, J� 7.4 Hz, 3H),
1.34 ± 1.54 (m, 2H), 1.61 ± 1.79 (m, 2H), 3.58 (d, J� 13.7 Hz, 2H), 3.78 (d,
J� 13.7 Hz, 2H), 7.26 ± 7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 13.4,
14.6, 20.3, 25.8, 28.2, 28.3, 48.7, 58.1, 126.6, 127.9, 129.4, 138.9 ppm. Second
diastereomer: 1H NMR (CDCl3): �� 0.68 ± 0.79 (bm, 1H), 0.87 (t, J�
7.3 Hz, 6H), 1.06 ± 1.39 (m, 5H), 1.55 ± 1.70 (bm, 1H), 3.65 (bs, 3H), 3.75
(s, 1H), 7.23 ± 7.44 ppm (m, 10H); 13C NMR (CDCl3): �� 14.2, 20.3, 28.1,
50.4, 57.9, 58.1, 126.6, 126.8, 127.9, 128.2, 128.7, 129.2, 139.2 (m), 139.6 ppm;
HRMS calcd for C21H27N 293.2143, found 293.2143; MS (EI�): m/z (%):
293 (5), 278 (1), 264 (22), 202 (70), 181 (3), 172 (2), 144 (1), 118 (3), 106 (9),
91 (100); elemental analysis calcd (%) for C21H27N (293.5): C 85.95, H 9.27;
found: C 86.21, H 9.53.


7-(N,N-Dibenzylamino)spiro(cyclopropane-1,4�-bicyclo[3.1.0]hex-2-ene)
(35): According to GP A, spiro[2.4]heptadiene (34) (0.450 g, 4.88 mmol)
after 20 h, gave a crude product that was subjected to radial chromatog-
raphy (tert-butyl methyl ether/n-hexane, 2:98/10:90 gradient) on silica gel
to afford one fraction which contained a mixture of products including the
title compound 35 (� 1%). HRMS calcd for C22H23N 301.1830, found
301.1830.


exo-7-(N,N-Dibenzylamino)bicyclo[4.1.0]hept-2-ene (37): According to
GP B at 5 ± 10 �C, 1,3-cyclohexadiene (36) (1.10 g, 13.7 mmol) gave a crude
product which was passed through a plug of silica gel (hexanes). The
resulting pale yellow oil was subjected to vacuum distillation (133 ± 140 �C/
0.05 Torr), affording the title compound 37 (2.30 g, 58%). 1H NMR
(CDCl3): �� 1.15 ± 2.05 (m, 7H), 3.75 (s, 4H), 5.45 (m, 1H), 5.95 (m, 1H),
7.30 ± 7.50 ppm (m, 10H); 13C NMR (CDCl3): �� 17.4, 20.2, 21.7, 23.9, 48.1,
58.4, 123.6, 126.8, 127.2, 128.0, 129.5, 138.6 ppm; HRMS calcd for C21H23N
289.1830, found 289.1830; MS (EI�): m/z (%): 289 (7), 246 (1), 210 (5), 200
(13), 181 (4), 144 (2), 118 (3), 91 (100); elemental analysis calcd (%) for
C21H23N (289.4): C 87.14, H 8.02; found: C 87.24, H 8.23.


1-(N,N-Dibenzylamino)-2-phenylcyclopropane (39a): According to GPA,
styrene (38a) (0.49 mL, 4.88 mmol) after 17 h gave a crude product that was
subjected to radial chromatography (tert-butyl methyl ether/n-hexane,
2:98/10:90 gradient) on silica gel. This afforded the E isomer as a colorless
solid (697 mg; 50%). M.p. 44 ± 46 �C. Major diastereomer: 1H NMR
(CDCl3): �� 0.87 ± 1.12 (m, 2H), 1.81 ± 1.88 (m, 1H), 2.02 ± 2.1 (m, 1H),
3.68 (d, J� 13.5 Hz, 2H), 3.81 (d, J� 13.5 Hz, 2H), 6.78 ± 6.86 (m, 2H),
7.10 ± 7.20 ppm (m, 13H); 13C NMR (CDCl3): �� 17.6, 26.4, 47.6, 58.4, 125.3,
125.7, 126.8, 127.9, 128.0, 129.3, 138.6, 142.0 ppm; HRMS calcd for C23H23N
313.1830, found 313.1830; MS (EI�): m/z (%): 313 (5), 225 (22), 222 (43),
210 (58), 200 (6), 181 (4), 162 (2), 148 (7), 117 (6), 106 (4), 91 (100);
elemental analysis calcd (%) for C23H23N (313.4): C 88.14, H 7.40; found: C
88.39, H 7.76. The Z isomer was isolated as a colorless oil (223 mg, 16%).
Minor diastereomer: 1H NMR (CDCl3): �� 0.87 ± 0.97 (m, 1H), 1.00 ± 1.11
(m, 1H), 2.06 ± 2.26 (m, 2H), 3.38 (d, J� 13.4 Hz, 2H), 3.64 (d, J� 13.4 Hz,
2H), 7.02 ± 7.18 (m, 4H), 7.18 ± 7.54 ppm (m, 11H); 13C NMR (CDCl3): ��
13.5, 23.8, 43.7, 57.3, 125.4, 126.7, 127.5, 127.8, 128.4, 129.5, 138.2, 138.3 ppm;
HRMS calcd for C23H23N 313.1830, found 313.1830; MS (EI�): m/z (%):
313 (1), 222 (12), 181 (2), 165 (1), 132 (4), 117 (6), 106 (5), 91 (100);
elemental analysis calcd (%) for C23H23N (313.4): C 88.14, H 7.40; found: C
88.28, H 7.35.


1-(N,N-Dibenzylamino)-2-(4-methoxyphenyl)cyclopropane (39b): Ac-
cording to GP A, 4-methoxystyrene (38b) (0.655 g, 4.88 mmol) after 12 h
gave a crude product that was subjected to radial chromatography (tert-
butyl methyl ether/n-hexane, 2:98) on silica gel, affording the E and Z


isomers of 39b. The major diastereomer was isolated as a colorless oil
(371 mg; 25%). 1H NMR (CDCl3): �� 0.72 ± 0.83 (m, 1H), 0.93 ± 1.04 (m,
1H), 1.96 ± 2.16 (m, 2H), 3.33 (d, J� 13.4 Hz, 2H), 3.58 (d, J� 13.4 Hz,
2H), 3.81 (s, 3H), 6.82 ± 6.91 (m, 2H), 7.04 ± 7.14 (m, 3H), 7.16 ± 7.33 ppm
(m, 9H); 13C NMR (CDCl3): �� 13.4, 23.0, 43.2, 55.3, 57.3, 113.0, 126.7,
127.8, 129.2, 129.5, 130.2, 138.4, 157.7 ppm; HRMS calcd for C24H25NO
343.1936, found 343.1936; MS (EI�): m/z (%): 343 (14), 252 (47), 222 (30),
197 (3), 161 (2), 147 (8), 121 (100), 117 (4), 106 (5), 91 (86). The minor
diastereomer was isolated as a colorless solid, m.p. 68 ± 70 �C (315 mg,
20%). 1H NMR (CDCl3): �� 0.91 ± 1.11 (m, 2H), 1.8 ± 1.9 (m, 1H), 1.98 ±
2.17 (m, 1H), 3.72 (d, J� 13.5 Hz, 2H), 3.85 (d, J� 13.5 Hz, 2H), 3.82 (s,
3H), 6.73 ± 6.85 (m, 4H), 7.27 ± 7.43 ppm (m, 10H); 13C NMR (CDCl3): ��
17.0, 25.6, 47.2, 55.2, 58.4, 113.4, 126.76, 126.80, 128.0, 129.3, 134.0, 138.7,
157.5 ppm; HRMS calcd for C24H25NO 343.1936, found 343.1936; MS (EI�):
m/z (%): 343 (17), 252 (46), 222 (32), 210 (7), 197 (3), 147 (9), 121 (94), 117
(5), 106 (4), 91 (100); elemental analysis calcd (%) for C24H25NO (343.5): C
83.93, H 7.34; found: C 83.90, H 7.56.


2-(2-Bromophenyl)-1-(N,N-dibenzylamino)cyclopropane (39c): Accord-
ing to GP A (but adding cHexMgBr within 20 min), 2-bromostyrene
(38c) (0.894 g, 4.88 mmol) after 20 h gave a crude product that was
subjected to careful radial chromatography (tert-butyl methyl ether/n-
hexane, 2:98) on silica gel, affording the title compound 39c (533 mg) as a
colorless oil with unidentified minor impurities (2%). The calculated yield
of pure 39c is 522 mg (30%). Major diastereomer: 1H NMR (CDCl3): ��
0.91 ± 1.02 (m, 1H), 1.09 ± 1.21 (m, 1H), 2.13 ± 2.23 (m, 1H), 2.36 ± 2.48 (m,
1H), 3.71 (d, J� 13.6 Hz, 2H), 3.88 (d, J� 13.6 Hz, 2H), 6.75 ± 6.83 (m,
1H), 6.98 ± 7.08 (m, 1H), 7.15 ± 7.45 (m, 11H), 7.51 ± 7.58 ppm (m, 1H);
13C NMR (CDCl3): �� 18.7, 26.0, 47.0, 57.6, 125.5, 126.8, 126.9, 127.2, 128.1,
129.1, 129.4, 132.5, 138.2, 140.9 ppm; HRMS calcd for C23H22BrN 391.0935,
found 391.0935; MS (EI�): m/z (%): 393/391 (4/4), 391 (4), 312 (1), 300 (39),
287 (5), 222 (13), 210 (6), 196 (4), 169 (10), 116 (8), 91 (100). The minor
diastereomer (� 1%) was obtained as a mixture with other products which
could not be further purified.


1-(N,N-Dibenzylamino)-2-(2-trifluoromethylphenyl)cyclopropane (41a):
According to GP A, 2-trifluoromethylstyrene (40a) (0.420 g, 2.44 mmol)
after 20 h gave after above work-up a residue that was subjected to column
chromatography (ethyl acetate/n-hexane, 5:95) on silver nitrate impreg-
nated silica gel[34] to afford the title compound 41a as a mixture of
diastereomers (4:1), which was further purified by Kugelrohr distillation
(170 �C/0.01 Torr) to give a colorless oil (90 mg, 11%). 1H NMR (CDCl3):
�� 0.93 ± 1.03 (m, 1H), 1.18 ± 1.26 (m, 1H), 2.27 ± 2.49 (m, 2H), 3.68 (d, J�
13.6 Hz, 2H), 3.82 (d, J� 13.6 Hz, 2H), 6.88 (d, J� 7.8 Hz, 1H), 7.14 ± 7.45
(m, 12H), 7.62 ppm (d, J� 7.9 Hz, 1H); 13C NMR (CDCl3): �� 20.8, 22.2,
46.8, 57.3, 117.2, 124.7 (q, J� 274.2 Hz), 124.9, 125.1, 125.7 (q, J� 23.0 Hz),
126.9, 128.1, 129.4, 131.6, 138.0, 141.8 ppm (q, J� 5.4 Hz); HRMS calcd for
C24H22F3N 381.1704, found 381.1704; MS (EI�): m/z (%): 381 (9), 326 (1),
306 (32), 290 (100), 286 (12), 265 (6), 251 (7), 242 (7), 224 (16), 222 (14), 185
(5), 159 (16), 127 (23), 106 (9), 91 (88); elemental analysis calcd (%) for
C24H22F3N (381.4): C 75.57, H 5.81; found: C 75.80, H 5.98.


1-(N,N-Dibenzylamino)-2-(4-trifluoromethylphenyl)cyclopropane (41b):
According to GP A, 4-trifluoromethylstyrene (40b) (0.721 mL, 0.841 g,
4.88 mmol) gave after 10 h a crude product that was subjected to radial
chromatography (tert-butyl methyl ether/n-hexane, 2:98) on silica gel,
affording 41b as a single diastereomer, as a colorless solid (300 mg; 18%).
M.p. 54 ± 56 �C. 1H NMR (CDCl3): �� 0.96 ± 1.07 (m, 1H), 1.08 ± 1.19 (m,
1H), 1.75 ± 1.86 (m, 1H), 2.00 ± 2.10 (m, 1H), 3.63 (d, J� 13.4 Hz, 2H), 3.85
(d, J� 13.4 Hz, 2H), 6.80 (d, J� 8.1 Hz, 2H), 7.24 ± 7.39 (m, 10H), 7.44 ppm
(d, J� 8.1 Hz, 2H); 13C NMR (CDCl3): �� 17.8, 26.6, 48.3, 58.8, 124.4 (q,
J� 270.7 Hz), 124.8 (q, J� 3.8 Hz), 125.8, 127.0, 127.5 (q, J� 32.1 Hz),
128.1, 129.3, 138.6, 146.3 ppm; HRMS calcd for C24H22F3N 381.1704, found
381.1704; MS (EI�): m/z (%): 381 (2), 362 (2), 290 (53), 222 (5), 200 (15),
185 (6), 159 (13), 131 (4), 118 (5), 106 (16), 91 (100); elemental analysis
calcd (%) for C24H22F3N (381.4): C 75.57, H 5.81; found: C 75.40, H 5.82.


1-(N,N-Dibenzylamino)-2-(3-trifluoromethylphenyl)cyclopropane (41c):
According to GP A, 3-trifluoromethylstyrene (40c) (0.420 g, 2.44 mmol)
and N,N-dibenzylformamide (500 mg, 2.22 mmol) gave after 24 h a crude
product that was subjected to column chromatography (ethyl acetate/n-
hexane, 5:95) on silver nitrate impregnated silica gel,[34] affording 41c as a
mixture of diastereomers (11.5:1), as a colorless oil (390 mg; 46%).
1H NMR (CDCl3): �� 1.06 ± 1.23 (m, 2H), 1.80 ± 1.89 (m, 1H), 2.05 ± 2.13
(m, 1H), 3.69 (d, J� 13.3 Hz, 2H), 3.96 (d, J� 13.3 Hz, 2H), 6.91 ± 7.0 (m,
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2H), 7.25 ± 7.50 ppm (m, 12H); 13C NMR (CDCl3): �� 17.0, 26.7, 48.2, 59.0,
122.1 (q, J� 15.2 Hz), 122.7 (q, J� 15.0 Hz), 124.6 (q, J� 226.4 Hz), 127.0,
128.15, 128.24, 128.6, 129.3, 130.1 (m), 138.6, 143.0 ppm; HRMS calcd for
C24H22F3N 381.1704, found 381.1704; MS (EI�): m/z (%): 381 (5), 362 (1),
326 (1), 306 (58), 290 (67), 286 (18), 265 (7), 251 (7), 242 (10), 224 (26), 222
(11), 185 (3), 168 (6), 159 (20), 133 (12), 127 (41), 106 (3), 91 (100);
elemental analysis calcd (%) for C24H22F3N (381.4): C 75.57, H 5.81; found:
C 75.87, H 5.94.


1-(N,N-Dibenzylamino)-2-[3,5-bis(trifluoromethyl)phenyl]cyclopropane
(41d): According to GP A, 3,5-bis(trifluoromethyl)styrene (40d) (1.173 g,
4.88 mmol) gave after 24 h a crude product that was subjected to column
chromatography (ethyl acetate/n-hexane, 5:95) on silver nitrate impreg-
nated silica gel[34] to afford 41d as a mixture of diastereomers (16:1), which
was further purified by Kugelrohr distillation (170 �C/0.01 Torr) to give a
colorless oil (172 mg; 9%). 1H NMR (CDCl3): �� 1.05 ± 1.27 (m, 2H),
1.69 ± 1.80 (m, 1H), 1.96 ± 2.41 (m, 1H), 3.58 (d, J� 13.2 Hz, 2H), 3.97 (d,
J� 13.2 Hz, 2H), 6.98 (s, 2H), 7.10 ± 7.50 (m, 10H), 7.66 ppm (s, 1H);
13C NMR (CDCl3): �� 16.7, 27.0, 48.9, 59.6, 119.1 (sextet, J� 3.9 Hz), 123.4
(q, J� 272.6 Hz), 125.6 (m), 127.2, 128.3, 129.3, 131.0 (q, J� 32.8 Hz), 138.9,
144.6 ppm; HRMS calcd for C25H21F6N 449.1578, found 449.1578; MS
(EI�): m/z (%): 449 (6), 430 (3), 358 (100), 287 (3), 253 (4), 224 (9), 222 (6),
196 (3), 160 (6), 130 (2), 118 (3), 91 (71).


1-(N,N-Dibenzylamino)-2-furanylcyclopropane (43): According to GP A,
2-ethenylfuran (42) (0.460 g, 4.89 mmol) gave after 24 h a crude product
that was subjected to radial chromatography (tert-butyl methyl ether/n-
hexane, 5:95) on silica gel to afford a mixture (cis/trans� 1:4) of 43
(576 mg; 43%) and trace amounts of exo-7-(N,N-dibenzylamino)bicy-
clo[4.1.0]heptane (23) as a colorless oil. Minor diastereomer: 1H NMR
(CDCl3): �� 0.88 ± 0.94 (m, 1H), 1.01 ± 1.10 (m, 1H), 2.01 ± 2.10 (m, 1H),
2.13 ± 2.20 (m, 1H), 3.40 (d, J� 13.6 Hz, 2H), 3.72 (d, J� 13.6 Hz, 2H),
6.01 ± 6.12 (m, 1H), 6.37 ± 6.40 (m, 1H), 7.09 ± 7.45 ppm (m, 11H); 13C NMR
(CDCl3): �� 13.0, 17.0, 42.7, 57.1, 106.3, 110.3, 126.7, 127.9, 129.4, 138.3,
140.8, 153.9 ppm. Major diastereomer: 1H NMR (CDCl3): �� 0.95 ± 1.09
(m, 2H), 1.85 ± 1.93 (m, 1H), 2.16 ± 2.22 (m, 1H), 3.77 (dd, J� 13.5, 15.5 Hz,
4H), 5.80 ± 5.82 (m, 1H), 6.28 (dd, J� 1.9, 3.2 Hz, 1H), 7.24 ± 7.46 ppm (m,
11H); 13C NMR (CDCl3): �� 15.7, 19.4, 44.5, 58.0, 103.7, 110.2, 126.9, 128.0,
129.4, 138.3, 140.2, 155.5 ppm; HRMS calcd for C21H21NO 303.1623, found
303.1623; MS (EI�): m/z (%): (mixture) 303 (8), 287 (1), 224 (4), 222 (7),
212 (19), 210 (5), 181 (2), 146 (2), 132 (2), 117 (4), 106 (9), 91 (100).


1-(N,N-Dibenzylamino)-2-ethoxycyclopropane (45): According to GP A,
ethenyl ethyl ether (44) (0.352 g, 4.88 mmol) gave after 9 h a crude product
that was subjected to radial chromatography (tert-butyl methyl ether/n-
hexane, 2:98/10:90 gradient) on silica gel to afford 45 (52 mg; 4%) as a
colorless oil. 1H NMR (CDCl3): �� 0.60 ± 0.70 (m, 1H), 0.77 ± 0.85 (m, 1H),
1.08 (t, J� 7.0 Hz, 3H), 2.0 ± 2.06 (m, 1H), 3.1 ± 3.15 (m, 1H), 3.19 ± 3.44 (m,
2H), 3.68 (s, 4H), 7.22 ± 7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 15.0,
15.5, 43.2, 57.4, 60.9, 65.4, 126.8, 128.0, 129.2, 138.4 ppm; HRMS calcd for
C19H23NO 281.1779, found 281.1779; MS (EI�): m/z (%): 281 (4), 252 (18),
225 (3), 210 (6), 190 (26), 181 (4), 146 (6), 132 (2), 91 (100).


1-(N,N-Dimethylamino)-2-(N,N-dibenzylaminomethyl)cyclopropane
(47a): According to GP D, cyclohexylmagnesium bromide (12.0 mL,
16.80 mmol, 1.4 � solution in THF) was added over 10 s to a solution of
N,N-dibenzylallylamine (46) (2.00 g, 8.43 mmol), N,N-dimethylformamide
(0.616 g, 8.43 mmol), and [MeTi(OiPr)3] (3.04 g, 12.65 mmol) in anhydrous
THF (20 mL) at ambient temperature under an atmosphere of argon. After
5 h the above mentioned work-up gave a crude product that was subjected
to column chromatography (diethyl ether/petroleum ether/triethylamine,
1:1:0/49:49:2 gradient) on silica gel to afford a mixture (1:5) of two
diastereomers (1.09 g; 44%). Minor diastereomer: 1H NMR (CDCl3): ��
0.24 (m, 1H), 0.74 (m, 1H), 0.98 (m, 1H), 1.55 (m, 1H), 2.24 (s, 6H), 2.40
(dd, J� 8.1, 13.0 Hz, 1H), 3.00 (dd, J� 4.4, 13.0 Hz, 1H), 3.54 (d, J�
13.8 Hz, 2H), 3.82 (d, J� 13.8 Hz, 2H), 7.20 ± 7.45 ppm (m, 10H);
13C NMR (CDCl3): �� 12.6, 16.7, 43.6, 45.9, 52.6, 58.2, 126.6, 128.0, 128.8,
140.0 ppm. Major diasteromer: 1H NMR (CDCl3): �� 0.28 (m, 1H), 0.62
(m, 1H), 1.11 (m, 1H), 1.31 (m, 1H) 2.22 (dd, J� 7.4, 13.3 Hz, 1H), 2.33 ±
2.42 (m, 7H), 3.61 (d, J� 13.7 Hz, 2H), 3.69 (d, J� 13.7 Hz, 2H), 7.20 ±
7.45 ppm (m, 10H); 13C NMR (CDCl3): �� 13.0, 18.4, 45.2, 46.4, 55.9, 58.1,
126.7, 128.2, 128.6, 139.9 ppm; MS (EI�): m/z (%): 294 (3), 250 (20), 210
(100), 91 (90); elemental analysis calcd (%) for C20H26N2 (294.4): C 81.59, H
8.90; found: C 81.35, H 8.78.


1-(N,N-Dibenzylamino)-2-(N,N-dibenzylaminomethyl)cyclopropane
(47b): According to GP D, N,N-dibenzylformamide (2.00 g, 8.88 mmol),
N,N-dibenzylallyamine (46) (2.32 g, 9.78 mmol), [MeTi(OiPr)3] (2.56 g,
10.7 mmol) in anhydrous THF (40 mL), and cyclohexylmagnesium bro-
mide (12.2 mL, 17.8 mmol, 1.46 � solution in diethyl ether, addition within
1 ± 2 min) gave the crude product 47bwhich was further purified by column
chromatography on deactivated (NEt3) silica gel (petroleum ether/diethyl
ether, PE/DE 10:1) to yield a mixture (1:4, according to 1H NMR
spectroscopy) of two diastereomers (1.53 g; 39%). Minor diastereomer:
1H NMR (CDCl3): �� 0.24 (m, 1H), 0.71 (m, 1H), 1.04 (m, 1H), 1.92 (m,
1H), 2.48 ± 2.64 (m, 2H), 3.40 ± 3.80 (m, 8H); 7.00 ± 7.50 ppm (m, 20H);
13C NMR (CDCl3): �� 12.8, 17.1, 41.1, 51.5, 58.0, 58.5, 126.6, 127.9, 128.1,
128.7, 128.9, 129.3, 138.4, 140.1 ppm. Major diastereomer: 1H NMR
(CDCl3): �� 0.32 (m, 1H), 0.63 (m, 1H), 0.97 (m, 1H), 1.58 (m, 1H),
2.03 (dd, J� 13.2, 7.9 Hz, 1H), 2.42 (dd, J� 13.2, 5.5 Hz, 1H), 3.51 (d, J�
13.7 Hz, 2H), 3.59 (d, J� 13.7 Hz, 2H), 3.65 (d, J� 13.5 Hz, 2H), 3.73 (d,
J� 13.5 Hz, 2H), 7.10 ± 7.50 ppm (m, 20H); 13C NMR (CDCl3): �� 14.5,
19.3, 42.4, 55.8, 57.9, 58.4, 126.7, 126.8, 128.0, 128.1, 128.6, 129.3, 138.8,
139.9 ppm. Diastereomeric mixture: MS (EI�): m/z (%): 446 (�1), 355 (8),
249 (20), 236 (20), 210 (80), 91 (100); elemental analysis calcd (%) for
C32H34N2 (446.4): C 86.05, H 7.67; found: C 85.87, H 7.91.


trans-1-(N,N-Dibenzylamino)-2-trimethylsilylcyclopropane (49): Accord-
ing to GP D, N,N-dibenzylformamide (2.00 g, 8.88 mmol), ethenyltrime-
thylsilane (48) (1.07 g, 10.66 mmol), [MeTi(OiPr)3] (2.56 g, 10.65 mmol) in
anhydrous THF (20 mL), and cyclohexylmagnesium bromide (17.0 mL,
22.6 mmol, 1.33 � solution in diethyl ether, addition over 1 h) gave the
crude product 49 which was purified from side products [1,1�-bicyclohexyl
(71)] by distillation in a Kugelrohr at 100 �C/0.01 Torr. The pure 49 was
obtained by repeated distillation at 150 ± 175 �C/0.01 Torr (colorless oil,
1.62 g; 59%) as the single trans isomer according to H,H NOESY. 1H NMR
(CDCl3): ���0.24 to �0.14 (m, 1H), �0.07 (s, 9H), 0.34 ± 0.41 (m, 1H),
0.56 ± 0.63 (m, 1H), 1.79 ± 1.84 (m, 1H), 3.64 (d, J� 13.6 Hz, 2H), 3.76 (d,
J� 13.6 Hz, 2H), 7.23 ± 7.41 ppm (m, 10H); 13C NMR (CDCl3): ���2.2,
7.5, 11.8, 41.0, 58.7, 126.7, 128.0, 128.1, 139.1 ppm; HRMS calcd for
C20H27NSi: 309.1912, found 309.1912; MS: m/z (%): 309 (30), 294 (5), 236
(75), 218 (15), 91 (100), 73 (20); elemental analysis calcd (%) for C20H27NSi
(309.5): C 77.61, H 8.79; found: C 77.59, H 9.02.


1-(N,N-Dibenzylamino)-2-trimethylsilylmethylcyclopropane (51): Accord-
ing to GP D, N,N-dibenzylformamide (2.00 g, 8.88 mmol), allyltrimethylsi-
lane (50) (1.217 g, 10.65 mmol), [MeTi(OiPr)3] (2.133 g, 8.88 mmol) in
anhydrous THF (20 mL) and cyclohexylmagnesium bromide (9.1 mL,
13.3 mmol, 1.46 � solution in diethyl ether, addition within 1 ± 2 min) gave
the crude product 51 which was further purified by column chromatog-
raphy on silica gel (PE/DE 10:1, Rf� 0.60) to yield one single diastereomer
(0.805 g; 28%). 1H NMR (CDCl3): ���0.10 ± 0.10 (br s, 10H), 0.19 (m,
1H), 0.54 (m, 2H), 0.73 (m, 1H), 1.50 (m, 1H), 3.60 (d, J� 13.3 Hz, 2H),
3.75 (d, J� 13.3 Hz, 2H), 7.20 ± 7.50 ppm (m, 10H); 13C NMR (CDCl3): ��
�1.5, 16.0, 17.4, 20.1, 45.2, 58.6, 126.7, 127.9, 129.4, 139.0 ppm; HRMS calcd
for C21H29NSi 323.2069, found 323.2069; MS (EI�): m/z (%): 323 (8), 308
(5), 250 (15), 232 (70), 91 (100), 73 (42); elemental analysis calcd (%) for
C21H29NSi (323.6): C 77.79, H 8.92; found: C 77.88, H 9.02..


1-(N,N-Dibenzylamino)-2-ethenylcyclopropane (53): According to GP D,
cooled solutions (0 �C) of [MeTi(OiPr)3] (16.10 g, 67.0 mmol) in THF
(20 mL) and N,N-dibenzylformamide (15.1 g, 67.0 mmol) in THF (20 mL)
were added to a solution of butadiene (9.10 g, 168.2 mmol) in anhydrous
THF (150 mL) at �40 �C under nitrogen. Cyclohexylmagnesium bromide
(46 mL, 80.5 mmol, 1.75 � in diethyl ether) was added at �20 �C within
5 min. After 1 h at �20 to �10 �C and stirring at ambient temperature for
12 h, the reaction was quenched with water (50 mL) and worked up as
above. Column chromatography (hexanes) on silica gel gave the title
compound 53 (9.90 g; 56%). 1H NMR (CDCl3): �� 0.81 (m, 1H), 0.96 (m,
1H), 1.50 (m, 1H), 1.99 (m, 1H), 3.80 (d, J� 14.0 Hz, 2H), 3.91 (d, J�
14.0 Hz, 2H), 5.01 (dd, J� 1.7, 17.7 Hz, 1H), 5.03 (dd, J� 1.7, 9.6 Hz, 1H),
5.46 ± 5.60 (m, 1H), 7.25 ± 7.50 ppm (m, 10H); 13C NMR (CDCl3): �� 16.0,
25.5, 45.3, 58.4, 112.3, 126.9, 128.1, 129.5, 138.7, 139.8 ppm; HRMS calcd for
C19H21N 263.1673, found 263.1673; MS (EI�): m/z (%): 263 (9), 234 (5), 172
(48), 91 (100); elemental analysis calcd (%) for C19H21N (263.4): C 86.65, H
8.04; found: C 86.79, H 8.11.


1-(N,N-Dibenzylamino)-2-ethenyl-2-methylcyclopropane (55): According
to GPA, isoprene (54) (0.333 g, 4.89 mmol) gave after 15 h a crude product
that was subjected to radial chromatography (tert-butyl methyl ether/n-
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hexane, 2:98/10:90 gradient) on silica gel to afford the title compound 55 as
a colorless oil (730 mg; 59%). 1H NMR (CDCl3): �� 0.51 (t, J� 4.8 Hz,
1H), 0.81 (dd, J� 4.8, 7.4 Hz, 1H), 1.24 (s, 3H), 1.90 (dd, J� 4.8, 7.4 Hz,
1H), 3.60 (d, J� 13.6 Hz, 2H), 3.66 (d, J� 13.6 Hz, 2H), 4.87 (s, 1H), 4.92
(d, J� 10.4 Hz, 1H), 5.45 (dd, J� 10.4, 17.3 Hz, 1H), 7.25 ± 7.38 ppm (m,
10H); 13C NMR (CDCl3): �� 15.2, 21.5, 26.0, 49.9, 57.8, 109.7, 126.8, 128.0,
129.5, 138.3, 145.6 ppm; HRMS calcd for C20H23N 277.1830, found 277.1830;
MS (EI�): m/z (%): 277 (10), 262 (3), 249 (5), 224 (11), 222 (7), 200 (3), 186
(31), 159 (1), 132 (4), 117 (3), 106 (7), 91 (100); elemental analysis calcd (%)
for C20H23N (277.4): C 86.59, H 8.36; found: C 86.37, H 8.18.


1-(N,N-Dibenzylamino)-2-ethenyl-3,3-dimethylcyclopropane (58): Ac-
cording to GP A, 4-methyl-1,3-pentadiene (57) (0.401 g, 4.88 mmol) gave
after 10 h a crude product that was subjected to radial chromatography
(tert-butyl methyl ether/n-hexane, 2:98/10:90 gradient) on silica gel to
afford 58 as a colorless oil (824 mg; 64%), 1:5.3 mixture of diastereomers
according to 1H NMR. Major diastereomer: 1H NMR (CDCl3): �� 0.99 (s,
3H), 1.09 (s, 3H), 1.14 (dd, J� 4.0, 9.3 Hz, 1H), 1.70 (d, J� 4.0 Hz, 1H),
3.60 (s, 4H), 4.90 (m, 1H), 4.95 (s, 1H), 5.49 (m, 1H), 7.22 ± 7.41 ppm (m,
10H); 13C NMR (CDCl3): �� 20.7, 21.0, 26.5, 35.9, 56.0, 57.9, 114.1, 126.8,
128.0, 129.5, 137.5, 138.3 ppm. Minor diastereomer: 1H NMR (CDCl3): ��
1.07 (s, 6H), 1.39 (dd, J� 7.3, 10.01 Hz, 1H), 1.85 (d, J� 7.3 Hz, 1H), 3.50
(d, J� 13.9 Hz, 2H), 3.68 (d, J� 13.9 Hz, 2H), 5.02 (dd, J� 2.2, 10.3 Hz,
1H), 5.15 (dd, J� 2.2, 17.2 Hz, 1H), 5.91 (dt, J� 10.3, 17.2 Hz, 1H), 7.22 ±
7.41 ppm (m, 10H); 13C NMR (CDCl3): �� 15.1, 24.3, 27.0, 33.5, 52.1, 56.3,
114.7, 126.8, 128.0, 129.6, 135.8, 137.7 ppm; HRMS calcd for C21H25N
291.1986, found 291.1986; MS (EI�) (mixture of diastereomers): m/z (%):
291 (18), 276 (34), 248 (4), 234 (3), 224 (9), 222 (6), 200 (18), 181 (3), 174
(14), 158 (2), 146 (10), 132 (6), 117 (5), 106 (2), 91 (100); elemental analysis
calcd (%) for C21H25N (291.4): C 86.55, H 8.65; found: C 86.78, H 8.49.


1-(N,N-Dibenzylamino)-2-ethenyl-2-(4-methylpent-3-en-1-yl)cyclopro-
pane (62): According to GP A, 0.923 mL of 90% myrcene (61) (0.665 g of
pure 61, 4.88 mmol) gave after 16 h a crude product that was subjected to
radial chromatography (tert-butyl methyl ether/n-hexane, 2:98/10:90 gra-
dient) on silica gel to afford 62 as a colorless oil (783 mg, 51%). 1H NMR
(CDCl3): �� 0.49 (t, J� 5.0 Hz, 1H), 0.91 (bt, J� 5.0 Hz, 1H), 1.62 (s, 3H),
1.73 (s, 3H), 1.81 (dd, J� 5.0, 7.2 Hz, 1H), 1.85 ± 2.05 (m, 2H), 2.05 ± 2.29
(m, 2H), 3.59 (d, J� 13.8 Hz, 2H), 3.66 (d, J� 13.8 Hz, 2H), 4.84 (dd, J�
1.3, 17.3 Hz, 1H), 4.91 (dd, J� 1.3, 10.6 Hz, 1H), 5.17 (m, 1H), 5.65 (dd, J�
10.6, 17.3 Hz, 1H), 7.25 ± 7.35 ppm (m, 10H); 13C NMR (CDCl3): �� 17.7,
19.2, 25.7, 26.7, 29.8, 30.8, 50.9, 57.6, 110.8, 125.0, 126.8, 128.0, 129.5, 131.1,
138.2, 143.5 ppm; HRMS calcd for C25H31N 345.2457, found 345.2456; MS
(EI�): m/z (%): 345 (17), 316 (1), 287 (2), 276 (38), 254 (6), 239 (2), 224 (21),
210 (12), 200 (7), 181 (6), 174 (1), 146 (7), 106 (6), 91 (100); elemental
analysis calcd (%) for C25H31N (345.5): C 86.90, H 9.04; found: C 87.10, H
9.18.


trans-1-(N,N-Dibenzylamino)-2-phenyl-3-(2-phenylethenyl)cyclopropane
(64): According to GP A, 1,4-diphenylbutadiene (63) (2.014 g, 9.76 mmol)
gave after 20 h a crude product that was passed through a plug of silica gel
(tert-butyl methyl ether/n-hexane, 3:7) to afford a mixture of 64 and exo-7-
(N,N-dibenzylamino)bicyclo[4.1.0]heptane (23). The mixture was subjected
to Kugelrohr distillation (110 ± 120 �C/0.01 Torr) which removed 23 to leave
a residue which was washed with small amounts of cold n-hexane to afford
64 (327 mg, 9%) as a colorless solid, which was recrystallized from n-
hexane, m.p. 88 ± 89 �C. (Note: Prolonged heating of the title compound 64
was found to partially isomerize the double bond). 1H NMR (CDCl3): ��
2.09 (dt, J� 3.7, 9.7 Hz, 1H), 2.55 ± 2.65 (m, 2H), 3.84 (d, J� 13.5 Hz, 2H),
4.01 (d, J� 13.5 Hz, 2H), 5.69 (dd, J� 9.7, 15.8 Hz, 1H), 6.29 (d, J�
15.7 Hz, 1H), 7.23 ± 7.48 ppm (m, 20H); 13C NMR (CDCl3): �� 33.3, 33.8,
50.4, 58.1, 125.6, 126.0, 126.6, 126.9, 127.7, 128.1, 128.3, 128.8, 129.3, 129.4,
130.2, 137.6, 137.8, 138.4 ppm; HRMS calcd for C31H29N 415.2299, found
415.2299; MS (EI�) m/z (%): 415 (35), 338 (3), 324 (20), 310 (9), 298 (7), 246
(2), 233 (5), 219 (6), 193 (12), 167 (2), 156 (4), 129 (5), 117 (18), 91 (100).


1-(N,N-Dibenzylamino)-2-ethenyl-3-(2-methylpropenyl)cyclopropane
(66): According to GP A, 6-methyl-1,3,5-heptatriene (65) (0.528 g,
4.88 mmol) gave after 26 h a crude product that was subjected to radial
chromatography (tert-butyl methyl ether/n-hexane, 8:92) on silica gel,
affording a mixture of the title compound 66 (758 mg, 54%) (ratio of
diastereomers 1:1.5:1.5 according 1H NMR) and trace amounts of exo-7-
(N,N-dibenzylamino)bicyclo[4.1.0]heptane (23) as a colorless oil. Two
major diastereomers: 1H NMR (CDCl3): �� 1.29 ± 1.36 (m, 1H), 1.47 (s,
3H), 1.49 ± 1.62 (m, 3H), 1.69 (s, 3H), 1.73 (s, 3H), 1.78 (s, 3H), 2.05 ± 2.11


(m, 2H), 3.48 (d, J� 13.5 Hz, 2H), 3.50 (d, J� 13.7 Hz, 2H), 3.78 (d, J�
13.7 Hz, 2H), 3.81 (d, J� 13.5 Hz, 2H), 4.62 (bd, J� 9.3 Hz, 1H), 4.80 (m,
2H), 5.01 ± 5.23 (m, 2H), 5.30 (bd J� 9.3 Hz, 1H), 5.37 ± 5.52 (m, 1H),
5.93 ± 6.08 (m, 1H), 7.25 ± 7.48 ppm (m, 20H); 13C NMR (CDCl3): �� 18.1,
18.2, 25.5, 25.8, 27.5, 29.3, 32.6, 33.1, 50.1, 50.5, 57.2, 57.3, 112.3, 113.6, 122.3,
124.7, 126.8, 127.97, 128.00, 129.4, 129.5, 131.7, 131.9, 137.2, 138.2, 138.3,
139.1 ppm. Minor, mixture of three: 1H NMR (CDCl3): �� 1.28 ± 1.35 (m,
1H), 1.49 ± 1.62 (m, 1H), 1.55 (s, 3H), 1.71 (s, 3H), 1.91 ± 1.94 (m, 1H), 3.71
(s, 4H), 4.98 (d, J� 16.2 Hz, 1H), 5.01 ± 5.23 (m, 2H), 5.93 ± 6.07 (m, 1H),
7.26 ± 7.42 ppm (m, 10H); 13C NMR (CDCl3): �� 18.2, 25.7, 28.4, 32.6, 51.9,
57.8, 114.5, 121.2, 126.8, 128.0, 129.4, 133.3, 136.5, 138.1 ppm; HRMS calcd
for C23H27N 317.2143, found 317.2143; MS (EI�) (mixture): m/z (%):317
(20), 302 (7), 274 (2), 248 (4), 226 (9), 222 (5), 184 (2), 177 (5), 158 (6), 132
(9), 106 (5), 91 (100).


Debenzylation of 3-benzyl-6-exo-(N,N-dibenzylamino)-3-azabicy-
clo[3.1.0]hexane (10a): 6-exo-amino-3-azabicyclo[3.1.0]hexane (10e):
10% Pd/C (1.06 g, 10 mol%) was added to a stirred solution of 3-benzyl-
6-exo-(dibenzylamino)-3-azabicyclo[3.1.0]hexane (10a) (3.70 g,
10.05 mmol) in methanol (40 mL). Hydrogen was passed through the
suspension for 12 h. The catalyst was removed by using a celite pad, which
was then washed with methanol (50 mL). The combined filtrates were
evaporated at reduced pressure, the residue dissolved in diethyl ether
(50 mL), and dried (KOH). The diethyl ether was removed in vacuo and
the residue subjected to Kugelrohr distillation (110 �C/6 Torr), affording
exo-6-amino-3-azabicyclo[3.1.0]hexane (10e) (0.92 g; 93%) as colorless
crystals. M.p. 50 �C. 1H NMR (CDCl3): �� 1.17 ± 1.19 (bdd, J� 2.1, 3.2,
2H), 1.58 (s, 3H), 1.90 ± 1.91 (bt, J� 2.1, 1H), 2.67 ± 2.72 (m, 2H), 2.84 ppm
(d, J� 11.3, 2H); 13C NMR (CDCl3): �� 26.6, 31.4, 47.8 ppm; MS (CI�):
m/z (%): 197 (100), 116 (84). X-ray crystal structure analysis: see below.[20]


Debenzylation of 3-benzyl-6-exo-(N,N-dibenzylamino)-3-azabicy-
clo[3.1.0]hexane (10a) in the presence of acetic acid: 6-exo-amino-3-
azabicyclo[3.1.0]hexane (10e): Acetic acid (1.5 mL) was added to a stirred
solution of 3-benzyl-6-exo-(dibenzylamino)-3-azabicyclo[3.1.0]hexane
(10a) (4.85 g, 13.16 mmol) in methanol (80 mL). After 10 min 10% Pd/C
(234 mg, 1.7 mol%) was added. Hydrogen was then passed through the
suspension for 20 h. The catalyst was removed by using a celite pad, which
was then washed with methanol (50 mL). The combined filtrates were
evaporated at reduced pressure, the residue dissolved in diethyl ether
(50 mL) and dried with KOH. The diethyl ether was removed in vacuo and
the residue subjected to Kugelrohr distillation (110 �C/6 Torr), affording
exo-6-amino-3-azabicyclo[3.1.0]hexane (10e) (1.20 g; 93%) as a colorless
solid.


Debenzylation of 3-tert-butoxycarbonyl-6-exo-(N,N-dibenzylamino)-3-
azabicyclo[3.1.0]hexane (10d): 3-tert-butoxycarbonyl-6-exo-amino-3-aza-
bicyclo[3.1.0]hexane (10 f): Hydrogen was passed through the mixture of
10% Pd/C (0.50 g, 11 mol%) in MeOH (10 mL) over 1 h, and a solution of
3-tert-butoxycarbonyl-6-exo-(dibenzylamino)-3-azabicyclo[3.1.0]hexane
(10d) (1.56 g, 4.12 mmol) in methanol (15 mL) was added in one portion,
and hydrogen was passed through the stirred suspension for additional
12 h. The catalyst was removed by using a celite pad, which was then
washed with methanol (20 mL). The combined filtrates were evaporated at
reduced pressure affording 10 f as a colorless solid (803 mg, 98%). M.p.
41 �C. 1H NMR (C6D6): �� 1.10 ± 1.25 (bm, 2H), 1.46 (s, 9H), 1.68 (t, J�
2.0 Hz, 1H), 1.71 (bs, 2H), 3.10 (dd, J� 3.7, 10.4 Hz, 1H), 3.25 (dd, J� 3.9,
10.9 Hz, 1H), 3.38 (d, J� 10.5 Hz, 1H), 3.65 ppm (d, J� 10.9 Hz, 1H);
13C NMR (CDCl3): �� 25.4, 26.2, 28.5, 35.5, 48.0, 78.7, 154.2 ppm; HRMS
calcd for C10H18N2O2 198.1368, found 198.1368; MS (CI�): m/z (%): 198 (2),
142 (12), 125 (12), 69 (100), 57 (28); elemental analysis calcd (%) for
C10H18N2O2 (198.3): C 60.58, H 9.15; found: C 59.65, H 9.15. X-ray crystal
structure analysis: see below.[20]


Carried out on larger scale, this hydrogenative debenzylation of 10d
(35.0 g, 92.4 mmol) with Pd/C (10%, Merck Lot S 30499 ± 135) (3.0 g,
2.8 mmol) gave 10 f (18.0 g; 98%).


6-exo-N,N-Dibenzylamino-3-azabicyclo[3.1.0]hexane (10g): A solution of
3-N-tert-butoxycarbonyl-6-exo-N,N-dibenzylamino-3-azabicyclo[3.1.0]hex-
ane (10d) (10 g, 26.4 mmol) in trifluoroacetic acid (20 mL, 261 mmol) was
stirred at ambient temperature for 1 h. The excess trifluoroacetic acid was
evaporated under reduced pressure, and the residue taken up in methanol
(30 mL). Poly-4-vinylpyridine (5.0 g) was added to this solution, and the
mixture was stirred for 1 h. The solution was filtered, and the solvent
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evaporated under reduced pressure to give 10g (7.21 g; 98%) as a light
yellow solid, m.p. 68.0 �C. 1H NMR (300 MHz, CDCl3): �� 1.86 (bs, 2H,
1-H, 5-H), 2.69 (bs, 1H, 6-H), 3.08 (bs, 4H, 2-H, 4-H), 4.21 (s, 4H, benzyl-
H), 7.31 ± 7.43 ppm (m, 10H, aryl-H); 13C NMR (50.3 MHz, CDCl3,
additional APT): �� 22.7 (�), 41.9 (�), 46.6 (�), 60.2 (�), 129.1 (�),
129.9 (�), 130.1 (�), 131.1 (�); MS (EI): m/z (%): 278 (10), 249 (20), 187
(41), 158 (39), 131 (8), 91 (100), 41 (9); elemental analysis calcd (%) for
C19H22N2 (278.2): C 82.09, H 7.98; found: C 82.24, H 7.72.


N-Benzyl-3-isopropylpyrrolidine (18): Isopropylmagnesium chloride
(15.3 mL, 30.2 mmol, 1.96 � in THF) was added within 10 min to a solution
of [Ti(OiPr)4] (3.05 mL, 10.4 mmol) and N-benzyl-3-pyrroline[35] (15a)
(1.50 g, 9.4 mmol) in anhydrous THF (40 mL) under an atmosphere of
nitrogen at ambient temperature. The mixture was heated under reflux for
30 min, and then the reaction was quenched by addition of water (50 mL)
to the hot mixture. Stirring was continued until the precipitate had turned
colorless. The precipitate was removed by filtration and washed with
diethyl ether (2� 30 mL). The combined filtrates were dried (MgSO4) and
concentrated under reduced pressure, giving a residue that was subjected to
flash column chromatography (hexane/EtOAc 10:1) on silica gel to give
four fractions. Fraction I, after Kugelrohr distillation (0.602 g) consisted of
the title compound 18 and N-benzylpyrrole in a ratio of 12.5:1 (according to
1H NMR spectroscopy). Fraction II (0.212 g) was pure 18.[36] Fraction III
(0.127 g) contained 18, N-benzylpyrrolidine,[37] the starting material 15, and
an unidentified compound in a ratio of 9:8:1:2. The total amount of 18 in
these fractions corresponds to a yield of 44%. 1H NMR (CDCl3): �� 0.85
(d, J� 6.6 Hz, 3H), 0.88 (d, J� 6.6 Hz, 3H) 1.40 ± 1.60 (m, 2H), 1.90 ± 2.05
(m, 1H), 2.05 ± 2.15 (m, 2H), 2.35 ± 2.45 (m, 1H), 2.80 ± 3.00 (m, 2H), 3.61
(d, J� 12.7 Hz, 1H), 3.67 (d, J� 12.7 Hz, 1H), 7.25 ± 7.34 ppm (m, 5H);
13C NMR (CDCl3): �� 21.2, 21.3, 29.0, 33.0, 45.4, 54.3, 59.1, 61.0, 126.8,
128.2, 128.8, 139.3 ppm; HRMS calcd for C14H21N 203.1673, found
203.1673; MS (EI�): m/z (%): 203 (75), 188 (4), 175 (2), 160 (8), 132 (16),
126 (32), 112 (43), 106 (3), 91 (100); elemental analysis calcd (%) for
C14H21N (203.3): C 82.69, H 10.42; found: C 82.42, H 10.16.


When the same reaction was carried out with isopropylmagnesium bromide
instead of the chloride, 18 was obtained in 77% yield and in addition
contaminated with a small amount of N-benzylpyrrole (less than 5 mol%)
and N-benzylpyrrolidine (about 20 mol%, according to 1H NMR spectro-
scopy).


1,1�-Bicyclohexyl (71): A solution of cyclohexylmagnesium bromide was
prepared from magnesium turnings (1.20 g, 50 mmol) and cyclohexyl
bromide (8.2 g, 50 mmol) in anhydrous THF (50 mL). According to
titration, this solution was 0.67 �. An aliquot (10 mL) was quenched with
10% aqueous H2SO4 (100 mL), and the mixture was extracted with Et2O
(100 mL), dried over Mg2SO4, and filtered. The combined filtrates were
evaporated under reduced pressure and the residue subjected to Kugelrohr
distillation (40 ± 50 �C/0.05 Torr), affording 71 (0.33 g; 59%) as a colorless
oil. 1H NMR (CDCl3): �� 0.86 ± 1.10 (m, 6H), 1.10 ± 1.36 (m, 6H), 1.58 ±
1.86 ppm (m, 10H); 13C NMR (CDCl3): �� 26.9, 30.2, 43.5 ppm; HRMS
calcd for C12H22 166.1721, found 166.1721; MS (EI�): m/z (%): 166 (15), 104
(7), 91 (15), 83 (96), 81 (31), 67 (28), 55 (84), 41 (100).


Cyclohexyl(N,N-dibenzylamino)methane (76): Benzyl bromide (2.21 mL,
18.6 mmol) was added dropwise over 25 min at 0 ± 5 �C under an
atmosphere of argon to a solution of cyclohexylmethyl)amine (1.00 g,
8.83 mmol) and triethylamine (2.59 mL, 18.6 mmol) in anhydrous dichloro-
methane (20 mL). The mixture was allowed to warm to room temperature
over 24 h, then heated under reflux for 4 h. The solvent was evaporated,
water (20 mL) and tert-butyl methyl ether (20 mL) was added and to the
residue. The organic layer was dried (MgSO4) and concentrated to give a
residue that was subjected to radial chromatography (tert-butyl methyl
ether/n-hexane, 1:9), affording 76 (726 mg; 28%) as a colorless solid which
was recrystallized from n-hexane at �78 �C, m.p. 60 �C (ref. [28] 50 �C).
1H NMR (CDCl3): �� 0.65 ± 0.83 (m, 2H), 0.90 ± 1.30 (m, 3H), 1.50 ± 1.80
(m 4H), 1.80 ± 2.06 (m, 2H), 2.18 (d, J� 7.4 Hz, 2H), 3.50 (s, 4H), 7.13 ±
7.46 ppm (m, 10H); 13C NMR (CDCl3): �� 26.3, 26.9, 31.7, 35.8, 58.9, 60.9,
126.7, 128.1, 128.8, 140.2 ppm; HRMS calcd for C21H27N 293.2143, found:
293.2143); MS (EI�): m/z (%): 293 (6), 210 (100), 200 (3), 181 (11), 118 (4),
106 (3), 91 (85).


Crystal structure determinations : Suitable crystals were grown by slow
cooling of a saturated solution in pentane with a few drops of Et2O (10d),
by evaporation of a methanol solution (10 f), by sublimation (10e), and by


slow concentration of a dilute solution in hexane (28). The data were
collected on a STOE AED2 diffractometer using graphite-monochromated
MoK� radiation. The structure solutions and refinements were performed
with the SHELX program suite (Version 5.10).[20b] All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were located in a
difference Fourier map and refined as riding groups with the 1.2 fold
isotropic displacement parameter of the corresponding C atom. Relevant


parameters of crystal data collections and structure refinements are
presented in Table 4.
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Synthesis of B/Ga and B/In Heteronuclear Bidentate Lewis Acids: Formation
of Intramolecular �-Arene-Gallium(���) and -Indium(���) Complexes


Marcus Schulte and FranÁois P. GabbaÔ*[a]


Abstract: Reaction of 1,8-dilithionaph-
thalene ¥ TMEDA (TMEDA� tetrame-
thylethylenediamine) with dimesitylbor-
on fluoride in diethyl ether followed by
treatment with THF affords the
Li(THF)4 salt of dimesityl-1,8-naphtha-
lenediylborate (1). Compound 1-
Li(THF)4 undergoes a ring-opening re-
action with trimethyltin chloride to af-
ford high yields of 1-(dimesitylboron)-8-
(trimethyltin)naphthalenediyl (2), a
compound in which a boryl and a stannyl
moiety coexist at the peri positions of a
naphthalene core. Compound 2 has been
characterized by multinuclear NMR
spectroscopy, elemental analysis, and


X-ray single-crystal analysis which re-
veal the existence of a sterically crowded
structure. Compound 2 is a useful start-
ing material for the synthesis of other
heteronuclear naphthalene derivatives.
Thus, the transmetalation reaction of 2
with GaCl3 or InCl3 in THF results in
high yields of 1-(dichlorogallium)-8-(di-
mesitylboron)naphthalenediyl (3) and
1-(dichloroindium)-8-(dimesitylboron)-
naphthalenediyl (4), respectively. These
unprecedented boron/gallium and bor-


on/indium heteronuclear bidentate
Lewis acids have been characterized by
multinuclear NMR spectroscopy, ele-
mental analysis, and X-ray single-crystal
analysis. Owing to the presence of a
short contact between the ipso-carbon
atom of a mesityl group and the heavy
Group 13 element (Cipso�Ga 2.279(4) ä
for 3, Cipso�In 2.442(6) ä for 4), com-
pounds 3 and 4 are best described as
intramolecular �-arene complexes and
are the first examples of such complexes.
As shown by 1H and 13C NMR spectro-
scopy, this � interaction subsists in
solution.


Keywords: boron ¥ gallium ¥ indi-
um ¥ Lewis acids ¥ pi interactions


Introduction


With applications in the field of catalysis,[1±6] molecular
recognition,[7±14] and material science,[15, 16] polyfunctional
Lewis acids that incorporate Group 13 elements are becoming
a useful class of compounds. The majority of the derivatives so
far prepared are bifunctional boron[1, 2, 4, 5, 8, 11±13] or alumi-
num[4, 10, 17±20] complexes in which the Group 13 moieties are
linked by a rigid organic backbone. In recent years, however,
polyfunctional Lewis acids that contain gallium or indium at
the active sites of these derivatives have been discov-
ered.[9, 14, 15, 20±24] In the light of these past synthetic achieve-
ments, it is noteworthy that heteronuclear polyfunctional
Lewis acids that involve two different Group 13 elements
have never been prepared. Lessons learned from the chem-
istry of polydendate Lewis bases show that the preparation of
ligands that contain mixed donor atoms allows tuning the


affinity and properties of the ligand.[25] Thus, in an effort to
prepare charge-reverse analogues of such ligands, we have
engaged into a study aimed at the synthesis of bidentate
derivatives in which a boryl unit coexists with a gallium or
indium center.
The sequential introduction of Group 13 elements on an


organic backbone is a nontrivial task. While neutral 1,8-
boron-bridged naphthalene derivatives are known,[26, 27] we
recently reported the synthesis of an anionic example of
such compounds, namely dimesityl-1,8-naphthalendiylborate
(1),[28] and showed that it undergoes ring-opening reactions
with organoboron halides. It occurred to us that similar ring-
opening reactions might take place with other main group
halides thus enabling the preparation of mixed Group 13
bidentate Lewis acids. Herein, we show that the reaction of 1
with trimethyltin chloride yields 1-(dimesitylboron)-8-(trime-
thyltin)naphthalenediyl (2) as a new stannylated naphthalene
derivative,[29] which is converted by transmetalation with
gallium and indium trichloride into 1-(dichlorogallium)-8-
(dimesitylboron)naphthalenediyl (3) and 1-(dichloroindium)-
8-(dimesitylboron)naphthalenediyl (4), respectively. The het-
eronuclear bifunctional Lewis acids 3 and 4 display intra-
molecular � coordination of an aromatic ligand to the heavier
Group 13 element.
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Results and Discussion


Synthesis and properties of dimesityl-1,8-naphthalenediylbo-
rate: The reaction of 1,8-dilithionaphthalene ¥ TMEDA
(TMEDA� tetramethylethylenediamine)[30] with one molar
equivalent of dimesitylboron fluoride in diethyl ether afford-
ed a colorless precipitate which could be converted into the
Li(py)4 and Li(THF)4 salt of dimesityl-1,8-naphthalenediyl-
borate (1) upon treatment with pyridine (py) and THF,
respectively. While we have previously described the synthesis
of 1-Li(THF)4 and 1-Li(py)4,[28] the present procedure is
noteworthy because it involves the more convenient use of
1,8-dilithionaphthalene ¥ TMEDA as a starting material and
affords salts of 1 in higher yields and higher purity.


Ring-opening reaction of dimesityl-1,8-naphthalenediylbo-
rate: synthesis, structure, and reactivity of 1-(dimesitylbor-
on)-8-(trimethyltin)naphthalenediyl: The direct reaction of 1-
Li(THF)4 with gallium or indium trihalides gave rise to
intractable mixtures of products. By contrast, the reaction of
1-Li(THF)4 with one molar equivalent of trimethyltin chlor-
ide in diethyl ether afforded the 1-(dimesitylboron)-8-(trime-
thyltin)naphthalenediyl (2) as a colorless crystalline solid in
85% yield (Scheme 1). Compound 2 is soluble in all common


B
Mes Mes


i)
Mes2B SnMe3


[Li(THF)4]+


2


_


1-Li(THF)4


Scheme 1. Synthesis of compound 2. i) Me3SnCl, Et2O (�LiCl, �4THF).


organic solvents such as pentane, hexane, toluene, diethyl
ether, and THF. It is water-sensitive and undergoes rapid
hydrolysis to afford dimesityl-�-naphthylborane[31] and trime-
thyltin hydroxide (Scheme 2), the identity of which was
inferred from the observation of a single resonance signal in


Mes2B SnMe3
i)


Mes2B H


2


Scheme 2. Hydrolysis of compound 2. i) H2O (�Me3SnOH).


the 119Sn NMR spectrum at �� 113.3 ppm in C6D6.[32] Com-
pound 2 constitutes a new example of a Group 13/Group 14
heteronuclear peri-substituted naphthalene complex. Thus, it
resembles boron–silicon derivatives[33] and gallium± tin de-
rivatives[22] that have been previously reported. Compound 2
crystallizes in the orthorhombic space group P212121 with four
molecules in the unit cell. The molecular structure of 2 is
shown in Figure 1. Unit cell data and refinement details are
listed in Table 1. The structure of 2 presents a number of
features characteristic of sterically hindered peri-substituted
naphthalene derivatives.[34] The B-C(1)-C(9) (129.9(5)�) and
Sn-C(8)-C(9) (133.6(4)�) angles substantially deviate from the


Figure 1. Structure of 2 in the crystal (ORTEP view; 50% ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [ä] and
angles [�]: B�C(1) 1.610(9), B�C(11) 1.565(9), B�C(21) 1.566(8),
C(1)�C(9) 1.453(8), C(8)�C(9) 1.458(9), Sn�C(8) 2.161(6), Sn�C(01)
2.168(8), Sn�C(02) 2.181(6), Sn�C(03) 2.082(8); C(1)-B-C(11) 122.2(5),
C(1)-B-C(21) 115.5(5), C(11)-B-C(21) 121.5(5), B-C(1)-C(2) 111.4(5),
B-C(1)-C(9) 129.9(5), C(1)-C(9)-C(8) 125.1(5), Sn-C(8)-C(7) 108.0(5),
Sn-C(8)-C(9) 133.6(4), C(8)-Sn-C(01) 122.7(3), C(8)-Sn-C(02) 103.9(2),
C(8)-Sn-C(03) 105.4(3), C(01)-Sn-C(02) 100.8(3), C(01)-Sn-C(03) 116.0(3),
C(02)�Sn�C(03) 106.1(3).


ideal value of 120�. The core of the naphthalene backbone is
twisted as reflected by the dihedral angle of 7.8� formed
between the planes defined by C(1)-C(9)-C(8) and C(4)-
C(10)-C(5). The stannyl and boryl moieties are displaced
above and below the plane of the naphthalene backbone by
0.63 and 0.70 ä, respectively. A final structural remark
concerns the orientation of the dimesitylboryl moiety whose


Table 1. Crystallographic data for 2 ± 4.


2 3 4


formula C31H37SnB C28H28Cl2GaB C28H28Cl2InB
Mw [gmol�1] 539.11 515.93 561.03
crystal system orthorombic monoclinic monoclinic
crystal size [mm] 0.22� 0.15� 0.08 0.20� 0.12� 0.10 0.08� 0.05� 0.02
space group P212121 P21/n P21/n
a [ä] 8.341(1) 8.2520(8) 8.1607(7)
b [ä] 9.520(1) 20.037(2) 20.319(2)
c [ä] 33.958(5) 14.949(2) 15.182(1)
� [�] ±98.115(2) 99.111(2)
V [ä3] 2696.6(7) 2447.0(4) 2485.6(4)
Z 4 4 4
�calcd [Mg m�3] 1.328 1.400 1.499
� [mm�1] 0.964 1.357 1.180
F(000) 1112 1064 1136
� range [�] 2.22 to 29.03 2.03 to 25.00 1.69 to 28.30


index ranges � 11� h� 11 � 9�h� 7
� 10�h� 10
� 12�k� 9 � 23� k� 23 � 16� k� 25


� 40� l� 44 � 17� l� 15 � 20� l� 19
reflctions measured 23072 12728 15640
completeness to �max 95.2 99.5 92.9
independent reflns/Rint 6645/0.0821 4280/0.0489 5741/0.0672
parameters 298 289 289
GooF (F2) 0.976 1.030 0.864
R1 (F) [I� 2�(I)] 0.0533 0.0550 0.0492
wR2 (F) [I� 2�(I)] 0.1222 0.1329 0.1025
largest diff. peak/hole [eä�3] 1.124/� 0.656 1.771/� 0.395 1.804/� 0.461
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trigonal coordination plane forms a dihedral angle of 43.4�
with the mean plane of the naphthalene backbone. While
hindered bond rotations could be expected in this sterically
hindered derivative, the 1H and 13C NMR spectra of 2 indicate
that such processes must have a low activation barrier.
Indeed, a single methyl resonance signal is observed for the
trimethylstannyl group. Moreover, the mesityl substituents
are apparently freely rotating and give rise to one aryl-CH
and two methyl resonance signals. Finally, the 11B NMR
spectrum of 2 in C6D6 displays a single signal at �� 67.2 ppm
which compares favorably with those of triarylboranes such as
trimesitylborane (�� 76.8 ppm). The 119Sn NMR spectrum
exhibits a single resonance signal at ���32.4 ppm similar to
that observed in the spectrum of �-trimethylstannylnaphtha-
lene (���31.8 ppm).[35]


Transmetalation of 1-(dimesitylboron)-8-(trimethyltin)naph-
thalenediyl: synthesis and structures of 1-(dichlorogallium)-8-
(dimesitylboron)naphthalenediyl and 1-(dichloroindium)-8-
(dimesitylboron)naphthalenediyl: The reaction of 1-(dimesi-
tylboron)-8-(trimethyltin)naphthalenediyl (2) with one molar
equivalent of gallium trichloride or indium trichloride in THF
afforded the boron ± gallium and boron ± indium heteronu-
clear species 1-(dichlorogallium)-8-(dimesitylboron)naphtha-
lenediyl (3) and 1-(dichloroindium)-8-(dimesitylboron)naph-
thalenediyl (4) as pale yellow crystalline solids in 84 and 94%
yield, respectively (Scheme 3). Both compounds are soluble in


Mes2B SnMe3 Cl2M BMes2
i)


2 3, M=Ga
4, M=In


Scheme 3. Synthesis of compounds 3 and 4. i) MCl3 (M�Ga,In), THF
(�Me3SnCl).


benzene, toluene, and THF but insoluble in diethyl ether and
pentane. Single crystals of 3 and 4 could be obtained from
toluene/pentane solutions at �20 �C and were subjected to an
X-ray analysis. The molecular structures of 3 and 4 are shown
in Figure 2 and Figure 3, respectively. Unit cell data and
refinement details are listed in Table 1. Both compounds
crystallize in the monoclinic space group P21/n with four
molecules in the unit cell and possess very similar structures.
The steric congestion present in 3 and 4 is moderate.While the
and M-C(1)-C(9) angle (121.9(3)� for M�Ga and 121.1(4)�
for M� In) is close to the ideal value of 120�, the B-C(8)-C(9)
angle (127.6(4)� for 3 and 129.9(6)� for 4) undergoes a
noticeable distortion. In comparison to 2, the core of the
naphthalene backbones is only slightly twisted as reflected by
the dihedral angles of 1.4� (for 3) and 1.8� (for 4) formed
between the planes defined by C(1)-C(9)-C(8) and C(4)-
C(10)-C(5). The most interesting feature in the structures of 3
and 4 concerns the presence of an interaction that occurs
between one of the boron mesityl groups and the heavy
Group 13 atom. As shown by the presence of a short
C(21)�Ga distance (2.279(4) ä) in the structure of 3 and
C(21)�In distance (2.442(6) ä) in the structure of 4, this


Figure 2. Structure of 3 in the crystal (ORTEP view; 50% ellipsoids;
hydrogen atoms are omitted for clarity). Selected bond lengths [ä] and
angles [�]: Ga�Cl(1) 2.191(1), Ga�Cl(2) 2.187(1), Ga�C(1) 1.963(4),
Ga�C(21) 2.279(4), C(1)�C(2) 1.362(6), C(1)�C(9) 1.424(6), C(7)�C(8)
1.394(6), C(8)�C(9) 1.442(6), B�C(8) 1.570(6), B�C(11) 1.591(6), B�C(21)
1.613(6); Cl(1)-Ga-Cl(2) 107.58(4), Cl(1)-Ga-C(1) 112.7(1), Cl(1)-Ga-
C(21) 109.6(1), Cl(2)-Ga-C(1) 115.1(1), Cl(2)-Ga-C(21) 110.3(1), C(1)-
Ga-C(21) 101.4(2), Ga-C(1)-C(2) 117.7(3), Ga-C(1)-C(9) 121.9(3), C(1)-
C(9)-C(8) 123.7(4), B-C(8)-C(7) 114.4(4), B-C(8)-C(9) 127.6(4), C(8)-B-
C(11) 118.6(4), C(8)-B-C(21) 125.8(4), C(11)-B-C(21) 115.1(4), Ga-C(21)-
B 97.8(2), Ga-C(21)-C(22) 98.0(2), Ga-C(21)-C(26) 95.0(2), B-C(21)-C(22)
119.8(3), B-C(21)-C(26) 119.6(3), C(22)-C(21)-C(26) 116.2(3).


Figure 3. Structure of 4 in the crystal (ORTEP view; 50% ellipsoids;
hydrogen atoms are omitted for clarity. Selected bond lengths [ä] and
angles [�]: In�Cl(1) 2.347(2), In�Cl(2) 2.368(2), In�C(1) 2.126(6), In�C(21)
2.442(6), C(1)�C(2) 1.352(8), C(1)�C(9) 1.446(8), C(7)�C(8) 1.394(8),
C(8)�C(9) 1.454(8), B�C(8) 1.560(9), B�C(11) 1.597(9), B�C(21) 1.608(9);
Cl(1)-In-Cl(2) 105.71(6), Cl(1)-In-C(1) 116.1(2), Cl(1)-In-C(21) 111.3(2),
Cl(2)-In-C(1) 116.6(2), Cl(2)-In-C(21) 110.3(2), C(1)-In-C(21) 96.5(2), In-
C(1)-C(2) 117.9(5), In-C(1)-C(9) 121.1(4), C(1)-C(9)-C(8) 124.6(5),
B-C(8)-C(7) 112.4(6), B-C(8)-C(9) 129.9(6), C(8)-B-C(11) 118.7(6), C(8)-
B-C(21) 126.1(6), C(11)-B-C(21) 114.8(5), In-C(21)-B 98.4(4), In-C(21)-
C(22) 94.0(4), In-C(21)-C(26) 94.3(4), B-C(21)-C(22) 120.0(5), B-C(21)-
C(26) 121.2(5), C(22)-C(21)-C(26) 116.0(5).


interaction involves the �1 coordination of the ipso-carbon
atom of the mesityl group. In both cases, the M�C(21)
distance is only slightly longer than the C�M � bond of
trimesitylgallium[36] (1.968 ä) and trimesitylindium[37] (2.163-
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2.170 ä) thus indicating the presence of a strong interaction.
This coordination induces a tetrahedralization of the heavy
Group 13 center as shown by the value of the sum of the C(1)-
M-Cl(1), C(1)-M-Cl(2), and Cl(1)-M-Cl(2) angles (�angles�
335.4� for 3 and 338.5� for 4). The coordination geometry at
the boron center is essentially trigonal planar (�angles� 359.5�
for 3 and 359.6� for 4). The boron ± carbon bond involving the
bridging mesityl group (B�C(21) 1.613(6) ä for 3 and
1.608(9) ä for 4) does not appear significantly elongated
when compared to the bond which involves the terminal
mesityl ligand (B�C(11) 1.591(6) ä for 3 and 1.597(9) ä for
4).
While arene complexes of univalent gallium and indium


cations are known,[38] the existence of short �-arene contacts is
unprecedented in the chemistry of gallium(���) and indium(���)
derivatives.[39] To ascertain the nature of the bonding in
compounds 3 and 4, it is instructive to review related
phenomena observed in the chemistry of aluminum(���). First,
triphenylaluminum[40] exists as a dimer wherein a phenyl
ligand adopts a symmetrically bridging situation. Distortions
of the bridging phenyl in this dimer indicate that the four
coordinate carbon atom adopts a non-negligible sp3 character,
as in the case of Wheland intermediates.[41] Yet, another
situation is encountered in the benzene or toluene adducts of
Al(C6F5)3 which are best described as �-arene complexes with
an sp2-hybridized bridging carbon atom.[42] Extending the
bonding encountered in these aluminum complexes to the
case of 3 and 4 leads to the formulation ofA and B as the two
extreme canonical forms (Scheme 4). The M-C(21)-C(24)
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Scheme 4. Canonical forms for compounds 3 and 4 as �-arene complexes
(A) or Wheland intermediates (B).


angles in 3 (100.7�) and 4 (97.1�) are close to that expected for
A suggesting that they are best described as intramolecular �-
arene complexes. Metrical parameters within the mesityl
substituents confirm this view as the bridging mesityl ligand is
only moderately distorted as shown by the value of the C(26)-
C(21)-C(22) angle (116.2(3)� for 3 and 116.0(5)� for 4) which
is only slightly smaller than the C(16)-C(11)-C(12) angle
(117.9(4)� for 3 and 118.3(6)� for 4). In accordance with this
observation, the C(21)�C(22) and C(21)�C(26) distances of
1.453(6) and 1.447(5) ä for 3 and 1.449(8) and 1.460(8) ä for 4
are only slightly elongated when compared to the
C(11)�C(12) and C(11)�C(16) distances (1.427(5) and
1.413(5) ä for 3 ; 1.417(8) and 1.406(8) ä for 4) found in the
terminal mesityl group.
As in the case of 2, the 11B NMR spectra of 3 and 4 in C6D6


display single signals at �� 70.8 and �� 70.5 ppm, respec-
tively. The 1H and 13C NMR spectra in C6D6, which reveal the
existence of chemically distinct mesityl groups indicate that


the structure observed in the crystalline form of 3 and 4
subsists in solution. Each mesityl group adopts a non-freely
rotating structure and gives rise to two aryl-CH and three
methyl resonance signals. The 13C NMR spectrum of 3 and 4
exhibit a resonance (�� 120.0 ppm for 3 and 125.2 ppm for 4)
which appears at the high field end of the aromatic region and
which can be assigned to the mesityl ipso-carbon atom
coordinated to the heavy Group 13 element. For reference,
the resonance for the mesityl ipso-carbon atom of trimes-
itylboron in C6D6 is observed at �� 144.8 ppm. As shown by
variable-temperature 1H NMR experiments for 3 and 4 in
[D10]o-xylene, elevation of the temperature to 130 �C does not
lead to coalescence of any of the signals thus indicating the
robustness and rigidity of the structure.


Conclusion


While it has been established previously that the ring-opening
reactions of 1 can serve for the synthesis of unsymmetrically
substituted diboranes, the synthesis of 2 demonstrates that
such reactions can also be used for the preparation of
heteronuclear peri-substituted naphthalene complexes. Com-
pound 2 is a useful starting material that undergoes remark-
ably smooth transmetalation reactions with heavy Group 13
halides. These reactions proceed by elimination of Me3SnCl
and produce high yields of the B/Ga and B/In heteronuclear
bidentate Lewis acids 3 and 4. The structures of the latter
reveal the existence of an intramolecular � complexation of
the heavier Group 13 elements by one of the mesityl
substituent. The 13C NMR spectrum of these compounds
corroborates this conclusion and indicates that this interaction
is robust enough to subsist in solution. Interestingly, these are
the first examples of gallium(���) and indium(���) �-arene
complexes.


Experimental Section


General methods : All experiments were carried out under a dry inert
atmosphere of N2 using standard Schlenk technique or a glove box (Unilab,
M. Braun). The solvents were purified by distillation from appropriate
drying agents under N2. Dimesitylboron fluoride, trimethyltin chloride,
gallium trichloride, and indium trichloride were purchased from Aldrich
and used without further purification. 1,8-Dilithionaphthalene ¥ TMEDA
was prepared according to a published procedure.[30] The microanalyses
were performed by Atlantic Microlab, Norcross, GA. The melting points
were measured on samples in sealed capillaries and are uncorrected.


NMR spectroscopy: NMR spectra were recorded on a Varian Unity Inova
400 FT NMR spectrometer (399.67 MHz for 1H; 128.23 MHz for 11B,
100.50 MHz for 13C, 149.04 MHz for 119Sn) by using internal deuterium
lock. Chemical shifts � are given in ppm, and are referenced against
external Me4Si (H, 13C), BF3 ¥ Et2O (11B), and Me4Sn (119Sn).


Crystallography : Crystals of 1-(dimesitylboron)-8-(trimethyltin)naphtha-
lenediyl (2) were grown from a pentane solution at �20 �C, and of
1-(dichlorogallium)-8-(dimesitylboron)naphthalenediyl (3) and 1-(dichlor-
oindium)-8-(dimesitylboron)naphthalenediyl (4) from toluene/pentane
solutions at �20 �C, respectively. Due to the reactive nature of the
compounds, the crystals were handled under a blanket of dry mineral oil
during mounting. The crystals selected for data collection were mounted on
a glass fiber with apiezon grease, and rapidly transferred into the cold N2


stream of the low-temperature accessory. Intensity data for the crystals
were collected on a Siemens SMART CCD diffractometer by using
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graphite-monochromated MoK� radiation (�� 0.71073 ä) and 0.3�-wide 	


scans with a crystal to detector distance of 5.0 cm. The structures were
solved by direct methods[43] and refined by full-matrix least-squares against
F2.[44] Crystallographic data are given in Table 1. CCDC-178273 (2), CCDC-
178274 (3), and CCDC-178275 (4) contain the supplementary data
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).


Dimesityl-1,8-naphthalenediylborate (1): A solution of dimesitylboron
fluoride (1.05 g, 3.90 mmol) in diethyl ether (10 mL) was added dropwise to
a solution of 1,8-dilithionaphthalene ¥ TMEDA (1.00 g, 3.90 mmol) in
diethyl ether (25 mL) at �78 �C, and the resulting mixture was stirred at
�78 �C for 2 h and at room temperature for 15 h. The precipitate was
filtered off, washed with diethyl ether (2� 5 mL), and dried in vacuo.
Subsequent treatment with THF, followed by recrystallization afforded 1-
Li(THF)4 (1.70 g, 2.54 mmol, 65%).[28]


1-(Dimesitylboron)-8-(trimethyltin)naphthalenediyl (2): A solution of
trimethyltin chloride (0.24 g, 1.19 mmol) in diethyl ether (5 mL) was added
to a suspension of 1-Li(THF)4 (0.80 g, 1.19 mmol) in diethyl ether (5 mL) at
�20 �C, and the resulting reaction mixture stirred at room temperature for
15 h. The solvent was evaporated in vacuo and the residue extracted with
pentane (3� 5 mL). The solvent was again evaporated in vacuo and the
residue washed with cold pentane (1 mL) and dried under vacuum yielding
2 (0.55 g, 1.02 mmol, 85%) as a colorless solid. M.p. 183–184 �C; 1H NMR
(399.67 MHz, C6D6, 25�C, TMS): �� 0.16 (s, 1J(13C,H)� 129 Hz, 2J(117/
119Sn,H)� 52/54 Hz, 9H; Sn(CH3)3), 1.88 (s, 12H; o-CH3), 2.15 (s, 6H; p-
CH3), 6.72 (s, 1J(13C,H)� 155 Hz, 4H; m-H), 7.12 (dd, 3J(H,H)� 8� 7 Hz,
1H; H-3), 7.27 (dd, 3J(H,H)� 8� 7 Hz, 4J(117/119Sn,H)� 6 Hz, 1H; H-6),
7.61 (dd, 3J(H,H)� 8 Hz, 4J(H,H)� 2 Hz, 5J(117/119Sn,H)� 6 Hz, 1H; H-5),
7.67 (dd, 3J(H,H)� 8 Hz, 4J(H,H)� 2 Hz, 5J(117/119Sn,H)� 9 Hz, 1H; H-4),
7.75 (dd, 3J(H,H)� 7 Hz, 4J(H,H)� 2 Hz, 3J(117/119Sn,H)� 56/58 Hz, 1H;
H-7), 8.03 ppm (dd, 3J(H,H)� 7 Hz, 4J(H,H)� 2 Hz, 1H; H-2); 13C{1H}
NMR (100.50 MHz, C6D6, 25 �C, TMS): ���3.89 (1J(117/119Sn,13C)� 329/
345 Hz; Sn(CH3)3), 21.24 (p-CH3), 24.75 (o-CH3), 125.14 (3J(117/119Sn,13C)�
53 Hz; C-6), 125.63 (C-2), 129.98 (mesityl m-C), 130.67 (4J(117/119Sn,13C)�
13 Hz; C-5), 135.00 (3J(117/119Sn,13C)� 41 Hz; C-10), 135.44 (4J(117/
119Sn,13C)� 6 Hz; C-4), 139.25 (2J(117/119Sn,13C)� 29 Hz; C-7), 139.65 (me-
sityl p-C), 139.69 (C-3), 143.04 (mesityl o-C), 143.45 (mesityl i-C), 144.79
(1J(117/119Sn,13C)� 478/500 Hz; C-8), 144.89 (4J(117/119Sn,13C)� 37 Hz; C-9),
151.82 ppm (C-1); 11B{1H} NMR (128.23 MHz, C6D6, 25 �C, BF3 ¥ Et2O):
�� 67.2 ppm; 119Sn{1H} NMR (149.04 MHz, C6D6, 25 �C, SnMe4): ���32.4
(1J(13C-8,119Sn)� 500 Hz, 1J(13CH3,119Sn)� 347 Hz); elemental analysis
calcd (%) for C31H37SnB (539.15): C 69.06, H 6.92; found: C 68.97, H 6.87.


1-(Dichlorogallium)-8-(dimesitylboron)naphthalenediyl (3): A solution of
gallium trichloride (0.10 g, 0.56 mmol) in THF (2 mL) was added to a
solution of 2 (0.30 g, 0.56 mmol) in THF (3 mL) at�20 �C and the resulting
mixture was stirred at room temperature for 12 h. The solvent was
evaporated in vacuo, the residue washed with pentane (3� 3 mL), and
dried in vacuo yielding 3 (0.24 g, 0.47 mmol, 84%) as a pale yellow solid.
M.p. 205 �C (decomp); 1H NMR (399.67 MHz, C6D6, 25 �C, TMS): �� 1.39
(s, 3H; CH3), 1.66 (s, 3H; CH3), 1.96 (s, 3H; CH3), 2.16 (s, 3H; CH3), 2.27 (s,
3H; CH3), 2.27 (s, 3H; CH3), 6.58 (s, 1H; m-H), 6.62 (s, 1H; m-H), 6.64 (s,
1H; m-H), 6.73 (s, 1H; m-H), 7.08 (dd, 3J(H,H)� 8� 7 Hz, 1H; Hnaph), 7.24
(dd, 3J(H,H)� 8� 7 Hz, 1H; Hnaph), 7.58 (dd, 3J(H,H)� 8 Hz, 4J(H,H)�
2 Hz, 1H; Hnaph), 7.68 (dd, 3J(H,H)� 8 Hz, 4J(H,H)� 1 Hz, 1H; Hnaph), 7.83
(dd, 3J(H,H)� 7 Hz, 4J(H,H)� 1 Hz, 1H; Hnaph), 8.03 (dd, 3J(H,H)� 7 Hz,
4J(H,H)� 2 Hz, 1H; Hnaph); 13C{1H} NMR (100.50 MHz, C6D6, 25 �C,
TMS): �� 21.26 (CH3), 21.45 (CH3), 21.85 (CH3), 24.63 (CH3), 24.99 (CH3),
27.78 (CH3), 120.01 (mesityl i-C ¥¥¥Ga), 125.93, 126.92, 127.62, 129.36,
130.90, 133.43, 134.11, 134.81, 136.35, 136.83, 138.70, 139.33, 140.71, 141.29,
141.53, 141.84, 144.44, 145.56, 154.02, 155.16, 161.31 (all Carom); 11B{1H}
NMR (128.23 MHz, C6D6, 25�C, BF3 ¥ Et2O): �� 70.8; elemental analysis
calcd (%) for C28H28Cl2GaB (515.97): C 65.18, H 5.47; found: C 65.00, H
5.60.
1-(Dichloroindium)-8-(dimesitylboron)naphthalenediyl (4): A solution of
indium trichloride (0.12 g, 0.56 mmol) in THF (2 mL) was added to a
solution of 2 (0.30 g, 0.56 mmol) in THF (3 mL) at�20 �C and the resulting
mixture stirred at room temperature for 12 h. The solvent was evaporated
in vacuo, the residue washed with pentane (3� 3 mL), and dried in vacuo
yielding 4 (0.29 mg, 0.52 mmol, 94%) as a pale yellow solid. M.p. 200 �C


(decomp); 1H NMR (399.67 MHz, C6D6, 25 �C, TMS): �� 1.48 (s, 3H;
CH3), 1.63 (s, 3H; CH3), 2.02 (s, 3H; CH3), 2.14 (s, 3H; CH3), 2.16 (s, 3H;
CH3), 2.24 (s, 3H; CH3), 6.62 (s, 1H; m-H), 6.65 (s, 2H; m-H), 6.67 (s, 1H;
m-H), 7.03 (dd, 3J(H,H)� 11� 9 Hz, 1H; Hnaph), 7.13 (dd, 3J(H,H)� 10�
9 Hz, 1H; Hnaph), 7.54 (m, 2H; Hnaph), 7.62 (dd, 3J(H,H)� 11 Hz, 4J(H,H)�
2 Hz, 1H; Hnaph), 7.75 (dd, 3J(H,H)� 10 Hz, 4J(H,H)� 2 Hz, 1H; Hnaph);
13C{1H} NMR (100.50 MHz, C6D6, 25 �C, TMS): �� 21.27 (CH3), 21.66
(CH3), 21.76 (CH3), 24.14 (CH3), 24.71 (CH3), 27.08 (CH3), 125.22 (mesityl
i-C ¥ ¥ ¥ In), 125.95, 126.94, 127.62, 129.47, 131.12, 134.02, 134.29, 135.40,
135.96, 138.55, 138.79, 138.99, 139.60, 139.88, 141.38, 142.47, 145.26, 147.58,
149.81, 151.84, 152.72 (all Carom); 11B{1H} NMR (128.23 MHz, C6D6, 25 �C,
BF3 ¥ Et2O): �� 70.5; elemental analysis calcd (%) for C28H28Cl2InB
(561.05): C 59.94, H 5.03; found: C 59.58, H 5.07.
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Fluorescence of Dyes Adsorbed on Highly Organized, Nanostructured
Gold Surfaces


Stefano A. Levi,[a, c] Ahmed Mourran,[b] Joachim P. Spatz,[b, d] Frank C. J. M. van Veggel,[a]
David N. Reinhoudt,*[a] and Martin Mˆller*[b]


Abstract: It is shown that fluorescent dyes can be adsorbed selectively on gold
nanoparticles which are immobilized on a glass substrate and that the fluorescence
originating from the adsorbed dyes exhibits significantly less quenching when
compared to dyes adsorbed on bulk gold. Self-assembled monolayers of lissamine
sulfide molecules have been studied both on bulk gold and on glass surfaces bearing
gold nanoparticles. Gold nanoparticles have been arranged in ordered, two-
dimensional patterns, with periodicity in the �m range and used as substrate for
the fluorescent dyes. Optical resolution of the fluorescence originating from the
pattern has been achieved with laser-scanning confocal microscopy.
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Introduction


Important challenges in the rapidly expanding field of nano-
technology with respect to applications, such as devices for
high-density data storage (HDDS)[1] and highly sensitive
bioanalytical methods, for example, lab on a chip.[2] Common
to both applications is the focus on low detection limits and
the confinement in space to the nanometer scale. Analytical
and bioanalytical methods[3] gain primarily from increasing
sensitivity and selectivity of the detection methods and on
simplifying the procedures by eliminating intermediate sam-
pling steps and avoiding the use of radioactive probes or other
types of hazardous reagents.[4, 5] Nowadays, the detection
limits are pushed to the single-molecule scale. Single-mole-
cule spectroscopy can probe organic and biomolecules and


provide information on their structure and function that is
difficult and sometimes impossible to obtain by conventional
techniques.[6±8] High-density data storage methods focus on
addressing materials at the nanometer level and therefore also
deal with very low detection limits.[9] Moreover, the engineer-
ing of HDDS systems requires the nanometer confinement of
functional units in space. Research is therefore pushed to
observe, address, and ultimately manipulate individual mol-
ecules. Three fundamental requirements are necessary to
achieve this: 1) the presence of an addressable function at a
molecular level (e.g., optically switchable systems based on
fluorescence);[10±13] 2) immobilization of suitable molecules on
a surface (e.g., by self-assembly processes);[14] and 3) confine-
ment of this function in a two- or three-dimensional matrix
(e.g., by patterning with Au nanoparticles).[15, 16]


Of the diverse optically based detection methods, only few
refer to fluorescence in combination with metal layers. The
reason for this is due to the presence of a radiationless energy
transfer (quenching of fluorescence) from the dye to the
surface that arises if fluorescent dyes are placed in close
proximity to metallic surfaces.[17] The quenching strongly
depends on the distance between the dye molecule and the
surface. For distances �50 nm from a continuous metal
surface, it is known that the quenching efficiency increases
with the power of six of the metal ± dye distance.[17±19]


However, some authors have reported fluorescence measure-
ments of dyes directly adsorbed onto a polycrystalline gold
layer,[20] but the fluorescent signal is weak and advanced
detection techniques with modified geometries in the exper-
imental setup are needed to increase the detection sensitiv-
ity.[3, 21, 22] Others have extensively studied the surface en-
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hanced fluorescence in combination with nanostructured
metal surfaces, in particular with Ag nanoparticles.[17, 23, 24]


The use of nanostructured surfaces offers an alternative,
since their electronic properties are remarkably different
from the corresponding bulk materials.[25] At small sizes,
(much smaller than the wavelength of light) metallic nano-
particles can be penetrated by electromagnetic waves; this
induces a separation of charges and consequently a coherent
oscillation (particle plasmons).[26] This results in an enhance-
ment of the electromagnetic field and, therefore, in a different
behavior of fluorescent molecules in close vicinity of the
metal nanoparticles.[27] Examples of applications of this
phenomenon can be found in detection methods such as
surface-enhanced raman scattering (SERS), and surface-
enhanced fluorescence (SEF). However, these techniques
used in combination with metal nanoparticles have yet to be
fully explored.[28±32]


Here, we describe fluorescence studies of a xanthene-based
dye molecule that selectively binds to gold on different types
of substrates. In the first part of this paper the synthesis of the
fluorescent probe; its behavior on bulk gold is described and
compared to the case of gold nanoparticles. In the second part
the morphology of the gold was changed from continuous
bulk films to 10 nm gold particles that were arranged in an
ordered nanopattern by means of self-assembly of diblock-
copolymers and surface-topology-controlled dewetting. The
fluorescence originated from the dye molecules adsorbed on
substrates with a high degree of order could be resolved by
using laser-scanning confocal microscopy (LSCM).


Results and Discussion


Lissamine (rhodamine B sulfonyl chloride p-isomer) was
chosen as the probe for the experiments described in this
article because of its high quantum efficiency (�� 0.99) and
its easy functionalization. Reaction of 1 with 2 in dry
dichloromethane, in presence of an excess of triethylamine,
gave lissamine sulfide 3, a pink highly fluorescent solid
(Scheme 1).


Scheme 1. Synthesis route for the preparation of lissamine sulfide
adsorbate 3 from lissamine and sulfide 2.


The sulfide functionalization accounts for a selective bind-
ing of the molecule to gold surfaces, whereas the alkyl chain
(11 carbon atoms) keeps the chromophore, and, therefore, the
fluorescently active part of 3 at a constant distance of �2 nm
from the Au substrate.


To investigate whether the fluorescence intensity of 3
bound to gold is affected by breaking up a continuous gold
film into particles, the fluorescence was studied across the
borderline of a 20 nm thick layer of Au that was evaporated
on glass. A large area of the glass substrate was screened by a
shadow mask in contact with the substrate preventing
deposition of the gold only on part of the sample. At the
borderline between the gold evaporated area and the bare
glass, the gold film thinned before it finally broke up as shown
by the scanning force microscopy image in Figure 1. A region
of approximately 8 �m width was formed in which the glass
substrate presents sputtered nanoparticles with diameters
ranging from 2 to 5 nm.


Figure 1. a) Preparation of a evaporated gold substrate by the shadow-
mask technique; thickness of the homogeneous Au layer is 20 nm.
b) Evaporation of Au through a shadow-mask produces a borderline with
a gradient in the gold thickness and a region of �5 �m, covered by gold
nanoparticles with size ranging from 2 to 5 nm.


To improve the adherence of the gold to the glass, some
samples were prepared with a 3 nm thick Ti layer evaporated
on the whole glass substrate before deposition of the gold
layer (Figure 1).


Immersion of the substrate in the lissamine sulfide solution
lead to selective adsorption of 3. LSCM images were
recorded, and the intensity of fluorescence was measured
across the borderline exposing gold nanoparticles (Figure 2).
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Figure 2. Top: laser scanning confocal fluorescence image of a sample
exposing titanium (left area), gold nanoparticles (central area) and bulk
gold (right area). The dark spot surrounded by a dark rectangular area
shows the bleaching effect of the scanning laser. Bottom: fluorescence
intensity cross-sections along lines a and b.


The avalanche photodiode (APD) detector did not show
any fluorescence intensity for the section covered by a
continuous layer of gold. This was expected because of the
radiationless energy transfer to the metal. On the TiO2-
protected glass a weak fluorescence signal could be detected
due to physisorption of the fluorophores on the polar surface.
Most remarkable, however, was the presence of fluorescence
at the borderline of the continuous gold film.


The increased fluorescence intensity at the transition zone
indicates reduced fluorescence quenching of dye molecules
bound to nanometer-size gold particles.


To study this phenomenon further, a glass substrate was
designed bearing gold nanoparticles arranged in a highly
ordered hexagonal pattern. The size and arrangement of Au
nanoparticles on a flat substrate was controlled by using
micelles of polystyrene-block-poly(2-vinylpyridine) in tol-
uene to deposit the gold clusters. The diblockcopolymer used
here consisted of 1700 styrene units linked to a block of 450
2-vinylpyridine units, PS1700-block-P2VP450. By treating the
micelle solution with solid HAuCl4, the poly(2-vinylpyridine)
core was loaded with a defined number of Au ions. AuCl4�


ions are complexed to the protonated pyridine units and,
therefore, are confined in the center of the micelle.[33]


Addition of a reducing agent (e.g., hydrazine) yielded a single
gold particle in each micelle. A monofilm of the gold-loaded
micelles can be obtained by spin coating or dip coating on
suitable substrate (e.g., glass, mica, and silicon). Etching with
oxygen plasma allowed the removal of the polymer and
yielded isolated gold nanoparticles arranged on the surface in
an hexagonal pattern (Figure 3).[15, 34]


500 nm


Figure 3. Tapping mode AFM image of a glass substrate decorated with
12 nm gold nanoparticles. Interparticle distance: �80 nm.


Our major concern in this work was the ability to resolve
the fluorescence that originated from molecules adsorbed on
individual nanoparticles, which are fixed on a solid substrate.
By using the diblock-copolymer strategy, the maximum lateral
distances between nanoparticles (140 ± 150 nm) were not
resolved by confocal or standard optical microcopies. For an
easy investigation by optical methods, the nanoparticles have
to be separated by distances comparable with the wavelength
of light employed for detection (�500 nm). To achieve
separation in the �m range, Au-loaded micelles were depos-
ited on a pre-structured substrate.[35] Meniscus forces that
develop upon evaporation of the solvent at the steps in the
surface structure account for the alignment of the particles in
a microscopic pattern (Figure 4).


Figure 4. Positioning of block-copolymer micelles against obstacles by the
action of capillary forces.


In the present study, the so-called breath-figure technique
was used to pattern the substrate.[36, 37]


Thin polymer films patterned with hexagonally ordered
holes were prepared simply by casting a solution of a fluoro
ester derivative of polymethacrylate under a humid atmos-
phere onto a glass plate. Evaporation of the solvent induced
condensation of small water droplets, which packed in regular
order. As the solvent evaporated, the polymer vitrified and
the condensation pattern was quenched. After evaporation
of the water holes remained where the droplets had been.
A statistical copolymer of equimolar composition of
methyl methacrylate and a methacrylate derivative with a
trimeric hexafluoropropyleneoxyde substituent, poly[MMA-
co-MA(HFPO3)] in combination with a nonpolar, low boiling-
point solvent (1,1,2-trichlorofluoroethane), ensured quick
evaporation and efficient stabilization of the water droplets.


When a very dilute solution of the diblock-copolymer
micelles, previously loaded with gold, was cast on such
honeycomb-like substrates, the micelles were positioned
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along the walls of the template. This was caused by the effect
of capillary forces in combination with the moving contact
line during the evaporation of the solvent.[36, 37] Figure 5a
shows a transmission electron microscopy (TEM) image of


Figure 5. a) TEM image of micelles cast on a breath figure polymer
template.[36] b) Tapping mode AFM image of gold nanoparticles in a
honeycomb-like arrangement.


such a breath figure, which was generated on a carbon-coated
TEM grid, and on which AuCl4�-loaded micelles were cast. In
this particular case, a wall of 100 ± 200 nm width separates
cavities that have diameters in the micrometer range. The
gold particles, still enclosed in the polymer micelle and
aligned along the circular rim, can be identified clearly. From
atomic force microscopy (AFM) the height of the walls was
determined to be around 200 nm.


Upon plasma etching the relative position of the gold
nanoparticles remains unaffected. After removal of all
organic material, an AFM investigation confirmed the
presence of 10 nm-size gold nanoparticles with a honey-
comb-like structure arrangement (Figure 5b).


When such a substrate was treated by a solution of
lissamine sulfide 3 in ethanol at 60 �C, 3 adsorbed preferen-
tially to the Au nanoparticles. Most of the nonspecifically
physisorbed material could easily be removed by rinsing with
organic solvents.


Figure 6 shows a LSCM fluorescence image of a glass
substrate bearing gold nanoparticles in a honeycomb-like
arrangement that were functionalized with the fluorescent
dye 3. The fluorescence pattern detected clearly corresponds
to the honeycomb structures as depicted in Figure 5a.


To prove once more that the photons emitted were
effectively due to fluorescence, a larger area was visualized,
uncovering the bleaching effect caused by the prolonged
scanning of the exciting laser beam (Figure 7).


Figure 6. LCSM fluorescence image of a sample bearing nanoparticles
with honeycomb-like arrangement covered with a monolayer of dye 3.


Figure 7. Lower magnification of sample in Figure 6. The dark squares
correspond to areas where the fluorophore was bleached by the scanning
laser.


When a sample with bare Au was imaged by LSCM for
comparison, no fluorescent signal nor the hexagonal pattern
could be monitored, demonstrating indeed that scattering and
Raman effects could be neglected.


As a final experiment, a second type of sample was
prepared. The cavities formed by the condensation pattern
were completely filled with micelles by spin-coating with an
AuCl4�-loaded micelle solution of a higher concentration.
After plasma etching the substrate was decorated by gold
nanoparticles arranged in circular areas (Figure 8). The
confocal micrograph in Figure 9a shows that fluorescence is
observed in the areas covered by the gold particles. At lower
magnification the same sample displays the bleaching effect of
the laser on previous scans (Figure 9b) proving that the light
emitted from the sample is in fact due to fluorescence.


Conclusion


In summary, we have shown that chemisorption of a
fluorescent dye to nanometer-sized gold particles does not
fully quench the fluorescence and a recovery of the emitted
light is observed. The approach described in this article allows
the two-dimensional organization of nanometer-size gold
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Figure 8. a) and b) Tapping mode AFM height image of filled breath
figures at two different magnifications. The micelles uniformly cover the
bottom of the breath figure template and are subsequently reduced to
nanoparticles by plasma treatment.


Figure 9. a) Honeycomb morphology of fluorescence on nanostructured
substrates. b) The darker spots visible on the image and the dark rectangle
show bleaching of adsorbed molecules due to previous scans.


particles on solid supports exploiting capillary forces on
prestructured templates. Standard optical techniques can be
used and no modified geometries in the setup are needed to
detect fluorescence of dyes adsorbed on such structures. We
see this approach as a valuable tool for the development of
new concepts for HDDS devices and highly sensitive bio-
analytical methods.


Experimental Section


Melting points : Melting points were determined with a Reichert melting-
point apparatus and are uncorrected.


Chromatographic separations : Chromatographic separations were per-
formed on silica gel 60 (Merck, 0.040 ± 0.063 mm, 230 ± 240 mesh). 1H and
13C spectra were recorded in CDCl3 on a Varian Inova NMR spectrometer,
operating at 300 and 75.5 MHz for 1H and 13C, respectively. Chemical shifts
are given in ppm relative to tetramethylsilane (TMS). Fast atom bombard-
ment mass spectra (FAB-MS) were measured on a Finnigan MAT 90
spectrometer with m-nitrobenzyl alcohol (NBA) as a matrix. Fluorescence
spectra : Fluorescence spectra in solution were recorded on a SLM-
AMINCO SPF-500TM Spectrofluorometer with NOZON¾.


Scanning force microscopy (SFM): SFM investigations were performed
with a Nanoscope III (Digital Instruments, Santa Barbara, California,
USA) operating in the tapping or contact mode. The oscillation frequency
for the tapping mode was set in the window 320 ± 360 kHz depending
on the Si cantilever (k� 50 Nm�1, Nanosensors). Si3N4 cantilevers
(k� 0.06 Nm�1, Nanosensors) were used for contact mode imaging.


Laser scanning confocal microscopy : Fluorescence microscopy images
were recorded with a �-SNOM (Witech GmbH, Germany) configured with
an APD photon counter (EG&G Canada) type SPCM-ARQ-14-FC. The
excitation source used was a Ne-YAG laser at 532 nm. A Super-Notch and
an interference filter were used to isolate the fluorescence emission from
the excitation wavelength. Light was coupled to the microscope with a
50 �m multimode optical fiber. Two different lenses were used: a Plan-
Neofluor 63� with 1.25 NA, � /0.7 corrected oil immersion lens and an
Olympus LCPLAN FL 60� , 0.7 NA air lens. All images were recorded at
room temperature, by using excitation laser powers ranging from 30 to
150 �W.


Transmission electron microscopy (TEM): Micrographs were recorded
with a CM200 FEG (charge separartion correction).[38] The samples were
prepared by casting a solution directly on a carbon-coated copper grid.
Excess solution was removed by a soaking tissue so that only a very thin
liquid film remained to evaporate.


Materials : All chemicals were purchased by Aldrich and Molecular Probes
and purified according to laboratory procedures.[39] Rhodamine B p-
sulfonyl chloride was isolated from the ortho/para isomers mixture
(Molecular Probes, Oregon USA) by column chromatography (Silica 60
mesh, CH2Cl2/CH3OH, 9:1). High-purity solvents were purchased by
Merck and used as received, unless otherwise stated. Syntheses were
carried out under argon atmosphere. Tetrachloroauric acid (Fluka, purum),
palladium acetate [Pd(OAc)2] (Degussa), and potassium trichloroethylene
platinate(��) (Aldrich) were used as received. Toluene (Merck, p.A.) was
freshly distilled over sodium/benzophenone, tetrahydrofuran (THF)
(Merck, p.A.) from potassium. Blockcopolymers were obtained as de-
scribed before.[40, 41] The diblock copolymer used here, PS1700-block-
P2VP450, had a polstyrene block of 1700 units linked to a block of 450
2-vinylpyridine units with a polydispersity of Mw/Mn� 1.13. Anhydrous
hydrazine was prepared by thermolysis of hydrazine cyanurate on a high-
vacuum line according to literature procedures.[42] The temperature was
raised to 200 �C and the evolving hydrazine was distilled into an ampule,
equipped with a poly(tetrafluoroethylene) (PTFE) valve, and stored in the
nitrogen-filled glove box before use.


Synthesis of 1-(11-undecyldecylthio)amine 2 : Compound 2 was prepared
via the phthalimide derivative, starting from 1-(11-undecyldecylthio)bro-
mide previously prepared in our group.[43]


Synthesis of lissamine sulfide 1: Lissamine p-Rhodamine B sulfonyl
chloride (0.250 g, 0.43 mmol) and 1-(11-undecyldecylthio)amine (148 mg,
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0.43 mmol) were dissolved in dry CH2Cl2 (100 mL). Subsequently triethyl-
amine (1 mL) was added. The reaction mixture was then stirred overnight
at room temperature. After cooling the solvent was evaporated under
reduced pressure and redissolved in dichloromethane, washed with HCl
(1�, 300 mL), 1� NaHCO3 (1�, 300 mL) and brine (300 mL), respectively.
Purification by chromatography column (Silica gel, 60 mesh, CH2Cl2/
MeOH 9:1) gave a dark pink solid (285 mg, 74.9%). M.p. 142 ± 143 �C;
1H NMR (300 MHz CDCl3): �� 8.55 (d, 4J(H,H)� 1.5 Hz, 1H; ArCH),
7.85 ± 7.88 (dd, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.5 Hz, 1H; ArCH), 7.17 (s, 1H;
ArH), 7.15 (d, 4J(H,H)� 2.4 Hz, 1H; ArH), 6.74 ± 6.78 (dd, 3J(H,H)�
9.3 Hz, 4J(H,H)� 2.7 Hz, 2H; ArH), 6.65 (d, 4J(H,H)� 2.7 Hz, 2H;
ArH), 3.55 (q, 3J(H,H)� 7.2 Hz, 8H; CH3CH2N), 2.97 (t, 3J(H,H)� 7.2,
2H; CH2NH), 2.50 (t, 3J(H,H)� 7.3 Hz, 4H; CH2S), 1.58 (br s, 8H;
CH2CH2S), 1.15 ± 1.2 (m, 32H; CH2), 0.9 ppm (t, 3J(H,H)� 6.8 Hz, 3H;
CH3); 13C NMR (CDCl3) �� 112.0, 95.2, 76.2 ± 78.0, 47.8 ± 48.5, 45.5, 28.1 ±
28.3, 22.0, 13.5, 12.0 ppm; UV/VIS (CH2Cl2): �max (�)� 520 nm
(88000 cm�1��1); Fluorescence: �exc max� 558 nm; �em max� 580 nm; FAB-
MS: m/z calcd [M�] for C48H73O6S3N3: 884.3; found: 884.4; elemental
analysis calcd (%) for: C48H73O6S3N3: C 65.20, H 8.32, N 4.75, S 10.88;
found: C 63.88, H 8.40, N 4.50, S 10.70.


Loading of micelles with metal precursors :[44] A 0.5 wt% solution (c�
5 mgmL�1) of the diblock copolymer PS1700-block-P2VP450 in dry toluene
(V� 5 mL) was stirred for 5 h. L molar equivalents of the metal precursor
[HAuCl4] per pyridine unit (L� 0.1 ± 0.5) were added and stirred for at
least 24 h. Under vigorous stirring, the micellar solution (2 mL) was quickly
added to a 0.02 vol% solution of anhydrous hydrazine in toluene (5 mL).
The excess hydrazine (15%) was neutralized with hydrochloric acid
directly after reduction and the hydrazinium chloride precipitated.


Preparation of Au-dot-decorated substrates : Glass substrates were covered
with gold nanoparticles following a procedure published elsewhere.[15]


Glass substrates with thickness of 170 �m (Berliner Glas KG, Robax-Glas
AF 45), were cut to 10� 10 mm2 pieces, immersed into piranƒ a solution at
70 �C for 15 minutes, extensively rinsed with Milli-Q water (�15 M�), and
dried under a nitrogen stream before use. Si wafers (CrysTec, Berlin) were
cleaned in piranƒ a as described above. The substrates were fixed on a
substrate holder, dipped into the micellar solution (c� 5 mgmL�1) with a
velocity of v� 40 mmmin�1, and retracted from the solution with a speed of
10 mmmin�1. The obtained samples were left to dry upon exposure to air.
The substrates coated with a monomicellar film were treated with an
oxygen plasma by using a P300 (Plasma Electronics) plasma etcher with a
high-frequency generator (Dressler RF-generator LPG 133c). Substrates
were treated for 10 min at 120 W. The gas pressure was set at 1 mbar, and
the temperature inside the chamber did not exceed 100 �C.


Preparation of breath figures : Preparation of the vitrified condensation
patterns has been described before and will be published in further detail
elsewhere.[36, 37]


General procedure for the preparation of self-assembled monolayers on
gold : All glassware used for monolayer preparation was immersed in
piranƒ a solution (66% H2SO4 and 33% conc. H2O2) at 70 �C for 30 minutes.
Piranƒa is a highly oxidative reagent and should therefore be handled with
caution.[45±47] Subsequently, the glassware was rinsed extensively with large
amounts of highly pure water (Milli-Q). Before use, the substrates were
cleaned in oxygen plasma (120 W, 20 min, 2 mbar) and immersed for
10 minutes in pure ethanol.[48] Substrates were then immerged with minimal
delay into a 1m� solution of 1 in ethanol. Monolayers were prepared at
60 �C.[49] After cooling to room temperature, the substrates were removed
from the solution and extensively rinsed with analytical CHCl3, EtOH, and
high purity water.
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