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Introduction


The discovery of carbon nanotubes (CN)[1] and the prospect of
developing novel carbon-based nanomaterials has excited
worldwide interest among researchers.[2] Following the en-
thusiastic scientific response, CNs have quickly been proven
to possess unique electronic, mechanical, and structural
properties.[3]


However, the inherently difficult handling of CNs poses
serious obstacles to their further development. Essentially,
dissolution of CNs may be necessary for proper chemical and
physical examination and use. The ability to solubilize and
separate discrete CN molecules from the tight bundles they
form would not only open new avenues in the field of
nanotechnology, but would also aid in their purification,
eventually allowing easier manipulation.
Several excellent reviews dealing with the many aspects of


the chemistry of CNs have already appeared in the litera-


ture.[4±7] Herein, we focus on recent developments in the area
of soluble CNs, with an eye to the use of these materials in
diverse technological applications.


Synthesis and Purification of Pristine Nanotubes


There are two main types of CN with high structural
perfection: single-walled nanotubes (SWNTs), which consist
of a single graphite sheet seamlessly wrapped into a cylin-
drical tube, and multiwalled nanotubes (MWNTs), which
comprise an array of concentric cylinders. SWNTs and
MWNTs are usually produced by arc-discharge,[8] laser
ablation,[9] chemical vapor deposition (CVD),[10] or gas-phase
catalytic process (HiPco) methods.[11]


Most frequently, the diameter of CNs varies roughly
between 0.4 nm and 3 nm for SWNTs and from 1.4 nm to
100 nm for MWNTs.[12] Up to now, all currently known
production methods generate CNs with impurities. In general,
such impurities consist of carbon-coated metal catalysts
(which, e.g., contaminate HiPco-produced nanotubes) and
both carbon-coated metal and carbon nanoparticles/amor-
phous carbon (in arc-discharge-produced nanotubes). Also,
structural defects, such as dangling bonds, are often found in
most types of CN. The main techniques applied for purifica-
tion of CNs are oxidation of contaminants,[13] flocculation and
selective sedimentation,[14] filtration,[15] size-exclusion chro-
matography,[16] selective interaction with organic polymers,[17]


or microwave irradiation.[18] However, considerable problems
remain for most of the present purification techniques. Some
of these methods rely on the difference in resistance to
oxidation, either thermal or chemical, between CNs and
impurities. Since this difference is often marginal, significant
quantities of CN are destroyed or altered before all impurities
are removed. Alternatively, nondestructive methods such as
microfiltration or size-exclusion chromatography can be
employed, but tend to be slow and inefficient processes. An
easy way for purifying HiPco nanotubes, based on the
treatment of raw CNs in a domestic microwave oven under
air in the absence of any solvent, has been recently reported
by our group.[18b] Thus, the contaminant metallic nanoparticles
are oxidized and, in a second step, washed away with
concentrated hydrochloric acid.
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Applications of Carbon Nanotubes


Among the plethora of applications that have been envisioned
for CNs, polymer composites, field-effect transistors, field-
emission displays, and hydrogen storage appear to be the most
promising areas. For example, CNs have been considered to
be novel components for molecular electronics and for
integration into conventional circuits.[19]


The extraordinary structural and mechanical properties of
CNs make them ideal candidates for incorporation into new
families of composite materials. Interestingly, CN±polymer
composites, could be tougher and more scratch-resistant than
any other materials.[2b, 20] However, the development of such
hybrids meets some serious obstacles, as CNs tend to phase
segregate. In fact, CNs do not spontaneously suspend in
polymers, so that the chemistry and physics of dispersion will
play a crucial role. The research challenge is particularly
arduous: due to strong attractive interactions, nanotubes
aggregate to form bundles or ™ropes∫ of up to tens of
nanometers in diameter for SWNTs, which are very difficult
to disrupt. Furthermore, these ropes are tangled with one
another like spaghetti. With high shear, these ropes can be
untangled, but it is extremely difficult to further disperse them
at the single-tube level. However, this limitation can be
overcome by introducing various functional groups on the CN
surface that can help dispersion in the composite material.
Recently, CNs have been used as field-emission electron


sources.[21] This technology finds applications in the construc-
tion of flat panel displays and X-rays to microwave gener-
ators.[22]


Finally, storage of hydrogen on CNs could represent a great
development on fuel-cells and a milestone toward energy-
clean systems. However, despite the exciting potential and the
progress made so far, the results are controversial. For
example, there have been many reports claiming high and
efficient hydrogen storage on CNs that, however, have often
been disputed.[23, 24] The highest hydrogen storage capacity on
SWNTs exceeds 10 wt% and the smallest values approach
zero with the main reason for these discrepancies being the
differences in CN sample quality (e.g. production method,
purification, handling, etc).


Dissolution of Nanotubes in Organic Solvents


Over the years, a systematic effort has been applied, aimed at
finding appropriate media to solubilize pristine nanotubes.
SWNTs typically exist as ropes or bundles of 10 ± 30 nm in
diameter because of strong van der Waals interactions that
result in stacking and entangling. Although it is possible to
wet the SWNT raw material in hot nitric acid,[13a] shortened
CNs (with an average length less than 500 nm) are obtained in
this manner because of the harsh conditions used.
At the early stages, most studies focussed on dissolution of


laser-oven-produced SWNTs (diameter ca. 1.2 nm). Highly
polar solvents such as N,N-dimethylformamide (DMF),
N-methylpyrrolidinone, and hexamethylphosphoramide
(HMPA) were the most attractive choices for dispersion of


SWNTs.[25] Furthermore, stable suspensions of SWNTs were
prepared by sonicating purified material in DMF.[26] In
addition, purified SWNTs obtained by oxidation[13a] were
found to dissolve in aromatic amines (�8 mgmL�1 in ani-
line).[27] The latter phenomenon was explained by the
formation of charge-transfer complexes between amine
solvent molecules and SWNTs.
The solubility of small-diameter HiPco-SWNTs was also


studied in several organic solvents, and 1,2-dichlorobenzene
was found to be the most appropriate medium by UV/vis
absorption spectroscopy.[28]


The final conclusion is that the dispersion of CNs in a
specific medium depends strongly on the method used for
their growth, the content of impurities, and the procedure
applied for purifying these materials.


Solubilization by Noncovalent Interactions


This type of solubilization is particularly attractive because of
the possibility of attaching various groups without disturbing
the � system of the graphene sheets. It has been shown that
CNs can be solubilized in aqueous media in the presence of
amphiphilic molecules (surfactants).[15, 16] The hydrophobic
part is oriented toward the surface of the carbon nanotubes,
whereas the polar moiety interacts in the outer region with
solvent molecules.
Recently, noncovalent anchoring of aromatic molecules to


the side-walls of SWNTs has been achieved. A molecule
containing a planar pyrene moiety that could adsorb to the
surface of CNs through strong � ±� stacking interactions was
utilized as the anchor (Scheme 1).


Scheme 1.


The pyrene moiety was specifically designed in such a way
that a variety of molecules with intriguing properties could be
further coupled via amide linkages.[29] Thus, for example,
immobilization of proteins, DNA, and other smaller biomo-
lecules on the side-walls of SWNTs was achieved. Important-
ly, this methodology has the potential to couple the electronic
properties of CNs with the specific recognition properties of
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the immobilized biomolecules and ultimately lead to the
construction of miniaturized sensors. Similarly, pyrene-carry-
ing ammonium ions were used to help solubilize CNs in
water.[30]


In a different approach for the noncovalent functionaliza-
tion of CNs, bundles of SWNTs helically wrapped with a
conjugated polymer were synthesized.[17b] In the initial experi-
ments, SWNTs were added to a solution of poly-(m-phenyl-
enevinylene) substituted with octyloxy alkyl chains, and a
stable suspension of CNs was obtained upon sonication.
Physicochemical studies of this SWNTs ± polymer complex
revealed that the polymer wraps itself around the SWNTs as a
result of � ±� stacking interactions. Stilbenoid polymers have
been used extensively in this kind of functionalization because
of their well-defined dimensions.[31] In a similar approach, it
was shown that soluble nanotube ± polymer composites can be
prepared by in situ polymerization of phenylacetylene.[32a] In
the above cases, the composites formed are soluble in organic
solvents such as chloroform, toluene etc.; however, polymer
wrapping around nanotubes has also taken place in aqueous
media. The association of nanotubes with linear polymers like
polyvinyl pyrrolidone and polystyrene sulfonate in water has
been studied.[32b] CNs were found to unwrap on changing the
medium to less polar solvents.
Short rigid conjugated polymers, such as poly(arylene


ethynylene)s, have also been used as solubilizing agents: the
polymers being attached by a nonwrapping approach onto the
CN while some pendant alkyl groups contribute to the
solubility.[33] As in the case of pyrene-carrying surfactant,
the major interaction is stacking by van der Waals forces. By
using the nonwrapping approach, SWNTs can be solubilized
in organic solvents (chloroform) by simply mixing them with
polymers.
In order to exploit the unique properties of CNs in a


biological setting, SWNTs were dispersed in aqueous solu-
tions of amylose.[34] In the presence of iodine, which causes
preorganization of amylose from its linear conformation to a
helical one, very stable and soluble nanotube ± amylose
composites were found to form. When the starch ±CN
material was examined by atomic force microscopy (AFM),
small bundles of CNs covered with amorphous polysaccharide
were visualized. Importantly, addition of amyloglucosidase
(an enzyme that hydrolyzes starch), to the otherwise stable
starch ±CN solution, led to the precipitation of CNs; this
suggests a new method for purifying CNs.


Functionalized Carbon Nanotubes


The chemical modification of CNs is an emerging area in
materials science. Among the various approaches, the most
general include: i) esterification or amidation of oxidized
nanotubes, ii) side-wall covalent attachment of functional
groups.


Functionalization of oxidized nanotubes : One of the purifi-
cation methods of raw CN material is based on oxidation in
acidic media.[13a] Under these conditions, the end caps of the
CN are opened, and acidic functionalities suitable for further


derivatization are formed at these defect sites and at the side
walls. Thus, long-chain alkylamines were condensed with the
carboxylic groups present on the surface of the CN
(Scheme 2).[7, 35] Activation of the carboxyl moieties with
thionyl chloride and subsequent reaction with amines was
preferred, or alternatively, direct condensation of oxidized
nanotubes with amines.[36] In the latter case, the solubility of
modified nanotubes was about 0.5 mgmL�1 in solvents like
tetrahydrofuran or dichlorobenzene.


Scheme 2.


Not surprisingly, numerous amidation or esterification
reactions to oxidized CNs that result in soluble functionalized
materials have been reported.[37, 38] The electronic properties
of such functionalized CNs remain intact, but in most cases
the length of nanotubes is shortened.[13a]


As TEM images revealed, exfoliation of individual CNs
from large ropes has been achieved during the functionaliza-
tion process. This is extremely important as it allows easy
characterization of the soluble CNs and facilitates their
manipulation. Thus, recently, SWNTs functionalized in this
manner have been purified by HPLC.[39] The presence of the
functional addends at the defect sites of oxidized CNs has
been mainly monitored by IR spectroscopy, which allows an
easy identification of the amide- or ester-bond formation.
One of the most interesting examples of such functional-


ization involves the coupling of oxidized SWNTs with an alkyl
thiol on gold nanoparticles.[13a, 40] The ultimate prospect of this
type of material is for the construction of microelectrode
arrays. Then, the potential applications of CNs could be
expanded to the fields of bio-electrochemical sensors and
designing novel molecular-recognition electrodes.


Covalent side-wall functionalization : The first report of this
kind of approach involved treatment of SWNTs with dichlor-
ocarbene. The transient species for this type of functionaliza-
tion were generated by classical methods for carbene gen-
eration: i) chloroform± sodium hydroxide interaction[41] or
ii) phenyl(bromodichloromethyl)mercury.[35] At the same
time, SWNTs have also been found to react when treated
with molecular fluorine at temperatures between 150 and
600 �C.[42] Depending on the reaction temperature, a different
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degree of fluorination can be accomplished. Treatment of
such derivatized CNs with hydrazine results in defunctional-
ization, so that intact CNs can be recovered. This type of
functionalized nanotube dissolves well in alcohols,[43] although
the fluorine atoms can be further substituted by alkyl groups
to achieve better dissolution.[26a] However, when fluorination
was applied to small-diameter HiPco-SWNTs, the nanotubes
were cut to an average length of less than 50 nm.[44]


Recently, an extensive study of organic reactions leading to
side wall functionalization of SWNTs, was performed.[5, 45]


These reactions, already successfully applied to fullerenes,
include: i) addition of nitrenes, ii) addition of carbenes, and
iii) addition of radicals. To this end, alkyl azides were used as
precursor compounds of nitrenes, and the resulting function-
alized SWNTs were found to be soluble in dimethyl sulfoxide
(DMSO). In the functionalization of SWNTs through car-
benes, a dipyridyl imidazolium system was utilized and was
found to link to the surface of nanotubes. Finally, perfluoro-
alkyl radicals were found to photochemically add on the side
walls of SWNTs (Scheme 3).


Scheme 3.


In another approach for covalent side-wall functionaliza-
tion of CNs, aryl diazonium chemistry was performed.[6, 46]


First, derivatization of HiPco-CN was achieved by electro-
chemical reduction of a variety of diazonium salts
(Scheme 4).[46a] The solubility of these modified nanotubes
was estimated to be 0.05 mgmL�1 in tetrahydrofuran. Sub-
sequently, diazonium compounds chemically generated in situ
were also reported.[46b,c] In addition to the electrochemically
reductive coupling of aryl diazonium salts to CNs that resulted
in C�C-bond formation, oxidative coupling of aromatic
amines resulted in the attachment of amines directly to the
surface of nanotubes (Scheme 5).[47]


An electrophilic addition to HiPco-SWNTs was recently
reported.[48] Upon mechanochemical reaction in the presence
of a Lewis acid, such as aluminum trichloride (AlCl3), a
molecule of chloroform was found to add to the side walls of
CNs (Scheme 6). It was also possible to exchange the chlorine


Scheme 4.


Scheme 5.


Scheme 6.


atoms with hydroxyl groups, which in a second step, were
esterified to yield the corresponding esters.
This functionalization of HiPco-SWNTs not only resulted


in soluble functionalized material but also showed that
specifically derivatized CNs bearing free functional groups
on their skeleton can serve as suitable synthons for the
multistep synthesis of CN-based materials.
Based on the powerful methodology of 1,3-dipolar cyclo-


addition of azomethine ylides that has already met a broad
acceptance in the fullerene field,[49] our group has developed a
similar strategy for functionalizing and solubilizing CNs.[50, 51]
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The main advantage of this reaction is the easy attachment of
pyrrolidine rings substituted with chemical functions to the
side walls of the CN, which can lead to the construction of
novel materials with diverse applications. Thus, functionalized
aldehydes can lead to 2-substituted pyrrolidine moieties
located on the side walls of CNs, while modified �-amino
acids could also lead to numerous diverse functionalized
materials. The most successful approach for the in situ
generation of azomethine ylides is based on the decarbox-
ylation of immonium salts derived from condensation of �-
amino acids with aldehydes.
Thus, when the 1,3-dipolar cycloaddition of azomethine


ylides was applied to different types of CN (e.g. oxidized,
HiPco-SWNTs, MWNTs), the reaction was found to be very
effective.[50] In the first experiments, the triethylene glycol
group was chosen as the N-substituent group of the �-amino
acid due to its high solubilizing power (Scheme 7). Function-
alized CNs were obtained as brown solids and found to be


Scheme 7.


soluble in chlorinated solvents, acetone, and alcohols but
insoluble in diethyl ether or hexane. It is worth mentioning
that the solubility of such functionalized SWNTs in dichloro-
methane or chloroform was about 50 mgmL�1. The degree of
functionalization was estimated at about one pyrrolidine ring
per one hundred carbon atoms
of the CN. This high level of
functionalization explains the
high solubility and the change
in color from black to brown of
the CN. The covalent attach-
ment of the pyrrolidine rings to
the CN surface was clearly
indicated when using HiPco-
CN. These CNs show character-
istic NIR bands, the so-called
van Hove transitions, which dis-
appear in the functionalized
CNs.[50]


Having in hand such a power-
ful technique, we focused on
the preparation of water-sol-
uble functionalized CNs.[51]


Among the scientific commun-
ity there is great interest in


developing CNs as nanoscale biosensors.[29, 52] Research in
this exciting area is not in full bloom yet, partly due to the
difficulty of preparing water-soluble CN materials. Thus,
under standard experimental conditions as described previ-
ously, when N-substituted �-aminoacid with a terminated
amino tert-butoxycarbonyl (Boc) protected group[53] and para-
formaldehyde were used as reagents for the functionalization
of both SWNTs and MWNTs, the expected functionalized
CNs were obtained (Scheme 8). Upon treatment with gaseous
hydrochloric acid, deprotection of the masked N-Boc groups
was achieved, and the corresponding ammonium salts were
released. The resulting functionalized CNs possess a remark-
ably high solubility in water.
The synthesis and applications of fullerene amino acids and


peptides have been already studied extensively.[54] In the case
of ammonium-modified CNs, it was shown that they could be
easily derivatized with N-protected amino acids.[51] Indeed,
functionalization with N-protected glycine was achieved,
which can be considered as the first step toward the synthesis
of peptide-based CN materials (Scheme 8).
As mentioned previously, samples of raw CN include


impurities such as amorphous carbon or metal nanoparticles.
A new method for the purification of HiPco CNs has been
recently developed in our laboratories; it consists of the
following steps: i) organic functionalization of pristine nano-
tubes, ii) purification of the soluble adducts, iii) recovery of
the starting material by thermal detachment of functional
groups.[55] Combination of these steps led to high-purity
material. The first step is based on chemical modification by
1,3-dipolar cycloaddition onto the surface of nanotubes. This
chemical route results in solubilization of the functionalized
nanotubes leaving the metal particles insoluble in the solvent
used (DMF). Yet amorphous carbon was still present since it
is soluble in the reaction medium. To further purify the
functionalized nanotubes, a process consisting of dissolution
and slow precipitation by using a combination of chloroform/
diethyl ether was employed. The purified material was treated
thermally at temperatures reaching 350 �C under an inert
atmosphere. After this procedure, a weight loss of about 25 ±


Scheme 8.
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30% of material was observed; this corresponds to the
removal of the functional groups from the CN surface. The
resulting solid was annealed at 900 �C and found to be
insoluble in any solvent, while TEM images showed that CNs
were recovered and, most importantly, were found to be free
from impurities.[55]


Analytical Characterization and Visualization of
Functionalized CNs


In general, it is very difficult to prove experimentally that
covalent bonds are actually formed at the surface of the
carbon framework of the tubes. Standard techniques in
organic chemistry, such as proton or carbon NMR are
complicated by the presence of several different isomeric
forms. However, the solubilization of CNs provides oppor-
tunities for the spectroscopic characterization of these unique
structures. Solution-phase absorption spectroscopy offers
useful information about electronic transitions of CNs.[56] In
general, UV/vis ±NIR absorption spectra of functionalized
CNs show a broad band around 250 nm, whose intensity
decreases while reaching the near-infrared region. The spectra
are basically featureless; this means that some of the
electronic properties may have been lost because of extensive
functionalization.[46a, 50] However, linear scattering arising
from the big size of the functionalized CNs could lead to loss
of resolution, thus making the attributions more complicated.
HiPco-SWNTs have characteristic transitions in the NIR
region that are partly[46] or totally[55] suppressed after func-
tionalization.
Proton nuclear magnetic resonance spectroscopy is a very


important tool for the structural assignment of organic and
inorganic substances. However, proton signals appear to be
broad as a result of the statistical distribution of the addends
on the CN surface. Furthermore, interactions between the
protons of the addends and the � system of the CN, as well as
the restricted mobility of CNs in solution due to their large
size, contribute to line-broadened signals.
Raman spectroscopy is an extremely useful tool for


characterizing CNs.[57] Pristine CNs exhibit two main charac-
teristic absorptions: the diameter-dependent radial breathing
mode (RBM) below 350 cm�1 and the higher-frequency
tangential mode at 1550 ± 1600 cm�1. In addition, functional-
ized CNs may show an increase in the so-called disorder mode
at 1250 ± 1450 cm�1, but its relative intensity may depend on
the laser excitation frequency.[58, 59]


Thermal gravimetric analysis (TGA) gives information on
the purity[60] and also about functionalized CNs because the
covalent attachments can be thermally eliminated.[46, 55] More-
over, microscopy techniques such as TEM (transmission
electron microscopy), SEM (scanning electron microscopy),
and AFM (atomic force microscopy) offer much insight into
the presence of CNs in solution. Thus, in such a way, CN
samples can be monitored qualitatively, and evidence about
dimensions, purity, and aggregation can be obtained. In order
to observe species attached to the surface of CNs, high-
resolution instrumentation is required.


Conclusion


Research on carbon nanotubes has opened new avenues in
materials science such that great opportunities for applica-
tions in nanotechnology are offered. Fundamental issues have
been addressed and need to be resolved in order to get a wider
approach to the nature of these unique structures. Never-
theless, it seems to be a question of how and when nano-
technology will be built on the advances made for carbon
nanotubes rather than whether carbon nanotubes are useful
materials with novel properties and promising applications.
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Synthesis, X-ray Crystal Structure, UV/Visible Linear and Nonlinear (Optical
Limiting) Spectral Properties of Symmetrical and Unsymmetrical Porphyr-
azines with Annulated 1,2,5-Thiadiazole and 1,4-Diamyloxybenzene Moieties
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Abstract: Co-cyclization of 1,2,5-thia-
diazole-3,4-dicarbonitrile and 3,6-dia-
myloxyphthalodinitrile in the presence
of magnesium or lithium amylate in
amyl alcohol leads to mixtures contain-
ing the Mg derivatives of the symmet-
rical species tetrakis(1,2,5-thiadiazolo)-
porphyrazine, (S4)PzH2, and tetra-
kis(1,4-diamyloxybenzo)porphyrazine,
(A4)PzH2, and the low-symmetry mac-
rocycles bearing peripheral 1,2,5-thia-
diazole and 1,4-diamyloxybenzene rings
in the ratio 1:3, 2:2 (cis and trans), and
3:1, that is, (SA3)PzH2, (S2A2)PzH2,
(SASA)PzH2, and (S3A)PzH2, respec-
tively. The basic Mg materials were
converted to the corresponding free-


base macrocycles by treatment with
CF3COOH. The species were separated
from the mixtures by chromatography,
either as Mg complexes or demetalated
materials. With results on (S4)PzH2 and
(SA3)PzH2 in hand, including crystallo-
graphic work on the latter, a general
chemical physical investigation has been
carried out of all the symmetrical and
unsymmetrical free-base macrocycles.
The structures of the species (S2A2)PzH2


and (A4)PzH2. were elucidated by sin-
gle-crystal X-ray crystallography. The
effect of the progressive variation of
the macrocyclic structure along the ser-
ies, from the symmetrical (S4)PzH2 to its
symmetrical partner (A4)PzH2 via the
low-symmetry 3:1, 2:2 (cis and trans),
and 1:3 macrocycles, was studied by IR,
1H NMR, and UV/Vis linear and non-
linear (optical limiting) measurements.
The results are interpreted on the basis
of intra- and intermolecular interactions
between the electron-deficient 1,2,5-
thiadiazole and the electron-donating
1,4-diamyloxybenzene moieties.


Keywords: nonlinear optics ¥ por-
phyrazines ¥ sulfur heterocycles ¥
solvatochromism ¥ structure eluci-
dation


Introduction


The free-ligand phthalocyanine macrocycle, its metal deriv-
atives, and the peripherally symmetrically substituted ana-
logues form the most widely extended class of porphyrazine
systems which are currently under intensive investigation


both in terms of basic research and for a number of
applications.[1, 2] Recently, we reported new types of sym-
metrical tetrapyrrolic phthalocyanine-like macrocycles, name-
ly, tetrakis(1,2,5-thiadiazole)porphyrazines, [TTDPzM],[3, 4]


and their Se analogues, [TSeDPzM],[5, 6] (M�Mg, 2H, and
bivalent first transition series metals, Scheme 1), that contain
five-membered electron-deficient heterocycles annulated on


Scheme 1. Schematic representation of a tetrakis(thia(seleno)diazolo)por-
phyrazine macrocycle (M�Mg, H2, bivalent first transition series metal
ions).
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the pairs of C� atoms of the inner pyrrole rings. Common to
these new classes of porphyrazines and their phthalocyanine
analogues are a number of features and properties, such as �-
electron delocalization extended throughout the macrocycle,
high chromophoricity, and associated solution UV/Vis spec-
tral behavior, thermal stability, low solubility, sublimability
(as to the sulfur-containing species).


In connection with, and in extension of this work, efforts
have recently been successfully directed towards the synthesis
of a new series of low-symmetry porphyrazines that bear
peripheral annulated 1,2,5-thiadiazole (or 1,2,5-selenodia-
zole) and 1,4-diamyloxybenzene rings. As anticipated,[7] all
members of the series of the unmetalated low-symmetry
species shown in Scheme 2, that is, the 1:3 (SA3)PzH2, the 2:2
cis and trans species (S2A2)PzH2 and (SASA)PzH2, and the
3:1 (S3A)PzH2, have been isolated (A symbolizes the
annulated 1,4-diamyloxybenzene ring and S the 1,2,5-thiadia-
zole ring in the pertinent fragments of the porphyrazine
macrocycle). The individual species were characterized with
differing degrees of accuracy. Attention was also given to the
corresponding symmetrical octaamyloxy-substituted phthalo-


cyanine, (AmO)8PcH2, denoted here as (A4)PzH2 (Scheme 2).
The tetrakis(1,2,5-thiadiazolo)porphyrazine, (S4)PzH2 (previ-
ously used abbreviation: TTDPzH2


[3, 4]), completes the series.
Recently, the synthetic aspects, X-ray structural elucidation,
and UV/Vis spectral properties of the 1:3 species (SA3)PzH2


and its Se analogue (SeA3)PzH2 were briefly reported.[8, 9] A
detailed picture of the new information now available on the
synthesis, X-ray structural work, and IR, 1H NMR, and UV/
Vis spectral behavior of the species shown in Scheme 2 is
given here. The present series of macrocycles is one of the few
sets of unsymmetrical and related symmetrical metal-free
porphyrazine materials isolated so far and also characterized
by single-crystal X-ray diffraction,[10] and, indeed, an exclusive
representative set in the field of porphyrazine macrocycles
carrying annulated heteroaromatic rings.[11]


It is well-known that the prospects for applications in
nonlinear optics is a relevant research topic for phthalocya-
nine systems.[12±16] These molecular structures have been
shown to be interesting for applications such as optical
limiting of ns pulses because of the strong excited-state
absorption of their triplet states. Noticeably, the examination
of the optical limiting effect (related to the third or higher
order responses) for a series of strictly related symmetrical
and unsymmetrical porphyrazines can be a worthwhile effort.
Indeed, low-symmetry ™push ± pull∫ porphyrazines are prom-
ising materials for second-order nonlinear optics,[13, 17] and the
number of unsymmetrical porphyrazines carrying, in addition
to benzene rings, �-acceptor or �-donor heterocycles annu-
lated directly to the central tetrapyrrolic macrocycle (that is,
pyrazine,[18, 19] pyridine,[20, 21] thiophene,[22, 23] imidazole,[24] and
pyrrole[23]) has increased considerably recently. In view of
more extended studies of nonlinear optical properties in the
future, the present series of symmetrical and unsymmetrical
macrocycles has been investigated for their optical limiting
behavior, and the results are also illustrated below.


Results and Discussion


Synthetic methods : Condensation of ortho-dinitriles in boiling
C3 ±C5 alcohols in the presence of the corresponding magne-
sium or lithium alcoholates is a standard method for the
preparation of phthalocyanines and other porphyrazines
(Linstead×s method).[25, 26] Similarly, unsymmetrical phthalo-
cyanines and porphyrazines can be prepared by co-cyclization
of two different ortho-dinitriles. We have used this approach
for the synthesis of the unsymmetrical porphyrazines shown in
Scheme 2, obtained by demetalation of the corresponding Li
or Mg derivatives. As is briefly illustrated here below (see the
Experimental Section for more details), a number of reaction
attempts under different experimental conditions and tedious
purification methods were required to prepare and purify all
the low-symmetry species.


The lithium amylate method : If the co-cyclization reaction of
dinitriles 1 and 2 (Scheme 2) proceeds in the presence of
lithium amylate in amyl alcohol, a mixture of the symmetrical
and unsymmetrical porphyrazines 3a ± 8a is obtained. How-


Abstract in Italian:La cociclizzazione dell× 1,2,5-tiadiazol-3,4-
dicarbonitrile e del 3,6-diamilossiftalodinitrile sotto opportune
condizioni sperimentali porta alla formazione di metallocom-
plessi (Mg) della tetrakis(tiadiazol)porfirazina ((S4)PzH2),
della tetrakis(1,4-diamilossibenzene)porfirazina ((A4)PzH2),
e di specie a bassa simmetria di formule (SA3)PzH2,
(S2A2)PzH2, (SASA)PzH2, e (S3A)PzH2). I complessi di MgII


sono convertiti nei corrispondenti leganti liberi mediante
trattamento con CF3COOH. La scomposizione delle miscele
nelle singole specie componenti, sia come complessi di MgII che
come leganti liberi, e¡ stata ottenuta con metodi cromatografici.
Delle specie (S2A2)PzH2 e (A4)PzH2 e¡ stata risolta la struttura
mediante raggi X su cristallo singolo. Per tutte le specie isolate,
simmetriche ed asimmetriche, e¡ stato condotto un approfondito
studio chimico-fisico (IR, 1H NMR, UV/Vis, optical limiting).
Una generale considerazione dei risultati ottenuti ha permesso
di evidenziare il ruolo svolto dai frammenti 1,2,5-tiadiazolico e
1,4-diamilossibenzenico nel determinare le proprieta¡ spettro-
scopiche e la struttura molecolare ed elettronica sia di specie
simmetriche che asimmetriche.
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ever, by varying the molar ratio of the two precursors 1 and 2,
it is possible, to some extent, to modify the relative amounts of
the single species present in the reaction mixture. Thus, for
instance, a 1:2 ratio in the range 1:6 ± 1:10 favors the
formation of the unsymmetrical porphyrazine (SA3)PzH2


(3a), although a considerable amount (�30%) of the sym-
metrical species (A4)PzH2 (7a) mixed with minor amounts of
all the other low-symmetry members of the series is formed.
The symmetrical porphyrazine (S4)PzH2 (8a) is also formed in
significant amounts (�30%). This proves the high tendency
of the formation of the latter despite the unfavorable 1:2 ratio
conditions. This may be a consequence of the presence of the
�-electron-deficient 1,2,5-thiadiazole rings in 1 as well as a
reduction in the reactivity of 2 because of the electron-
donating properties and steric
hindrance effects of the amyl-
oxy groups. In fact, both AM1
and PM3 quantum-chemical
methods indicate a stronger
polarization of the C�N bonds
in 1 than in 2, and locate
positive charges on the N atoms
of the cyano groups in 1
(C(�0.077)�N(�0.034) AM1
method), whereas in 2, as well
as in the unsubstituted phthalo-
dinitrile, both N and C atoms of


the CN group are negatively charged (C(�0.104)�N(�0.019)
for 2, as obtained by AM1 method).[27] The type of polar-
ization of the C�N bonds in 1 is evidently more favorable with
respect to the formation of intermediates of the type 9 and 10
(Scheme 3) in the cyclotetramerization reaction.


The magnesium amylate method : The advantage of carrying
out the cross-cyclization reaction by mixing 1 and 2 in the
presence of magnesium amylate is that it only provides a
mixture of the 1,2,5-thiadiazole-annulated Mg-porphyrazines
in the complete absence of the symmetrical octaamyloxy-
substituted Mg-phthalocyanine [(A4)PzMg] (7b). Again,
however, because of the different reactivity of 1 and 2, even
using an excess of 2, up to 30% of 1 is converted to the


Scheme 2. Schematic representations of the precursors 1,2,5-thiadiazole-3,4-dicarbonitrile and 3,6-diamyloxyphthalodinitrile as well as their symmetrical
and unsymmetrical macrocyclic derivatives.


Scheme 3. Possible mechanisms for the formation of porphyrazine macrocycles.
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corresponding symmetrical 1,2,5-thiadiazole-annulated Mg
derivative [(S4)PzMg] (8b). Demetalation of the mixture of
the Mg species by reaction with CF3COOH allows easy
conversion to the corresponding mixture of the free ligands,
although with some loss of the material.


Several attempts to improve the yield of the Mg derivative
of the 1:3 species (SA3)PzH2 (3a) were made by adding first
the dinitrile 2 to the suspension of magnesium amylate in amyl
alcohol and then refluxing the mixture for �10 ± 15 min, thus
allowing the formation of more reactive condensation inter-
mediates of type 10 (Scheme 3; no symmetrical MgII phtha-
locyanine 7b was formed under these conditions). Never-
theless, when dinitrile 1 was later added, and the reaction
mixture was refluxed for an additional 6 ± 8 h, no formation of
the 1:3 species 3b was observed, whereas, instead, the relative
amount of the 2:2 cis complex 4bwas increased. This seems to
indicate that when dinitrile 2 is first refluxed with magnesium
amylate, the dimeric intermediates 11, or more likely 12
(Scheme 3), are formed. Similar dimeric intermediates have
been either postulated or isolated from the synthetic reactions
of phthalocyanines.[26, 28±30] Addition of the reactive dinitrile 1
to the reaction mixture containing the dimeric intermediates
11 and 12 formed from 2 leads to the Mg derivative of the cis
isomer (S2A2)PzH2 (4a). The dissociation of fragment 12 in
the presence of the more reactive dinitrile 1 also resulted in
the formation of the other unsymmetrical Mg-porphyrazines,
although with the exclusion of [(SA3)PzMg] (3b). Hence, this
procedure is mostly favorable for the preparation of the cis
isomeric species [(S2A2)PzMg] (4b), and subsequently of the
corresponding free-ligand (S2A2)PzH2 (4a). In view of other
recent reports[30, 31] on the formation of ™adjacent∫ (i.e. cis-
type) phthalocyanines by use of the lithium alkoxide method,
the approach involving preliminary dimerization of a less-
reactive dinitrile with subsequent co-condensation with a
more reactive dinitrile, seems to be generally useful for the
preparation of cis-arranged porphyrazines.


Relatively large amounts of the corresponding 2:2 trans-
complex are formed when dinitriles 1 and 2 (ratio 1:1 ± 3:1)
are added to the magnesium amylate suspension simultane-
ously. By combining 1 and 2 at a ratio of �5:1, the amount of
the 3:1 species [(S3A)PzMg] (6b) (Scheme 2) in the cross-
cyclotetramerization was increased.


Evidently, the methodology applied for the subsequent
chromatographic purification is crucial for isolation of the
individual porphyrazines from their mixture. With reference
to the species given in Scheme 2, owing to the insolubility of
the symmetrical [(S4)PzMg] (8b) in benzene or chloroform,
separation of all the others from it is easily accomplished by
Soxhlet extraction. Subsequent chromatography allows sep-
aration of the components in the solution as Mg complexes, or
eventually as free ligands, after demetalation. When present
in the mixture, the octaamyloxy macrocycle (A4)PzH2 (7a) is
eluted as the first fraction with benzene on alumina. The 1:3
species (SA3)PzH2 (3a) is then obtained as an olive-green
fraction either with benzene/chloroform (3:1) or with CH2Cl2.
Elution with CHCl3, or CH2Cl2 containing 1 ± 2% MeOH, is
subsequently used for the separation of the 2:2 cis and trans
species, which are not easy to isolate from each other because
they have very close chromatographic mobilities. No definite


chromatographic procedure could be unequivocally estab-
lished for the complete separation of these two isomers. When
a mixture of them was eluted on alumina with CH2Cl2/CHCl3
(1:1), a very broad green band formed along the column
allowed separation of the cis and trans isomers, (S2A2)PzH2


(4a) and (SASA)PzH2 (5a), from the lower and the upper
part, respectively.


The 3:1 macrocycle (S3A)PzH2 (6a) has very low chromato-
graphic mobility and cannot be eluted by CH2Cl2 or CHCl3,
even in a mixture with considerable amounts of acetone or
MeOH (�10 ± 30%). Very small amounts of (S3A)PzH2 could
be extracted from alumina with boiling CHCl3. Interestingly,
pyridine or DMF, which are normally stronger eluents, appear
to be completely ineffective in this case. An explanation for
this is that the macrocycle is deprotoned in pyridine because
of the marked acidic character of the (S3A)PzH2 species as
a consequence of the presence of the three electron-with-
drawing 1,2,5-thiadiazole units. Thus, a saltlike species
[(S3A)Pz]2�(pyH�)2 is formed. This is similar to what happens
to (S4)PzH2 in the same solvent,[3] and elution is thus
prevented. An alternative solution to this problem is to work
on a mixture of the related magnesium species. From a
mixture of these latter complexes, chromatography on
alumina of the DMF extract affords a first fraction containing
the 2:2 isomers [(S2A2)PzMg] (4b) and [(SASA)PzMg] (5b)
together with the 1:3 porphyrazine [(SA3)PzMg] (3b). The
following well-separated bluish-green fraction contains the
3:1 species [(S3A)PzMg] (6b), whereas the symmetrical
complex [(S4)PzMg] (8b), being slightly soluble in DMF, has
very low chromatographic mobility and remains as a blue
band on the top of the column.


X-ray crystallography : Crystal data for the 2:2 cis isomer
(S2A2)PzH2 (9,12,14,17-tetraamyloxy-19H,21H-dibenzo[l,q]-
di[1,2,5]thiadiazolo[3,4-b :3,4-g]porphyrazine) are listed in
Table 1. Figure 1 shows an ORTEP top view of the macro-
cycle. The detailed description of the structure of the cis-2:2
species (S2A2)PzH2 is presented here and compared with the
structure of the 1:3 porphyrazine (SA3)PzH2, recently re-
ported in a preliminarily communication.[8] X-ray data of the


Table 1. Experimental data for the X-ray diffraction studies on the
crystalline cis 2:2 isomer (S2A2)PzH2.


formula C44H50N12O4S2


a [ä] 8.617(2)
b [ä] 16.211(2)
c [ä] 16.354(2)
� [�] 90.52(2)
� [�] 105.02(3)
� [�] 97.09(2)
V [ä3] 2187.6(7)
Z 2
formula weight 875.1
space group P≈1 (No. 2)
T [�C] 25
� [ä] 0.71073
�calcd [gcm�3] 1.328
� [cm�1] 1.71
R[a] 0.089
wR2


[b] 0.246


[a] R�� ��F � /� �Fo �. [b] wR2� [�w ��F 2 � 2/�w �F 2
o � 2]1/2
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Figure 1. Structure of the cis species (S2A2)PzH2 (ORTEP drawing; 30%
probability ellipsoids). Disorder affecting some alkyl chains has been
omitted for clarity.


solved structure of the symmetrical tetrakis(1,4-diamyloxy-
benzo)porphyrazine, (A4)PzH2, are also discussed.


The trend in the bond lengths and bond angles for these
three macrocycles are consistent with an extended �-electron
delocalization permeating the entire molecular units (with the


exception of the peripheral alkyl groups). As an aid to
discussions, Figure 2 details the structural features of
(S2A2)PzH2 and (SA3)PzH2. Significant differences are ob-
served in (S2A2)PzH2 for the separation between two pairs of
opposing inner N atoms (4.043(7) ä for N1 and N5,
3.920(6) ä for N3 and N7). These separations clearly indicate
that the two central hydrogen atoms are directly localized on
the N1 and N5 atoms. Not unexpectedly, these findings are
shared by the (SA3)PzH2 species (4.097(5) and 3.860(4) ä for
distances between the opposite pyrrole and pyrrolenine N
atoms, respectively; Figure 2) and its Se analogue,[8] and are
also observed for the symmetrical species (A4)PzH2


(4.122(17) and 3.813(17) ä). Furthermore, in the case of
(SA3)PzH2 the two internal hydrogen atoms are bound to the
two opposite isoindole units that bear the electron-donating
amyloxy groups. This appears to be in line with expectations,
since the alternative positioning would be disfavored by the
electron-withdrawing properties of the annulated 1,2,5-thia-
diazole ring.


Bond lengths and angles of the inner porphyrazine skeleton
in the cis-2:2 species (S2A2)PzH2 and in (A3S)PzH2


[8] (Fig-
ure 2) are very similar to those found in the (A4)PzH2 species.


The cis species (S2A2)PzH2 offers a good opportunity for a
direct comparison of the effects of the different externally
annulated rings on the geometry of each individual internal


Figure 2. Top views of (SA3)PzH2 (left) and (S2A2)PzH2 (right) with indicated values of bond lengths [ä] (top), and bond angles [�] (bottom).







Symmetrical and Unsymmetrical Porphyrazines 4009±4024


Chem. Eur. J. 2003, 9, 4009 ± 4024 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4015


pyrrole and pyrrolenine ring. First, the pyrrole ring, inde-
pendent from the nature of the annulated system, has longer
Npyr�C� and C��C� bonds and shorter C��C� bonds with
respect to those of the pyrrolenine ring with the same type of
annulation. The pyrrole ring also has a markedly larger
C�-Npyr-C� angle than the parent pyrrolenine ring. This effect
is stronger in the case of 1,2,5-thiadiazole annulation (4�,
compared with 2� in case of benzene annulation). On the
other hand, in the case of heterocyclic annulation, the Npyr�C�


and C��C� bonds of both types of C4N moieties are elongated
in comparison to the related values in isoindole and isoindo-
lenine rings. These trends make it evident, that i) the � system
annulated to pyrrole rings is more strongly involved in
conjugation with the central 16-membered macrocyclic �


system, whereas it is more isolated in pyrrolenine rings; ii) the
1,2,5-thiadiazole rings, evidently because of their strong �-
deficient character, are more isolated from the central �


system than the benzene rings, which are capable of �-
electron donation. In view of this, it is well understood why in
the case of (SA3)PzH2 the single 1,2,5-thiadiazole ring is
annulated to a pyrrolenine ring and there are two isoindole
moieties.


As regards the structural features of the annulated 1,2,5-
thiadiazole rings in both (S2A2)PzH2 and (SA3)PzH2, they
closely resemble those of other molecules containing the
1,2,5-thiadiazole heterocycle (e.g. 2,1,3-benzothiadiazole)[32]


and provide evidence that they keep the 6�-electron aromatic
system considerably isolated. For the cis species (S2A2)PzH2,


comparison of the bond lengths for the 1,2,5-thiadiazole ring
annulated to the pyrrole and pyrrolenine rings definitely
indicates shorter values for the S-containing ring in combina-
tion with the pyrrolenine ring. Again, this is indicative of the
tendency of the 1,2,5-thiadiazole units to have less conjuga-
tion with the central macrocyclic � system in the case of
pyrrolenine annulation.


The inner four N atoms in both (SA3)PzH2 and (S2A2)PzH2


are practically coplanar (maximum deviation from planarity:
�0.04 ä). The (A4)PzH2 macrocycle is centrosymmetric; thus,
the inner N4 system is perfectly planar. The planarity of the N4


core in all three species is consistent with the presence of
bifurcated hydrogen bonds (2.10 ± 2.30 ä), as illustrated in
Figure 3 for (S2A2)PzH2 and (SA3)PzH2. The entire macro-
cyclic skeleton in all species is not perfectly planar, as is also
shown in Figure 3 for these two latter species.


In the symmetrical species (A4)PzH2, the steric interaction
between eight amyloxy chains leads to rotation of the
isoindole and especially isoindolenine units that have dihedral
angles of 3.3(3) and 8.1(2)�, respectively, with the N4 core. The
planar distortion of the phthalocyanine macrocycle induced
by amyloxy groups in this case (as well as between isoamyloxy
chains in (iAmO)8PcH2


[33]) is much less than that reported
recently[34] for the isoamyl substituted derivative (iAm)8PcH2,
for which dihedral angles of the two types of indole units with
the N4 core are 11.3� and 18.0�.


In (SA3)PzH2, the dihedral angles formed with the central
N4 core by the 1,2,5-thiadiazolo-pyrrolenine unit (NC4N2S),
the opposite isoindolenine ring, and the two adjacent
isoindole rings are 10.1(1), 8.0(1), 4.7(1), 13.5(1)�, respective-


Figure 3. Deviations of atoms [103ä] constituting the macrocyclic skeleton
in (SA3)PzH2 (top) and (S2A2)PzH2 (bottom) from the mean N4 plane
formed by internal nitrogen atoms and intramolecular hydrogen bonds [ä}.


ly.[8] The NC4N2S moiety and the opposite isoindolenine ring,
which are nearly coplanar (dihedral angle 10.6(1)�), show a
definite separation between their planes (�0.66 ä, Figure 4).
Distortion from planarity of the macrocycle in (SA3)PzH2


having six amyloxy groups is much stronger than in the case of
the symmetrical (A4)PzH2 having eight amyloxy groups. This
indicates that the distortion in the case of (SA3)PzH2,
although certainly contributed by the steric effects of the
amyloxy groups, mainly arises from the strong polarization of
the � system owing to the ™push ± pull∫ interaction between
the electron-deficient 1,2,5-thiadiazole ring and the strongly
electron-donating amyloxy-substituted benzene rings and
consequent intermolecular dipole ± dipole interactions result-
ing in the formation of centrosymmetric molecular pairs
(Figure 4). Notably, the amyloxy groups of the isoindolenine
moiety in one molecule embrace the 1,2,5-thiadiazole frag-
ment in the centrosymmetric pair. Although such conforma-
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tion of the amyloxy groups is sterically less favorable, it allows
the additional binding of the molecules in the pair by means of
intermolecular interactions (weak hydrogen bonding) be-
tween the N atoms of the 1,2,5-thiadiazole ring of one
molecule and H atoms of �-CH2-groups of another molecule
(Figure 4). The N ¥¥¥HC distance is 2.67 ± 2.80 ä, which is
close to the sum of the van der Waals radii of nitrogen and
hydrogen (1.55� 1.20� 2.75 ä). Intramolecular interactions
with meso-N atoms (Nmeso ¥ ¥ ¥ HC: 2.54 ± 2.80 ä) provide the
additional stabilization of such a conformation of the amyloxy
groups.


In the case of the cis-2:2 isomer (S2A2)PzH2, the two 1,2,5-
thiadiazolo-pyrrole/enine and the two isoindole/enine units
containing the N1, N3, and N5, N7 atoms (Figure 1) are nearly
coplanar with the mean N4 plane (the dihedral angles are
2.8(1), 1.7(1), 1.3(1), and 2.5(1)�, respectively). The pairs of
opposite units containing the N1, N5 and the N3, N7 atoms are
also nearly coplanar. The separation between the mean planes
in each pair is 0.25(3) and 0.13(3) ä, respectively, and the
dihedral angle they form is 3.8(1)�. The resulting deviation of
atoms constituting the inner porphyrazine macrocycle from
the mean N4 plane does not exceed 0.02 ä (Figure 3), except
for the C� atoms of the pyrrole and pyrrolenine units with
annulated 1,2,5-thiadiazole rings and the triatomic C�-Nmeso-
C� bridge between them, whose displacement is caused by
ruffling of the thiadiazole rings that are located above the
mean plane. Despite the ruffling, the deviation of the S atoms
(0.314 and 0.256 ä in the heterocycles annulated to pyrrole
and pyrrolenine rings, respectively) remains less than for
(SA3)PzH2 (0.722 ä). As observed for (SA3)PzH2, the amy-
loxy groups in (S2A2)PzH2 are also involved in weak
intermolecular hydrogen bonding (see frontispiece).


As shown in Figure 5, the crystal packing of (S2A2)PzH2


consists of molecular layers running parallel to the (110)
plane. In this arrangement, pairs of centrosymmetric mole-
cules are oriented in such a way that the nitrogen atom N3
(Figure 1) of one molecule overlaps the benzene ring of the
isoindolenine unit containing N7 of the adjacent molecule.
The molecules in a pair, and the adjacent interpair molecules


as well, approach each other at
an interplanar distance of
3.273(10) ä. Such an intermo-
lecular distance is appreciably
shorter than that found in a
number of simple phthalocya-
nine systems (3.30 ± 3.40 ä) and
might be indicative of some � ±
� intermolecular interaction, a
prerequisite for some charge
transfer occurring along the
columnarly stacked system,
with possible manifestation of
some electrical conductivity
properties. Unfortunately, the
very small amounts of pure cis
species available did not allow
any solid-state electrical con-
ductivity measurements to be
carried out. It is interesting that


pairs of molecules similar to those found for the cis species are
also present in the species (SA3)PzH2 with an identical
intermolecular distance within the pair (3.273(10) ä).[8] In the
latter, however, the pairs are distributed differently within the
cell, in such a way (Figure 6) that there are no significant
contacts between themselves. Thus there is only a low
probability of an efficient long-distance electronic charge
transmission.


Figure 5. The packing of the species (S2A2)PzH2 (SCHAKAL view).
Disorder affecting some alkyl chains has been omitted for clarity.


The packing of the symmetrical species (A4)PzH2 consists
of infinite chains of adjacent molecules parallel to the (110)
plane (Figure 7). The distance between adjacent planes is
3.535(19) ä and the molecules are only very rarely super-
imposed.


IR spectra : The IR spectra of the present series of unsym-
metrical porphyrazines are given in Figure 8 together with the
spectra of the symmetrical species. In the spectrum of
(A4)PzH2 (Figure 8F) the vibrations of the eight amyloxy
groups (�(CH)Am� 2850 ± 2960 cm�1, �(CH)Am� 1465 and


Figure 4. Inter- and intramolecular interactions in the centrosymmetric pair of (SA3)PzH2 that determine the
conformation of amyloxy groups.
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Figure 6. View of the unit cell of (SA3)PzH2 along the (101) axes. Alkyl
chains are omitted for clarity.


Figure 7. The packing of (A4)PzH2 (SCHAKAL view). Disorder affecting
some alkyl chains has been omitted for clarity.


1376 cm�1, �(C�O)arom� 1260 ± 1270 cm�1 and �(O�Am)�
1020 ± 1060 cm�1) and of the four benzene rings (�(C :C)�
1600 and 1500 cm�1, �(CH)� 876 cm�1)[35] produce the most
intense bands which strongly overlay the skeleton vibrations
of the internal porphyrazine core. Annulation of 1,2,5-
thiadiazole rings instead of diamyloxy-substituted benzene
rings results in the decrease of the intensity of the above-
mentioned bands and in the appearance of the characteristic
bands assigned to vibrations of the 1,2,5-thiadiazole rings
(�(S�N) at 750 ± 760 and 810 ± 820 cm�1, �(C�N), and �(C :C)
at 1215 and 1265 cm�1, ring deformations at 510 ± 520 cm�1).[6]


The vibrations of the porphyrazine skeleton also become
distinctly visible (�(C :Nmeso) at 1530 cm�1, pyrrole ring vibra-
tions at 1130 and 1010 ± 1060 cm�1). In the case of the cis-


Figure 8. IR spectra of (S4)PzH2 (A), (S3A)PzH2 (B), (S2A2)PzH2 (C),
(SASA)PzH2 (D), (SA3)PzH2 (E), and (A4)PzH2 (F). For (S4)PzH2, bold-
type wavenumbers indicate vibrations of 1,2,5-thiadiazole rings and,
strongly coupled with them, pyrrole ring vibrations. The assignments for
vibrations of the amyloxy groups are shown for (A4)PzH2.


arranged species (S2A2)PzH2, in which two types of the 1,2,5-
thiadiazole ring are present (annulated to pyrrole and to
pyrrolenine rings) their torsion vibrations give a double band
(498 and 512 cm�1).


1H NMR spectra : The amyloxy chains present in the
porphyrazines (A4)PzH2, (SA3)PzH2, (S2A2)PzH2, and (SA-
SA)PzH2 endow them with sufficient solubility to allow the
measurement of their 1H NMR spectra in neutral solvents
(CDCl3). In the case of the 3:1 porphyrazine macrocycle, only
the spectrum of the Mg derivative [(S3A)PzMg] in [D5]pyr-
idine could be obtained. A comparison of the observed
chemical shifts is presented in Table 2. The aromatic protons
of the benzene rings give resonances in the region �� 7.1 ±
7.7 ppm and the number of signals and their position are
characteristic for each species. Only one signal in the aromatic
region is observed for the symmetrical species (A4)PzH2, and
for trans-2:2 and 3:1 low-symmetry porphyrazines. In the case
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of (SA3)PzH2 and (S2A2)PzH2, which have lower symmetry,
the nonequivalent benzene protons show, correspondingly,
three singlets and a double doublet. Introduction of the �-
electron deficient 1,2,5-thiadiazole rings leads to polarization
of the macrocyclic � system and reduces the local �-ring
currents in the benzene rings. As a result, the signal of the
benzene protons in the low-symmetry porphyrazines is shifted
upfield. This effect is especially pronounced for the cis-2:2
species. Owing to the deshielding effect of the macrocyclic �-
ring current, the aliphatic protons of the amyloxy groups give
well-separated signals: �-CH2 triplets at �� 4.0 ± 4.9 ppm, �-
CH2: quintets at �� 1.8 ± 2.4 ppm, �-CH2 multiplets at ��
1.7 ± 2.1 ppm, �-CH2: multiplets at �� 1.4 ± 1.6 ppm and
terminal CH3 group triplets at �� 0.75 ± 1.15 ppm. Because
the amyloxy groups are not equivalent in (SA3)PzH2 and
(S2A2)PzH2, the former species exhibits three groups of
multiplets for �-CH2, �-CH2 and CH3 protons, and for the
latter, two multiplets appear for �-, �-, �-CH2, and CH3


protons. Unexpectedly, also the trans species (SASA)PzH2,
which carries four chemically equivalent amyloxy groups,
gives two multiplets for each �-, �-, and �-CH2, and CH3


protons. Such magnetic anisotropy can evidently arise from
the fixed conformation of the amyloxy groups on account of
their weak intramolecular hydrogen-bonding interaction with
the N atoms located in the meso positions and in the adjacent
heterocyclic rings: this is similar to that observed in the
crystalline state for 1:3 and cis-2:2 species (see above). It is
also possible that, at the concentration level used for 1H NMR
spectroscopy (�10�3�), dimerization might occur. Interest-
ingly, for the Mg derivative [(SASA)PzMg] all signals are
shifted upfield and no splitting is observed.


The internal NH protons of the free bases, being shielded by
the macrocyclic �-ring current, give broad singlets in the high
field region (at ���2 to 0.3 ppm). It is known that the
chemical shift for the NH protons in porphyrazines is strongly
influenced not only by the macrocyclic �-ring current, but also
by aggregation effects[36] and by acidity of the N�H bonds and
the resulting intramolecular hydrogen bonding.[37] The ob-
served deviation of the N�H bonds from the mean plane of
the macrocycle (Figure 3) can also have a considerable
influence on the chemical shift. For (S2A2)PzH2, the NH
protons resonate at a higher field than in the case of the more
distorted (SA3)PzH2 and of the symmetrical species
(A4)PzH2. The singlet observed for the NH protons in
(S2A2)PzH2 is probably the result of a rapid exchange process.


In this case, lowering of the temperature results in the
downfield shift and broadening of the NH resonance (Fig-
ure 9), which disappears at�48 �C. At�58 �C, two very broad
signals at �� 0.7 and �1.4 ppm appear, but their complete


Figure 9. Temperature dependence of the NH-proton resonance in the
1H NMR spectra of (SA3)PzH2 (left) and (S2A2)PzH2 (right). Solvent:
CDCl3.


reappearance requires a lower temperature which is not
possible in CDCl3. Very strong broadening and a low-field
shift is also observed for the signal of aromatic CH protons. In
the case of (SA3)PzH2, in agreement with the X-ray results,
the internal H atoms are fixed on the more electron-rich
isoindole moieties, and even at �50 �C no splitting or
broadening of the NH resonance is observed; it only shifts
from ���0.25 ppm at 20 �C to ���0.18 ppm at �50 �C and
the three aromatic CH singlets retain their sharpness. Also for
the trans-2:2 porphyrazine, it is evident that there is only one
isomer with two isoindole rings.


UV/Vis spectra and acid ± base properties : The UV/Vis
spectra of the unsymmetrical porphyrazines (S3A)PzH2,
(S2A2)PzH2, and (SA3)PzH2 are shown in Figure 10 (solid
lines), together with those of the symmetrical species (S4)PzH2


and (A4)PzH2. In a way similar to that of the phthalocyanine
macrocycles, they are all characterized by the presence of
intense absorptions assigned to ���* transitions in the
visible or near-IR regions (Q bands) and in the UV region (B
bands). Annulation of the amyloxy-substituted benzene rings


Table 2. Chemical shifts (�) in the 1H NMR spectra of porphyrazines with annulated 1,2,5-thiadiazole rings in CDCl3.


Compound CH �-CH2 �-CH2 �-CH2 �-CH2 CH3 NH


7a (A4)PzH2 7.60 (s, 8H) 4.85 (t, 16H) 2.27 (qt, 16H) 1.72 ± 1.40 (m, 32H) 0.99 (t, 24H) 0.26 (2H)
3a (SA3)PzH2 7.66 (s, 2H) 4.82 (t, 4H) 2.42 (m, 4H) 1.75 ± 1.40 (m, 24H) 1.11 (t, 6H) � 0.25 (s, 2H)


7.65 (s, 2H) 4.78 (t, 4H) 2.22 (m, 8H) 0.97 (t, 6H)
7.51 (s, 2H) 4.67 (t, 4H) 0.86 (t, 6H)


4a (S2A2)PzH2 7.17 (d, 2H) 4.60 (t, 4H) 2.28 (m, 4H) 1.88 (m, 4H) 1.40 ± 1.60 (m, 1.12 (t, 6H) � 1.83 (s, 2H)
7.21 (d, 2H) 4.42 (t, 4H) 2.14 (m, 4H) 1.69 (m, 4H) 8H) 1.06 (t, 6H)


5a (SASA)PzH2 7.45 (s, 4H) 4.72 (t, 4H) 2.38 (m, 4H) 2.01 (m, 4H) 1.45 ± 1.65 (m, 1.13 (t, 6H) � 0.87 (s, 2H)
4.57 (t, 4H) 2.21 (m, 4H) 1.71 (m, 4H) 8H) 1.02 (t, 6H)


5b [(SASA)PzMg] 7.14 (s, 4H) 4.09 (t, 8H) 1.83 (qt, 8H) 1.39 (m, 16H) 0.90 (t, 12H)
6b [(S3A)PzMg][a] 7.66 (s, 2H) 4.66 (t, 4H) 2.39 (m, 4H) 2.10 (m, 4H) 1.69 (m, 4H) 0.75 (t, 6H)


[a] In [D5]pyridine.
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Figure 10. UV/Vis spectra of (S4)PzH2 (A), (S3A)PzH2 (B), (SASA)PzH2


(C), (S2A2)PzH2 (D), (SA3)PzH2 (E) and (A4)PzH2 (F) in CH2Cl2 (––) and
of their deprotonated forms obtained in the presence of tba(OH) (- - - -).


in place of the 1,2,5-thiadiazole rings leads to the increasing
bathochromic shift of the Q-band maxima (649� 715�
724� 735� 766� 769 nm, for (S4)PzH2, (S3A)PzH2, (SA-
SA)PzH2, (S2A2)PzH2, (SA3)PzH2, (A4)PzH2, respectively),
but produces minor changes in the position of the B-band
maxima located at �330 nm. The amyloxy-substituted ben-
zene rings act as strong electron donors to the porphyrazine
macrocycle, and their replacement by the �-electron-deficient
1,2,5-thiadiazole rings leads to destabilization of the HOMO,
whereas the energy of HOMO-1 and LUMO is influenced
only slightly by substituents in the �-pyrrole positions.


With regard to the complete series of free ligands depicted
in Scheme 2, the symmetry of the macrocyclic �-chromophore
isD2h , as is the case for (S4)PzH2, (A4)PzH2 and (SASA)PzH2,
or lower. As a result, the Q band has, respectively, either the
expected characteristic splitting, as occurs for (S4)PzH2 and
(SA3)PzH2 (spectra A and E, Figure 10), or asymmetry, as is


evident for (S3A)PzH2, (SASA)PzH2 and (A4)PzH2 (spec-
tra B, C and F, Figure 10). Interestingly, for the Q band of the
cis-2:2 isomer (S2A2)PzH2 (Figure 10D,) no splitting is
observed, unlike the trans isomer (SASA)PzH2 which is
characterized by a broadened hypsochromically shifted Q-
band envelope.


The unsymmetrical macrocycles (SA3)PzH2, the 2:2 iso-
mers, and (S3A)PzH2, like (S4)PzH2, can be considered to be
multicenter conjugated ampholites because they contain two
acidic internal N ±H groups as well as several basic centers,
namely the four meso-N atoms and the N atoms of the 1,2,5-
thiadiazole rings. This results in a peculiar behavior of these
species in the presence of acids and bases and in the solvents
with different proton-donor and proton-acceptor abilities, as
is briefly discussed here below.


First, addition of strong bases such as tetra(n-butyl)ammo-
nium hydroxide, [tba]OH, to solutions of the species
(SA3)PzH2, either 2:2 isomers, and (S3A)PzH2 in neutral
solvents (CH2Cl2, CHCl3) leads to deprotonation and for-
mation of the corresponding dianions with associated changes
in the UV/Vis spectra (Figure 10, dashed lines). The position
of the Q-band maxima is shifted hypsochromically by 30 ±
50 nm (600 ± 900 cm�1) owing to destabilization of the LUMO
in the dianions so that the Q absorptions become definitely
more narrow than for the free bases because of the rise in the
symmetry of the �-chromophore. The position of the B band
is generally shifted bathochromically because of the large
destabilization of the HOMO-1.


In pyridine solutions, the dissociation of the central NH
groups and the related spectral response is clearly a function
of the specific nature of the macrocycle considered. As
already reported by us,[3] the free ligand (S4)PzH2 forms the
pyridinium saltlike species [(S4)Pz]�2(pyH�)2 as a conse-
quence of the presence of four annulated 1,2,5-thiadiazole
rings that favor dissociation. Identical behavior is shown by
(S3A)PzH2 immediately after dissolution in the N base. On the
contrary, (A4)PzH2 and (SA3)PzH2 show no tendency to
dissociate, evidently as a result of the effect on NH
dissociation caused by the prevalent presence of the elec-
tron-donating amyloxy groups. Both 2:2 isomers exhibit
intermediate behavior, since they show some interaction with
pyridine only after prolonged heating.


As shown for other porphyrazines,[38±40] protonation of the
donor meso-N atoms can occur in acidic media, leading to a
bathochromic shift of the Q-band maxima by 500 ± 1500 cm�1


for each N atom involved. Unlike protonation of meso-
nitrogens, their acid solvation as well as acid ± base interaction
with N atoms of annulated heterocyclic rings have only a
minor solvatochromic effect (	300 cm�1). It was also shown
that, unlike common porphyrins, protonation of internal
pyrrolenine nitrogen atoms is not usually observed for
porphyrazines.[38, 40]


UV/Vis spectra in acidic media of a series of species with
differing numbers of peripheral substituents are displayed in
Figure 11. For the symmetrical octaamylate (A4)PzH2, as
occurs for the unsubstituted phthalocyanine, PcH2,[38] step-
wise protonation of all four meso-N atoms is observed on
increasing the acidity of the media upon going from neutral
CH2Cl2, to formic and trifluoroacetic acid, and finally to
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Figure 11. UV/Vis spectra of (S4)PzH2 (A) in chlorobenzene, (S3A)PzH2


(B), (S2A2)PzH2 (C), (SA3)PzH2 (D) and (A4)PzH2 (E) in CH2Cl2 (––) and
of their acid associated and protonated forms obtained in acid media–in
CH2Cl2 containingHCOOH0.5% (12), 5% (8,13), 100% (9), in CF3COOH
(1,3,5), in CF3COOH containing 1% H2SO4 (6,14), in CH3COOH contain-
ing 35% H2SO4 (10) and in 96% aqueous H2SO4 (2, 4, 7, 11, 15).


concentrated H2SO4. A bathochromic shift of the Q band by
700 ± 1500 cm�1 can be observed in correspondence with each
protonation step, with the Q-band maximum for the tetra-
protonated form (in H2SO4) being shifted by more than
4700 cm�1 (1207 nm). In (S4)PzH2, the basicity of the meso-N
atoms is markedly quenched by the effect of the 1,2,5-
thiadiazole rings present. Accordingly, only ™acid solvation∫
was evidenced for (S4)PzH2 in CF3COOH,[3] with a subtle
hypsochromic shift of the Q band (�200 cm�1), and proto-
nation of only onemeso-N atom takes place (pKa1��4.06) in
the strongly acidic 96% H2SO4 (bathochromic shift of the Q
band �400 cm�1), the second protonation step (pKa2�� 13)
can be observed only in more strongly acidic media (�100%
H2SO4, oleum, HSO3Cl).[41] Inspection of the UV/Vis spectra
of the unsymmetrical porphyrazines (S3A)PzH2, (S2A2)PzH2


and (SA3)PzH2 with increasing acidity of the media
(CH2Cl2�HCOOH�CF3COOH�H2SO4, see Figure 11)
shows the formation of two (bathochromic shift 2100 cm�1 in
H2SO4), three (3600 cm�1), and four acid forms (4100 cm�1),
respectively.


It is known,[38] that delocalization of the positive charge of
the acid forms along the � system of the porphyrazine


macrocycle results in a bathochromic shift of the Q band by
400 ± 700 cm�1 for each progressive protonation step, whereas
involvement of peripheral substituents in delocalization,
especially benzene rings having strong electron-buffering
properties, increases the value of the shift up to �1300 cm�1.
The observed values of the bathochromic shifts of theQ band
indicate that for the monoprotonated forms the positive
charge is delocalized within the porphyrazine � system for
(S4)PzH2 and (S3A)PzH2, whereas for both 2:2 species, that is,
(S2A2)PzH2 and (SASA)PzH2, as well as for (SA3)PzH2 and
(A4)PzH2, the � system of the benzene rings is strongly
involved in delocalization.


As indicated by UV/Vis spectral features, annulation of the
electron-withdrawing 1,2,5-thiadiazole rings instead of the
benzene rings results in a lowering of the basicity of the
porphyrazine macrocycle. Whereas the monoprotonated form
of (A4)PzH2, (SA3)PzH2, and of both 2:2 isomers can be
obtained in CH2Cl2 containing increasing amounts of
HCOOH (0.5, 5, 50%, respectively), protonation of the first
meso-nitrogen atom in (S3A)PzH2 can be observed only in
100% CF3COOH, and in the case of (S4)PzH2 only in
concentrated H2SO4.[3, 41]


Nonlinear optical properties : Nonlinear transmission is a
nonlinear optical property of materials which allows one to
control the energy of laser pulses. Among different materials
with nonlinear optical properties, nonlinear absorbers are
particularly useful in applications, such as optical limiting,
which can be used for eye protection, or more generally,
optical detector protection and also in photonic devices.[42]


Several mechanisms at the molecular level are the basis for an
optical limiter and of particular importance is a sequential
two-photon absorption like a reverse saturable absorption
(RSA) mechanism, in which excited states absorb more than
the ground state, since a low threshold for the non-linearity is
usually found.


Molecular structures such as phthalocyanines[43, 44] and
porphyrins[45, 46] have been identified as very active RSA
molecules useful for limiting laser pulses on the nanosecond
time scale and in the visible frequency range, particularly at
532 nm (the doubled frequency of a Nd:YAG laser), since the
lowest triplet state is efficiently populated within nanoseconds
and it shows an absorption maximum at�500 ± 550 nm where
the ground state has a low absorption. Owing to the
phthalocyanine-type structure of the present symmetrical
and unsymmetrical new species, the optical limiting behavior
of the series (A4)PzH2, (SA3)PzH2, (S2A2)PzH2, and (S4)PzH2


was investigated.
The first three molecules are soluble in toluene and the


trend of the optical limiting response of their solutions in this
medium is shown in Figure 12. Measurements were carried
out with 9-ns pulses at 532 nm from a doubled Nd:YAG laser.
Since the systems behave as RSA and the molecular
population accumulates in the triplet states with long lifetimes
with respect to the laser pulses, the fluence rather than the
intensity of the laser pulses was the appropriate quantity to be
considered. It is clear from Figure 12 that solutions with
almost equal transmittance at 532 nm show very different
optical limiting behavior. The symmetrical species (A4)PzH2
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Figure 12. Optical limiting curves for (A4)PzH2 (�), (SA3)PzH2 (*) and
(S2A2)PzH2 (�) in toluene solution with 56, 60, and 54% linear trans-
mittance, respectively, at 532 nm in a 0.2-cm quartz cell; 9-ns laser pulses at
532 nm were used for the measurements.


shows the best performance and the limit of the curve
coincides with the initial decomposition of the macrocycle.
This happens at lower fluences with respect to the other
porphyrazines, since the large nonlinear absorption results in
a large quantity of local heat transfer to the solvent which has
a finite dispersion capacity. The measurements for the low-
symmetry species (SA3)PzH2 and (S2A2)PzH2 show that an
increase of the S-containing peripheral rings lowers the
optical limiting performance.


The symmetrical porphyrazine (S4)PzH2 was found to be
practically insoluble in toluene, and a little higher solubility
was found for a solution in 1:1 toluene/DMSO. Figure 13
shows the optical limiting behavior of such solutions for


Figure 13. Optical limiting curves for (A4)PzH2 (�) and for (S4)PzH2 (�) in
toluene/DMSO (1:1) solution with 79 and 81% linear transmittance,
respectively, at 532 nm in a 0.2-cm quartz cell; 9-ns laser pulses at 532 nm
were used for the measurements.


(S4)PzH2 and (A4)PzH2. It is observed that the performance of
the porphyrazine (S4)PzH2 is lower than that of the phthalo-
cyanine (A4)PzH2, in agreement with the above results.
Figure 14 compares the optical limiting behavior of
(A4)PzH2 in pure toluene and in the 1:1 toluene/DMSO
mixture. It seems that the presence of DMSO lowers the
optical limiting performance; this is presumably the result of a
specific solute ± solvent interaction.


In summary, the above results indicate that progressive
introduction of the thiadiazole rings in the macrocycle
disfavors the optical limiting performance. The reason for
such behavior should be related to the RSA mechanism


Figure 14. Optical limiting curves for (A4)PzH2 in toluene (�) and toluene/
DMSO (1:1) (�) solutions with 56% linear transmittance at 532 nm in a
0.2 cm quartz cell ; 9-ns laser pulses at 532 nm were used for the measure-
ments.


involving the triplet-to-triplet absorption, which is character-
istic of this type of structures. The structural modification
along the series clearly implies a parallel change in the
electronic properties of the molecules, as is clear from the
UV/Vis electronic spectra (Figure 10), and one should con-
sider that the triplet-to-triplet absorption spectrum can also
be changed in frequency and/or that its absorption cross-
section may undergo some modification. On the other hand,
the intersystem crossing efficiency might also be affected.
Preliminary pump&probe measurements with the same laser
pulses used for the optical limiting measurements indicate
that the excited-state spectrum of (A4)PzH2 shows a max-
imum absorption cross-section at �550 nm, which is consis-
tent with the triplet-to-triplet absorption usually found for
phthalocyanines.[44] The excited-state spectrum of
(S2A2)PzH2, on the other hand, shows a similar band
structure, with a maximum slightly shifted to higher frequen-
cies, but with lower transient absorption. This observation
justifies the measured optical limiting behavior of the two
species (A4)PzH2 and (S2A2)PzH2 and indicates that the same
RSA mechanism is present for the two molecules, although
one cannot decide, at present, if the lower efficiency observed
for (S2A2)PzH2 is caused by a variation of the intersystem
crossing efficiency and/or a variation of the absorption cross-
section of the triplet state.


Conclusion


Synthetic work has led to the isolation and characterization of
new symmetrical and unsymmetrical Mg and related free-base
porphyrazine macrocycles containing peripherally annulated
1,2,5-thiadiazole and 1,4-diamyloxybenzene moieties. The
structural information obtained by elucidation of the struc-
tures of three out of the six possible components of the series
of the free-base macrocycles by single-crystal X-ray diffrac-
tion has demonstrated the role played by the annulated
electron-deficient (thiadiazole) and electron-donor (diamy-
loxybenzene) fragments in determining the solid-state intra-
and intermolecular arrangements. The different electronic
situation present in the various species along the series also
has a remarkable effect on their properties in solution, as is
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especially evidenced by the characteristic UV/Vis spectral
features (especially in the Q-band region) and by their acid ±
base behavior in media of different acidity. The nonlinear
transmission properties (optical limiting behavior), which
depend on the excited-states dynamics, are also strongly
influenced by the new electronic situation. Noticeably, low-
symmetry features of the macrocycles do not seem to improve
the optical limiting response; this is probably related to the
intrinsic nature of the electron-withdrawing thiadiazole rings.
Future measurements on the second-order nonlinear proper-
ties will presumably provide a better illustration of the effect
of the noncentrosymmetric structure of some molecules and,
in particular, of the occurring intramolecular ™push ± pull∫
effect.


Experimental Section


Materials : All chemicals and solvents were reagent grade.


Synthetic procedures : 1,2,5-Thiadiazole-3,4-dicarbonitrile (1) and (S4)PzH2


(8a) were prepared as described elsewhere.[3] Slightly different methods,
with respect to those outlined previously,[47] were used for the synthesis of
3,6-diamyloxyphthalodinitrile (2) and the octaamyloxyphthalocyanine,
(A4)PzH2 (7a).


3,6-Diamyloxyphthalodinitrile (2): 2,3-Dicyanohydroquinone (3.2 g,
0.02 mol), anhydrous potassium carbonate (13.8 g), and amyl bromide
(7.5 mL, 0.06 mol) were suspended in DMF (40 mL), and the mixture was
heated at 110 �C for 16 h. After the mixture was cooled and filtered, the
white crystalline solid was washed with water until the washings were
colorless, and then dried to constant weight in a vacuum. Yield: 5.51 g
(92%); elemental analysis calcd (%) for C18H24N2O2: C 71.97, H 8.05, N
9.32; found: C 71.51, H 8.43, N 9.37.


1,4,6,9,11,14,16,19-Octaamyloxyphthalocyanine, (A4)PzH2 (7a): 3,6-Di-
amyloxyphthalodinitrile (2) (2 g, 6.66. mmol) was suspended under nitro-
gen in amyl alcohol (50 mL) and heated at 120 �C until complete dissolution
of the solid. Lithium (0.152 g, 21.9 mmol) was added to the hot solution and
the mixture was refluxed for 2 h under a N2 atmosphere. After the mixture
had been cooled, glacial acetic acid (5 mL) and acetone (100 mL) were
added to the green solution, which changed its color to purple. The
precipitate formed was separated by filtration under vacuum, washed with
acetone, and dried (yield: �600 mg). Portions of this solid were purified by
chromatography as needed (silica gel; CHCl3 and ether as eluents),
allowing the separation of a green fraction from which pure solid (A4)PzH2


was obtained after evaporation of the solvent mixture. IR (KBr): �	 � 3296w
(NH); 3066vw (CH)arom; 2954m, 2925m, 2869m, 2857m (CH)Am); 1598s,
1497s (CC)arom; 1465m, 1376m (�(CH)Am); 1268vs (C ±O)arom; 1184w,
1167w; 1058s, 1027s (O±Am); 968w, 876m, 812w, 795w, 767w, 754w,
601w cm�1; UV/Vis (toluene): �max (log
)� 329(4.69), 402(4.31), 667(4.46),
695(4.51), 739(5.01), 762 nm (5.09); 1H NMR (CDCl3): �� 0.26 (s, 2H,
NH), 0.99 (t, J� 7.0 Hz, 24H, CH3), 1.40 ± 1.72 (m, 32H, �- and �-CH2), 2.27
(qt, J� 7.3 Hz, 16H, �-CH2), 4.85 (t, J� 7.7 Hz, 16H, �-CH2), 7.60 ppm (s,
8H, CH); elemental analysis calcd (%) for C72H98N8O8 (1203.6): C 71.85, H
8.21, N 9.31; found: C 71.51, H 8.41, N 9.11.


5,8,10,13,15,18-hexaamyloxy-21H,23H-tribenzo[g,l,q][1,2,5]thiadiazolo-
[3,4-b]porphyrazine, (SA3)PzH2 (3a)


The lithium amylate method : 1,2,5-Thiadiazole-3,4-dicarbonitrile (1, 1 g,
7.35 mmol) and 3,6-diamyloxyphthalodinitrile (2, 1 g, 3.3 mmol) were
added to a solution of lithium amylate (0.28 g Li, 40 mmol) in freshly
distilled amyl alcohol (30 mL). The mixture was heated under reflux for
6 h. The resulting olive-green mixture was acidified with acetic acid (5 mL)
and poured into acetone (150 mL) to give a dark green precipitate which
was filtered off and washed with acetone and methanol. This crude mixture
of porphyrazines (1.2 g, overall yield of porphyrazines �60%) was
extracted with benzene in a Soxhlet apparatus. The symmetrical macro-
cycle (S4)PzH2 (8a), which is completely insoluble in benzene, remained as
a solid residue (510 mg, yield �35%; the UV/Vis spectrum indicates that
8a is mixed with �10 ± 15% of (S3A)PzH2 (6a)). The volume of the


benzene extract was reduced, and then the extract was chromatographed
on aluminium oxide (Reakhim, chromatographic grade). The symmetrical
amyloxy-substituted phthalocyanine (A4)PzH2 (7a) was eluted as the first
fraction with benzene. Yield: 120 mg (3.7%); the compound is spectro-
scopically identical to that obtained by direct synthesis from 2 and lithium
amylate (see above), and to that reported elsewhere[47]). The second olive-
green fraction containing the unsymmetrical porphyrazine 3a was eluted
with a benzene/chloroform (3:1) mixture (yield: 72 mg (2.6%); this
compound is identical to the product previously described[8] and to that
obtained by the magnesium amylate method, see below). The following
elution with chloroform gave the third fraction containing a mixture of the
2:2 products 4a and 5a and some 3a (69 mg, �3%). Elution with
chloroform/acetone (9:1) gave a fourth fraction (green) containing the
mixture of the 2:2 products 4a and 5a (96 mg, 4.1%). The third and fourth
fractions were then combined and the 2:2 species 4a and 5a were separated
and isolated as described below in the corresponding section. The fifth
bluish-green fraction containing 6a remained on the top of the column and
could not be eluted, even with pyridine. Some of this product for UV/Vis
spectroscopic characterization was extracted from the alumina with boiling
DMF.


The magnesium amylate method : Magnesium (0.2 g, 8.3 mmol) was
dissolved under reflux in freshly distilled amyl alcohol (20 mL) (the
reaction was initiated by addition of traces of I2). 1,2,5-Thiadiazole-3,4-
dicarbonitrile (1, 1.5 g, 11 mmol) and 3,6-diamyloxyphthalodinitrile (2, 1 g,
3.3 mmol) were then added and the mixture was heated under reflux (4 h).
After elimination of the amyl alcohol, the residue was stirred under reflux
in CF3COOH (10 mL) for 1.5 h. After the mixture had been cooled and
CF3COOH had been removed by evaporation, the residue was washed with
MeOH and dried. The crude material (0.87 g, overall yield �35%) was
extracted with CHCl3 in a Soxhlet apparatus. The solvent was evaporated to
give 0.68 g of a mixture of the soluble unsymmetrical porphyrazines (total
yield: 27%), and 190 mg of an undissolved solid material containing mostly
the symmetrical species (S4)PzH2 (overall yield �10%, calcd on the
amount of 1 �13%). The extract was chromatographed on silica with a
CH2Cl2/CHCl3 mixture (1:1) to give 3a as the first fraction (70 mg, yield:
1.9%). The second fraction was eluted with CHCl3 and gave a mixture
of the 2:2 products (270 mg, total yield 8.7%), which was then treated as
described below in the corresponding section. The last bluish-green
fraction containing 6a (estimated yield: 13%) remained on the column
and could not be eluted either with CHCl3 containing MeOH or with
DMF.


(SA3)PzH2 (3a): IR (KBr): �	 � 3296w (NH); 3058vw (CH)arom; 2955m,
2927m, 2869m, 2858m (CH)Am; 1599s, 1507 s (CC)arom; 1466m, 1383m
(�(CH)Am); 1266vs (C ±O)arom; 1205s; 1123w; 1057 s, 1012 s (O±Am);
969w, 884w, 797w, 755s, 734m, 669w, 639w, 597w, 508m cm�1; UV/Vis
(CH2Cl2): �max (log 
)� 329(4.96), 408sh, 458(4.29), 520sh, 663sh, 699sh,
730(5.02), 766 nm (5.21); 1H NMR (CDCl3): ���0.25 (s, 2H NH), 0.86 (t,
J� 6.0 Hz, 6H, CH3), 0.97 (t, J� 7.5 Hz, 6H, CH3), 1.11 (t, J� 7.5 Hz, 6H,
CH3), 1.40 ± 1.80 (m, 24H, �- and �-CH2), 2.21 (m, 8H, �-CH2), 2.43 (m, 4H,
�-CH2), 4.67 (t, J� 6.6 Hz, 4H, �-CH2), 4.78 (t, 7.5 Hz, 4H, �-CH2), 4.82 (t,
7.2 Hz, 4H, �-CH2), 7.52 (s, 2H, CH), 7.66 (s, 2H, CH), 7.67 ppm (s, 2H,
CH); FAB: m/z (%): 1039 (100) [M]� ; elemental analysis calcd (%) for
C58H74N10O6S (1038.55): C 67.03, H 7.18, N 13.48, S 3.08; found: C 66.70, H
7.33, N 13.47, S 2.56.


9,12,14,17-tetraamyloxy-19H,21H-dibenzo[l,q]di[1,2,5]thiadiazolo[3,4-
b :3,4-g]porphyrazine, (S2A2)PzH2 (4a): 3,6-Diamyloxyphthalodinitrile (2,
1 g, 3.3 mmol) was added to the suspension of magnesium amylate
(obtained as described above from Mg (0.2 g, 8.3 mmol) in freshly distilled
amyl alcohol (20 mL)) and the mixture was heated for 10 min under reflux,
followed by addition of 1,2,5-thiadiazole-3,4-dicarbonitrile (1, 1.5 g,
11 mmol) and reflux for further 3 h. After the mixture had been allowed
to cool and the solvent had been removed by evaporation, the residue was
stirred under reflux in CF3COOH (10 mL) for 1.5 h. The residue obtained
after elimination of CF3COOH was washed with MeOH and dried. The
crude material (0.75 g; overall yield of porphyrazines �30%) was
extracted with CH2Cl2 in a Soxhlet apparatus and the extract was
chromatographed on alumina (grade I). The first fraction (green) was
eluted with CH2Cl2 containing 1% MeOH. After evaporation of the
solvent, 4a was obtained as a black-green powder (yield: 156 mg, 5%). The
bluish-green fraction containing 6a remained on the top of the column and
could not be eluted, even with pyridine, DMF, or acids. The solid residue
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after Soxhlet extraction (370 mg) consists of the mixture of 6a and 8a
(�3:2, as was estimated from the UV/Vis spectrum in DMF).


(S2A2)PzH2 (4a): IR (KBr): �	 � 3278w (NH); 3052vw (CH)arom; 2954m,
2925m, 2867m, 2856m (CH)Am; 1604m, 1505s (CC)arom; 1572w, 1543w;
1465m, 1384m (�(CH)Am); 1269vs (C ±O)arom; 1209 s; 1154m; 1123m;
1058s, 1030m (O±Am); 964w, 884w, 799m, 754s, 741m, 657w, 623w,
590w, 512w, 498m cm�1; UV/Vis: (CH2Cl2) �max (log 
)� 336(4.81),
514(3.97), 658(4.46), 700sh, 735 nm (4.98); (PhMe) �max (log
)�
333(4.72), 425sh, 506(3.97), 657(4.48), 700 sh, 728 nm (5.06); 1H NMR
(CDCl3): ���1.83 (s, 2H, NH), 1.06 (t, J� 7.0 Hz, 6H, CH3), 1.12 (t, J�
7.3 Hz, 6H, CH3), 1.40 ± 1.60 (m, 8H, �-CH2), 1.69 (m, 4H, �-CH2), 1.92 (m,
4H, �-CH2), 2.14 (m, 4H, �-CH2), 2.28 (m, 4H, �-CH2), 4.42 (t, J� 6.2 Hz,
4H, �-CH2), 4.60 (t, 7.7 Hz, 4H, �-CH2), 7.17 (d, J� 8.8 Hz, 2H, CH),
7.21 ppm (d, J� 8.8 Hz, 2H, CH); FAB: m/z (%): 874 (100) [M]� ;
elemental analysis calcd (%) for C44H50N12O4S2 (875.08): C 60.39, H 5.76,
N 19.21, S 7.33; found: C 60.87, H 6.15, N 19.11, S 7.23.


5,8,14,17-tetraamyloxy-20H,22H-dibenzo[g,q]di[1,2,5]thiadiazolo[3,4-
b :3,4-l]porphyrazine, (SASA)PzH2 (5a): The mixture of 2:2 products
(eluted with CHCl3 as described above) was dissolved in CH2Cl2 and
chromatographed on alumina with a CH2Cl2/CHCl3 mixture (1:1). A
continuous green band, formed upon elution, was collected in a number of
fractions, which could not be differentiated by UV/Vis spectra. Only
1H NMR spectroscopy showed that the first eluted fraction contained the
cis species 4a and the terminal fraction the trans species 5a of which�5 mg
were isolated.


(SASA)PzH2 (5a): IR (KBr): �	 � 3287w (NH); 2954m, 2923m, 2855m
(CH)Am; 1608m, 1504s (CC)arom; 1571w, 1540w; 1461m, 1386m
(�(CH)Am); 1262vs (C ±O)arom); 1204 s; 1152m; 1119m; 1054m, 1035m
(O±Am); 1076w, 1011 s, 966w, 883w, 801m, 744s, 667s, 621w, 606w, 580w,
506m cm�1; UV/Vis (CH2Cl2): �max (log
)� 333 (4.80), 429sh, 506 (3.97),
660sh, 721 nm (4.81); 1H NMR (CDCl3): ���0.87 (s, 2H, NH), 1.02 (t,
J� 7.0 Hz, 6H, CH3), 1.13 (t, J� 7.4 Hz, 6H, CH3), 1.45 ± 1.65 (m, 8H, �-
CH2), 1.71 (m, 4H, �-CH2), 2.01 (m, 4H, �-CH2), 2.21 (m, 4H, �-CH2), 2.38
(m, 4H, �-CH2), 4.57 (t, J� 6.3 Hz, 4H, �-CH2), 4.72 (t, 7.0 Hz, 4H, �-CH2),
7.45 ppm (s, 4H, CH); FAB: m/z (%): 874 (100) [M]� .
A chromatographic procedure similar to that used to separate 5a was used
to separate 5b from the mixture of 2:2 Mg complexes.


[(SASA)PzMg] (5b): IR (KBr): �	 � 2956m, 2929m, 2864m (CH)Am;
1610m, 1499s (CC)arom; 1467s, 1385 s (�(CH)Am); 1270vs (C ±O)arom;
1133m; 1077m, 1056m (O±Am)); 504m cm�1; UV/Vis (CH2Cl2): �max�
346, 455sh, 510sh, 650sh, 719 nm; 1H NMR (CDCl3): �� 0.90 (t, J� 7.0 Hz,
12H, CH3), 1.39 (m, 16H, �- and �-CH2), 1.83 (qt, 8H, �-CH2), 4.09 (t, J�
6.4 Hz, 8H, �-CH2), 7.14 ppm (s, 4H, CH); FAB: m/z (%): 898 (80)
[M�H]� .


13,16-Diamyloxy-19H,21H-benzo[q]tri[1,2,5]thiadiazolo[3,4-b :3,4-g :3,4-
q]porphyrazine, (S3A)PzH2 (6a): 1,2,5-Thiadiazole-3,4-dicarbonitrile (1,
1.5 g, 11 mmol) and 3,6-diamyloxyphthalodinitrile (2, 0.66 g, 2.2 mmol)
were added to a suspension of magnesium amylate (obtained by dissolution
of Mg (0.2 g, 8.3 mmol) in freshly distilled amyl alcohol (50 mL)). The
mixture was heated under reflux for 6 h, then poured into acetone
(150 mL), filtered, and the solid residue was washed with acetone and
methanol, and then dried. The solid was treated with hot DMF and the
solution obtained was chromatographed on aluminium oxide (Reakhim,
chromatographic grade). The first fraction (green) contained a mixture of
the cis species 4b and 5b, the second fraction (bluish-green) contained
mainly 6b, and the third fraction (blue), containing 8b, remained on the top
of the column. The residue after extraction was washed with dilute acetic
acid to remove magnesium amylate. After washing with methanol, a dark
blue powder consisting mainly of 8b admixed with 6b was obtained. The
volume of the second fraction was reduced and it was chromatographed
twice to remove some admixtures of [(S2A2)PzMg] and [(SASA)PzMg].
The volume of the DMF solution was reduced by distillation, the product
was precipitated by pouring into hot water, centrifuged, washed with water
and MeOH and then dried under vacuum to give 6b as a DMF solvate,
[(S3A)PzMg](DMF) (220 mg, 8.3%). For demetalation, [(S3A)PzMg]-
(DMF) (100 mg, 0.12 mmol) was refluxed in CF3COOH and 6a was
obtained as a dark green solid after washing of residue with water and
MeOH (77 mg, 90%).


[(S3A)PzMg] (6b): IR (KBr): �	 � 2956w, 2930w, 2890w, 2860w (CH)Am;
1646s; 1605s, 1500s (CC)arom; 1558w, 1530w; 1468m, 1386 s (�(CH)Am);


1308s; 1269, 1249, 1231s (C ±O)arom; 1153m; 1100 s (O ±Am); 1075m,
1031m, 969w, 930w, 880m, 795w, 771m, 749m, 727m, 689 s, 677m, 511s,
434w cm�1; UV/Vis (DMF): �max� 358, 374 sh, 628sh, 684 nm; elemental
analysis calcd (%) for [(S3A)PzMg](DMF), C33H31Mg N15O3S3 (806.19): C
49.16, H 3.88, N 26.06, S 11.93; found: C 48.88, H 3.97, N 26.52, S 10.92;
1H NMR (C5D5N): �� 0.75 (t, 6H, CH3), 1.69 (m, 4H �-CH2), 2.10 (m, 4H,
�-CH2), 2.39 (m, 4H, �-CH2), 4.66 (t, 4H, �-CH2), 7.66 ppm (s, 2H, CH);
FAB: m/z (%): 733 (20) [M�DMF]� .


(S3A)PzH2 (6a): IR (KBr): �	 � 3290w (NH); 2956m, 2924m, 2870w,
2852m (CH)Am; 1606 s, 1504s (CC)arom; 1576w, 1539m; 1464m, 1385s
(�(CH)Am); 1304 s; 1257vs (C ±O)arom; 1203s; 1151m; 1117w; 1049s (C ±
OAm); 1076w, 1012vs, 968w, 883w, 806m, 744 s, 669m, 654w, 606m, 580m,
509s cm�1; UV/Vis (CH2Cl2): �max (log
)� 335 (4.83), 384sh, 433sh, 505
(4.19), 655sh, 668sh, 680 sh, 698sh, 715 (4.80) nm.


X-ray crystallography : Data on (S2A2)PzH2 and (A4)PzH2 were collected
on a Brucker AXS Smart 100 CCD at 298 K with MoK� radiation. Solution
and refinement were carried out with the programs SIR97[48] and
SHELX93.[49]


CCDC-203249 ((S2A2)PzH2), CCDC-203250 ((A4)PzH2) and CCDC-
163159 ((SA3)PzH2


[8]) 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 CB21EZ, UK; fax: (�44)1223-
336033; or e-mail : deposit@ccdc.cam.ac.uk).


Nonlinear optical measurements : Optical limiting measurements were
carried out with 9-ns pulses at 532 nm from a doubled Nd:YAG laser
(Quantel YG980E). Energies were measured with a pyroelectric detector
(Scientech mod. SPHD25) by averaging 10 measurements at 2 Hz in the
open-aperture configuration. Intensity of the pulses was controlled with a
�/2 wave-plate and a polarizing cube beam-splitter. Solutions were placed
in 0.2-cm glass cells and the laser beam diameter on the sample was 0.3 cm
with a spatial shape that resembled a top hat, as it was possible to observe
with a CCD camera, and a Gaussian temporal profile. Recording of the
UV/Vis spectrum of the solution makes it possible to control if a
decomposition of the sample occurred. Pump and probe measurements
were obtained with the same pulses used for the optical limiting measure-
ments. A stabilized 250 W lamp, focused on the sample, was used as a probe
source. The area of the probe beam was kept well within that of the pump.
A Jobin ±Yvon Horiba TRIAX320 spectrometer, equipped with a 600 and
a 300 groovemm�1 gratings and a phototube (Hamamatsu R2257, rise time
2.6 ns), was used to record the probe signal. A 1 GHz digital oscilloscope
(LeCroy LC564A) was used to follow the time evolution of the signal.


Other physical measurements : IR spectra were recorded with a Perkin-
Elmer 783 spectrophotometer in the range 4000 ± 200 cm�1 with KBr
pellets. UV/Vis spectra were obtained for 10�6 ± 10�5� solutions on a
Hitachi-U2000 spectrophotometer. 1H NMR spectra were measured on a
Brucker 200 MHz Spectrometer for solutions in CDCl3 or [D5]pyridine.
FAB experiments were carried out on a multiple quadrupole instrument
(VG quattro). Elemental analyses for C, H, N, and S were provided by
™Servizio di Microanalisi∫ at the Dipartimento di Chimica, Universita¡ ™La
Sapienza∫ (Rome) on an EA1110 CHNS-O instrument.
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Origin of the Regio- and Stereoselectivity in Palladium-Catalyzed
Electrophilic Substitution via Bis(allyl)palladium Complexes


Olov A. Wallner and Ka¬lma¬n J. Szabo¬*[a]


Abstract: Palladium-catalyzed allylic
substitution of aryl allyl chlorides with
aromatic and heteroaromatic aldehydes
was performed in the presence of hex-
amethylditin. This procedure involves
palladium-catalyzed formation of tran-
sient allylstannanes followed by gener-
ation of a bis(allyl)palladium intermedi-
ate, which subsequently reacts with the
aldehyde electrophile. The catalytic sub-
stitution reaction proceeds with high
regio- and stereoselectivity. The stereo-
selectivity is affected by the steric and
electronic properties of the allylic sub-
stituents. Various functionalities includ-
ing NO2, COCH3, Br, and F groups are
tolerated under the applied catalytic


conditions. Density functional calcula-
tions at the B3PW91/DZ�P level of
theory were applied to study the steric
and electronic effects controlling the
regio- and stereoselectivity of the elec-
trophilic addition. The development of
the selectivity was studied by modeling
the various bis(allyl)palladium species
occurring in the palladium-catalyzed
substitution of cinnamyl chloride with
benzaldehyde. It was found that the


electrophilic attack proceeds via a six-
membered cyclic transition state, which
has a pronounced chair conformation.
The regioselectivity of the reaction is
controlled by the location of the phenyl
group on the �1-allyl moiety of the
complex. The stereoselectivity of the
addition process is determined by the
relative configuration of the phenyl
substituents across the developing car-
bon ± carbon bond. The lowest energy
path corresponds to the formation of the
branched allylic isomer with the phenyl
groups in anti configuration, which is in
excellent agreement with the experi-
mental findings.


Keywords: allyl ligands ¥ density
functional calculations ¥ electro-
philes ¥ palladium ¥ regioselectivity
¥ stereoselectivity


Introduction


Employment of palladium catalysis to generate reactive
allylmetal intermediates from allyl chlorides and acetates
offers a powerful approach for stereo- and regioselective
transformation of electrophilic substrates.[1] There are two
basically different methods to perform these reactions. The
first one involves palladium-catalyzed formation of allylmetal
species that are reactive enough to couple directly with the
electrophiles (Scheme 1).[2±9] Recently, we have publish-


Scheme 1. Palladium-catalyzed formation of reactive allylmetal inter-
mediates followed by direct addition to electrophiles.


ed[10, 11] another method for palladium-catalyzed allylic sub-
stitution which involves formation of transient allylstannane
reagents generated from allyl chloride or acetate precursors
(Scheme 2) in the presence of hexamethylditin. In this
reaction the allylstannane intermediate is not reactive enough
for direct addition to the electrophile, but it undergoes
transmetalation with the monoallylpalladium complex avail-
able in the reaction mixture to generate a bis(allyl)palladium
complex.[12, 13] Subsequently, the bis(allyl)palladium inter-
mediate reacts[13±18] with various electrophiles such as alde-
hydes, imines, and activated alkenes.
We have found that the palladium-catalyzed electrophilic


substitution reaction (Scheme 2) proceeds with an excellent
regioselectivity to yield the branched allylic product. Inter-
estingly, this regiochemistry is in sharp contrast with the
regioselectivity of the nucleophilic attack on (�3-allyl)palla-
dium complexes, which usually takes place at the less
substituted allylic terminus.[19±23] The stereoselectivity of the
reaction is dependent on the actual allyl precursor and
electrophile combination. A very high level of stereoselectiv-
ity was observed, particularly, when bulky substituents are
present in the substrates.
Considering the low reactivity of the transient allylstan-


nanes and the well-known functional group tolerance of
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palladium catalysis,[24] this transformation offers a flexible
synthetic route for allylic substitution by electrophilic re-
agents. However, the nature of the electronic and steric effects
determining the regio- and stereoselectivity in this novel
transformation have remained unexplored. In this study we
present our results on the possibilities to further extend the
synthetic scope of the palladium-catalyzed regio- and stereo-
selective electrophilic substitution of allyl chlorides. In
particular, we have investigated the influence of various aryl
substituents on the stereochemical outcome of the reaction.
Furthermore, we performed DFT calculations to understand
the nature of the steric and electronic interactions governing
the selectivity of the catalytic reactions.


Results and Discussion


Experimental studies : Employment of 5 mol% [{(�3-allyl)-
PdCl}2] catalyst (Scheme 3) facilitated the reaction of various
allyl chlorides (1a ± d) with different aldehydes (2a ± i) in
the presence of a stoichiometric amount of hexamethyl-
ditin (Table 1). The catalytic reactions proceed under mild


Scheme 3. Experimentally studied palladium-catalyzed electrophilic sub-
stitution reactions.


neutral conditions giving the corresponding homoallyl alcohol
products (3a ± l) in good to excellent yield. It was found that in
many cases the addition rate of hexamethylditin has a great
influence on the yield of the reaction. A rapid addition often
leads to precipitation of amorphous palladium black, which


deactivates the catalyst before
a full conversion of the sub-
strates. Slow addition helps to
keep the catalyst in solution,
thus improving the yield of the
reaction.
The regioselectivity of the


reaction is excellent, as the
substitution takes place exclu-
sively at the more substituted


allylic terminus. As we reported before,[10, 11] this selectivity
feature is typical for the palladium-catalyzed electrophilic
substitution reactions. The synthetic scope of the reaction is
broad due to a high level of functional group tolerance. The
nitro-benzaldehyde derivatives (2b ± d) resist both the Can-
nizzaro reaction and reduction of the nitro functionality,
which may take place under basic conditions and on using
low-valent metals (e.g. SnCl2, Scheme 1).[25]


The carbonyl functionality of 2e also remains intact under
the applied reaction conditions (Table 1, entry 7). This
indicates that the reaction is highly chemoselective, since
the aldehyde functionality can be manipulated in the presence
of a keto group. The aromatic bromo functionality (2 f,
Table 1, entry 8) is also tolerated. Oxidative addition of
palladium to the C�Br bond was not observed. Heteroar-
omatic aldehydes, such as furyl (2h) and pyridyl (2 i)
derivatives, can also be employed under the standard reaction
conditions.
The diastereomeric ratio of the reaction varies from 5:1


(Table 1, entries 4 and 11) to 19:1 (Table 1, entry 9), and the
major diastereomer is always the anti form. Activated
aldehydes usually react with lower stereoselectivity (Table 1,
entries 2 ± 8) than benzaldehyde itself (Table 1, entries 1 and
9). The sterically bulky ortho-nitro derivative (2d) reacts with
higher selectivity than the para- (2b) and meta-nitro (2c)
analogues (c.f. Table 1, entries 4 ± 6). The diastereoselectivity
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Scheme 2. Palladium-catalyzed formation of transient allylstannane followed by addition to electrophiles via a
bis(allyl)palladium intermediate.


Table 1. Palladium-catalyzed allylic substitution of 1a ± d in the presence
of hexamethylditin.


Entry[a] Substrates Product Yield[c] d.r.[d]


R[b] Ar


1 1a 2a H C6H5 3a 80 14:1
2 1b 2b Me 4-NO2C6H4 3b 85 7:1
3 1c 2b F 4-NO2C6H4 3c 78 10:1
4 1d 2b OMe 4-NO2C6H4 3d 90 5:1
5 1d 2c OMe 3-NO2C6H4 3e 94 7:1
6 1d 2d OMe 2-NO2C6H4 3 f 91 11:1
7 1d 2e OMe 4-CH3COC6H4 3g 93 10:1
8 1d 2 f OMe 4-BrC6H4 3 h 80 14:1
9 1d 2a OMe C6H5 3 i 60 19:1
10 1d 2g OMe 4-MeC6H4 3j 57 18:1
11 1d 2 h OMe 2-furyl 3k 67 5:1
12 1d 2 i OMe 4-pyridyl 3 l 71 7:1


[a] All reactions were conducted using 5 mol% [{(�3-allyl)PdCl}2] catalyst
with slow addition of (SnMe3)2 in THF at 40 �C. [b] See Scheme 3 for
abbreviation. [c] Yield of isolated product. [d] Diastereomer ratio (anti/
syn).[9]







Regio- und Stereoselectivity in Pd-Catalyzed Electrophilic Substitution 4025±4030


also depends on the substituent effects in the allylic substrates.
The methoxy derivative (1d) generates a more reactive
nucleophile than the fluoro derivative (1c). Comparison of
entries 3 and 4 in Table 1 reveals that the more reactive allylic
substrate reacts with a lower selectivity. Thus the stereo-
selectivity of the reaction appears to be inversely propor-
tional to the reactivity of the allylic substrate and the
electrophile.


Mechanistic aspects : The catalytic electrophilic substitution
reaction proceeds via two coupled catalytic cycles (Scheme 4).
The two cycles are linked by (�3-allyl)palladium complex 4,
which is generated by oxidative addition of 1 to palladium(0).
The reaction of hexamethylditin results in the transient
allylstannane (5).[26] It is well documented[12, 13] that allylstan-
nanes readily undergo transmetalation with (�3-allyl)palladi-
um complexes to give bis(allyl)palladium complexes. Accord-
ingly, bis(allyl)palladium complex 6 can be formed from 4 and


5 under the catalytic conditions. Subsequently, complex 6
reacts with electrophiles to provide the final product 7.
The electrophilic attack on the bis(allyl)palladium inter-


mediate 6 by the electrophiles 2 is probably the most
important step of the catalytic reaction, since this step
determines the regio- and stereochemical outcome of the
catalytic transformation. Understanding the nature of the
steric and electronic effects governing this process is partic-
ularly important, since the mechanistic aspects of the devel-
opment of regio- and stereoselectivity in palladium-catalyzed
electrophilic substitution has not been studied before. There-
fore, we have performed theoretical studies on the selectivity
determining step of the above described reaction. As a model
reaction, we have chosen the electrophilic substitution of
cinnamyl chloride (1a) with benzaldehyde (2a), which gives
homoallyl alcohol 3a with high regio- and stereoselectivity
(Table 1, entry 1).


Computational methods : All geometries were fully optimized
by employing a Becke-type[27] three-parameter density func-
tional model B3PW91 (Figure 1). This so-called hybrid func-
tional includes the exact (Hartree ± Fock) exchange, the
gradient corrected exchange functional of Becke,[27] and the
more recent correlation functional of Perdew and Wang.[28]


All calculations have been carried out using a double-
�(DZ) � P basis constructed from the LANL2DZ basis[29±31]


by adding one set of d-polarization functions to the heavy
atoms (exponents: C 0.63, O 1.154) and one set of diffuse
d-functions on palladium (exponent: 0.0628). Harmonic
frequencies have been calculated at the level of optimization
for all structures to characterize the calculated stationary
points and to determine the zero-point energies (ZPE). Fully
optimized transition-state structures 9b, 9d, 10b, 10d, 11b,
and 12b have been characterized by a single imaginary
frequency, while the rest of the optimized structures possess
only real frequencies. All calculations have been carried out
by employing the Gaussian 98 program package.[32]


Structure and stability of the
�3,�3-coordinated complexes:
Four different �3,�3-coordinated
bis(allyl)palladium complexes
are expected to form, when one
phenyl substituent is attached to
each allyl moiety. In complexes
8a, b (Figure 1) the allyl moiet-
ies are in a trans orientation,
while in 8c, d the allyl groups are
cis-oriented. Similarly to the un-
substituted analogue,[16] the en-
ergy difference between the dif-
ferent forms is small, however
the trans complex is somewhat
more stable than the cis form.
Interestingly, in the most stable
isomer (8a) the phenyl substitu-
ents are located on the adjacent
allylic termini.


Structure and stability of the
�1,�3-coordinated complexes: It is well established that �1,�3-
bis(allyl)palladium complexes easily form from the �3,�3-
analogues by coordination of an external ligand.[16, 33] The
catalytic reactions were conducted in the absence of strongly
coordinating ligands (such as phosphines), under so-called
™ligand-free∫ conditions. However, the DFT calculations
indicate that the electrophilic substrate (2a) has a fairly good
coordination ability to palladium (9a, 10a, 11a, and 12a).
Formation of the �1,�3-complexes by coordination of benzal-
dehyde to 8a is an endothermic process. The stability of these
species is highly dependent on the location of the phenyl
group on the allyl moieties. In the most stable form (9a) the
phenyl substituent is attached to the �-carbon atom of the �1-
moiety and the �3-phenyl group is attached to the allylic
terminus trans to the �1-allyl group. The corresponding
complex, in which the phenyl group is attached to the �-
carbon atom of the �1-allyl (11a) is considerably (by
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Scheme 4. Catalytic cycle of the palladium-catalyzed electrophilic substitution process.
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Figure 1. Calculated structure and stability of the bis(allyl)palladium species. The energy values are given in kcalmol�1 and the bond lengths are given in ä.
The ZPV corrected energies are given in italics.
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4.1 kcalmol�1) less stable. Clearly, substitution of the meta-
lated carbon atom (C�) strongly destabilizes the �1,�3 com-
plexes.[10, 11, 16±18] When both phenyl groups are on the same
side of the complex (10a and 12a), the steric interactions lead
to a low stability.


Regioselectivity of the electrophilic attack : The electrophilic
substitution reactions takes place through six-membered
cyclic transition states, in which the distance between the
forming carbon ± cabon bond varies between 2.08 and 2.26 ä.
The lowest energy path (11.6 kcalmol�1) involves 9b (Fig-
ure 2), which bears the phenyl substituent at the �-position of
the �1-allyl moiety. This reaction path leads to slightly
endothermic (3.5 kcalmol�1) formation of the branched allylic
product 9c. Formation of the unbranched product 11c
proceeds through a much higher activation barrier
(15.9 kcalmol�1). When the phenyl substituent of the �3-
ligand and the phenyl substituent of the �1-moiety are located
on the same side of the complex, the reaction profiles (10a �
10b � 10c and 12a � 12b � 12c ) are similar to the above,
however the activation energies are much higher.


Stereoselectivity of the electrophilic attack : Formation of the
branched allylic product may proceed by formation of four
different complexes. The above discussed processes lead to 9c
and 10c, in which the phenyl groups are in anti configuration.
However, by changing the relative orientation of the �1-
moiety and the benzaldehyde molecule, two other products
can be obtained (9e and 10e) in which the phenyl groups are


mutually syn. Formation of syn complexes 9e and 10e
proceeds through TS structures 9d and 10d, respectively.
The activation barrier (Figure 2) to the formation of these syn
products is considerably higher (by 4.0 ± 4.3 kcalmol�1) than
the activation barrier (9b and 10b) for formation of anti
products (9c and 10c). This result is in good agreement with
the experimental results (Table 1) that the major product of
the palladium-catalyzed electrophilic substitution is the
branched allylic product with anti stereochemistry.
Inspection of the reoriented TS geometries (Figure 3)


reveals the underlying substituent effects governing the
stereochemistry of the reaction. The six-membered TS has a
pronounced chair conformation as indicated by the red bars.
In 9b leading to the anti product 9c the phenyl groups are in
trans-diequatorial positions across the newly forming car-
bon ± carbon bond, while in TS structure 9d (which provides
the syn product 9e) the phenyl group of benzaldehyde is axial
and the �1-allylic phenyl group is equatorial. Accordingly, in
9d the axial phenyl group is involved in a destabilizing steric
interaction with the �3-allyl moiety of the complex, which
explains its low stability. Interestingly, the activation barrier
for the reverse process (9c � 9b � 9a) is lower for the anti
product 9c (8.1 kcalmol�1) than that for the corresponding
(9e � 9d � 9a) process for the syn product 9e
(10.0 kcalmol�1). This suggests that the decomposition of
the syn product (9e) is somewhat more difficult than the
decomposition of the anti product (9c), which explains the
fact that a small amount of syn isomer (anti/syn ratio is 14:1,
Table 1) is also formed under catalytic conditions.


There are many highly stereo-
selective transformations pro-
ceeding through six-membered
cyclic transition states. However,
an important new feature in the
process described above is that
the sterically demanding substi-
tuted �3-allyl moiety controls the
stereoselection of the reaction.
Employment of this new way of
stereoinduction can be useful in
development of novel highly
stereoselective catalytic trans-
formations.


Conclusions


In this study we have shown that
palladium catalysis can be ap-
plied for electrophilic allylic sub-
stitution of aromatic allyl chlor-
ides in the presence of hexame-
thylditin. This reaction proceeds
with high regio- and stereoselec-
tivity for various aldehyde elec-
trophiles. Many functionalities
involving aromatic NO2,
CH3CO, Br, and F substituents
are tolerated; and the reaction
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Figure 2. Reaction profiles for the electrophilic attack resulting different regio- and stereoisomers. The energies
are given in kcalmol�1.
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can also be extended to heteroaromatic substrates. Density
functional calculations were undertaken to study the develop-
ment of the selectivity in the reaction. The theoretical results
show that the two most important factors controlling the
selectivity are: the location of the phenyl functionality in the
�1-moiety of the bis(allyl)palladium intermediate; and the
relative configuration of the phenyl substituents in the cyclic
six-membered transition state of the reaction. The lowest
energy path corresponds to the 8a � 9a � 9b � 9c process
providing the branched allylic isomer, in which the phenyl
groups are in anti configuration. These computational results
are in excellent agreement with the experimental catalytic
results presenting the same regio- and stereoselectivity for the
product.
The stereo- and regioselectivity of the above palladium-


catalyzed electrophilic substitution reactions are controlled
by new mechanistic features. Employment of these novel
elements in the development of catalytic transforma-
tions offers a new alternative route for the regio- and
stereoselective synthesis of densely functionalized allylic
synthons.


Experimental Section


General procedure for allylation of aldehydes 2a ± 2 i with cinnamyl
chlorides 1a ± d : The corresponding aldehyde (2a ± 2 i) (0.30 mmol),
cinnamyl chloride 1a ± d (0.36 mmol), and �3-allylpalladium chloro dimer
(2.7 mg, 0.0075 mmol) were dissolved in THF (2.3 mL) containing 4 ä
molecular sieves (70 mg) and heated to 40 �C. Hexamethylditin (118 mg,
0.36 mmol) in THF (0.7 mL) was added over a period of 12 h to this
reaction mixture by using a syringe pump, and then the reaction mixture
was stirred for additional 12 h at 40 �C. After evaporation of the solvent the
crude product was purified by silica gel chromatography. Further exper-
imental details and characterization of 3b ± l are given in the Supporting
Information.
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Figure 3. Side-view presentation of 9b and 9d to illustrate the chair conformation of the cyclic six-membered TS
structures.








Employing the Structural Diversity of Nature: Development of Modular
Dipeptide-Analogue Ligands for Ruthenium-Catalyzed Enantioselective
Transfer Hydrogenation of Ketones


Isidro M. Pastor, Patrik V‰stil‰, and Hans Adolfsson*[a]


Abstract: A library of novel dipeptide-
analogue ligands based on the combina-
tion of tert-butoxycarbonyl(N-Boc)-pro-
tected �-amino acids and chiral vicinal
amino alcohols were prepared. These
highly modular ligands were combined
with [{RuCl2(p-cymene)}2] and the re-
sulting metal complexes were screened
as catalysts for the enantioselective
reduction of acetophenone under trans-
fer hydrogenation conditions using
2-propanol as the hydrogen donor. Ex-
cellent enantioselectivity of 1-phenyl-


ethanol (up to 98% ee) was achieved
with several of the novel catalysts.
Although most of the ligands contained
two stereocenters, it was demonstrated
that the absolute configuration of the
product alcohol was determined by the
configuration of the amino acid part of
the ligand. Employing ligands based on


�-amino acids generated S-configured
products, and catalysts based on �-
amino acids favored the formation of
the R-configured alcohol. The combina-
tion N-Boc-�-alanine and (R)-phenyl-
glycinol (Boc-�-Ab) or its enantiomer
(N-Boc-�-alanine and (S)-phenylglyci-
nol, Boc-�-Aa) proved to be the best
ligands for the reduction process. Trans-
fer hydrogenation of a number of aryl
alkyl ketones were evaluated and ex-
cellent enantioselectivity, up to 96% ee,
was obtained.


Keywords: amino acids ¥ amino
alcohols ¥ asymmetric catalysis ¥
hydrogen transfer ¥ ruthenium


Introduction


Transition-metal catalyzed transfer hydrogenation has
emerged as an efficient and practical method for the
enantioselective reduction of prochiral ketones to secondary
alcohols. In recent years, a considerable number of chiral
metal complexes have been prepared and examined as
catalysts in the reduction reaction.[1] The most successful
catalysts so far are based on [{RuCl2(arene)}2] combined with
chiral, enantiomerically pure 1,2-amino alcohols or mono-N-
sulfonated 1,2-diamines (e.g. TsDPEN).[2] The most common
hydrogen source for catalytic transfer hydrogenation of
ketones is 2-propanol, although the use of formic acid, in
particular a 5:2 formic acid/triethyl amine azeotropic mixture,
is usually the preferred terminal reductant because of the
favorable irreversible process. The latter reductant is, how-
ever, limited to only a few ruthenium catalysts. For example,
the highly efficient and selective catalyst 1, introduced by
Noyori and co-workers, reduces ketones with high enantio-
face selectivity and in high conversions using the formic acid/


triethylamine system,[3] whereas the corresponding catalyst
formed from [RuII(arene)] complexes and 1,2-amino alcohols
only give the product in the presence of a secondary alcohol,
typically 2-propanol.[4, 5] The catalytic activity (TOF), how-
ever, is generally higher when amino alcohols are employed as
ligands.[2a, 6]


We have recently introduced a novel class of ligands for
asymmetric transfer hydrogenation.[7] The dipeptide ana-
logues 2, obtained from tert-butoxycarbonyl(N-Boc)-protect-
ed �-amino acids and 1,2-amino alcohols, were combined with
[RuII(arene)] complexes to generate highly active and selec-
tive catalysts for the reduction of aryl alkyl ketones. The use of
amino acids,[8, 9] amino amides,[10, 11] and even dipeptides[8] as
ligands for the reduction process has previously been reported
but the resulting catalysts nearly all produced the secondary
alcohols with low to moderate enantioselectivity. Furokawa
and co-workers employed a number of �-amino acids as
ligands together with [{RuCl2(p-cymene)}2] as catalysts for the
reduction of acetophenone in 2-propanol and the secondary
alcohols were formed with enantioselectivity ranging from 3 ±
81%.[8a] The use of dipeptide ligands resulted in ee values
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ranging from 0 ± 43%.[8b] Carmona and co-workers reported
on the preparation of self-assembled trimeric metal ± arene
complexes (Rh, Ir, and Ru) containing amino acids as
bridging ligands. These complexes were employed as catalysts
in the transfer hydrogenation of acetophenone using either
2-propanol or sodium formate as the hydrogen source. The
catalysts were reasonably active at high temperature (83 �C)
and the enantioselectivities ranged from 2 ± 73%.[9] Simple
amides derived from �-amino acids have been shown to be
somewhat better ligands than the parent acids. Hence, �-
prolineamide combined with [{RuCl2(p-cymene)}2] or
[{Cp*RhCl2}2] catalyzed the reduction of aryl alkyl ketones
using 2-propanol with selectivities ranging from 35 ±
93% ee.[10] The N-aryl prolineamides introduced by Chung
and co-workers turned out to be even more efficient ligands,
thus when combined with [RuII(arene)] complexes, high
conversions and selectivities (up to 98% ee) were obtained
in the transfer hydrogenation of a number of substituted aryl
alkyl ketones.[11] The source of hydrogen used in the latter
reductions was either the 5:2 formic acid/triethyl amine
azeotropic mixture or simply sodium formate in aqueous
solution.
The results obtained by the Chung group inspired us to


investigate a class of carboxamido-oxazoline ligands (3) in the
ruthenium-catalyzed transfer hydrogenation of ketones. We


recently prepared these tetra-
dentate bisamides and employed
them in the titanium-catalyzed
enantioselective addition of di-
ethylzinc to aryl aldehydes.[12]


When used in the reduction of
acetophenone under transfer hy-
drogenation conditions with ei-
ther [Ru(PPh3)3Cl2] or
[{RuCl2(p-cymene)}2] as rutheni-
um sources, poor reactivity and


selectivity were observed. Interestingly, we discovered that a
precursor used in the preparation of ligand 3, when combined
with the [{RuCl2(p-cymene)}2] complex, catalyzed the forma-
tion of 1-phenylethanol (in 2-propanol) with significantly
better selectivity. The actual ligand employed in this crucial
experiment was theN-Boc-protected amide 2 (R1�R2� iPr);
when we analyzed the reaction mixture we found that the
secondary alcohol was formed with modest conversion (13%
after 2 h), but in good enantioselectivity (93% ee). This result
encouraged us to further investigate the effect of employing
differently substituted dipeptide-like ligands formed by the
combination of amino acids and amino alcohols. Herein we
report in detail on the formation of these modular ligands and
on the results obtained employing this ligand library in the
ruthenium-catalyzed transfer hydrogenation of prochiral
ketones.


Results and Discussion


The structural diversity of Nature has provided us with a vast
supply of material for the preparation of chiral, enantiomeri-
cally pure ligands for asymmetric catalysis. The ready avail-


ability of naturally occurring, inexpensive building blocks like
amino acids makes these compounds excellent as starting
materials. The great variety of functionality displayed by the
amino acids further increases the power of employing them in
the search for highly active and selective catalysts. The
promising initial results obtained with the dipeptide analogue
2 as a ligand for ruthenium in the transfer hydrogenation of
acetophenone invited an extended study in search of catalysts
of higher activity and selectivity. Thus, from the initial
combination of �-valine and �-valinol, we set out to prepare
a library of analogous ligands and to study the influence of
different ligand substituents in the reduction reaction.


Preparation of the ligand library : The dipeptide-like structure
of the ligand is particularly attractive since it is easily modified
by the choice of starting materials. In addition, the short and
simple route to these compounds allows them to be prepared
on a multigram scale. A library of 45 dipeptide ligands, using a
combination of nine amino acids (i.e. �-phenyl-Gly, �-phenyl-
Gly, �-Phe, �-Leu, �-Ala, �-Ala, �-Val, �-Val, and �-tLeu)
and five amino alcohols (i.e. �-phenylglycinol, �-phenylglyci-
nol, �-phenylalaninol, �-valinol, and 2-aminoethanol) was
readily obtained as outlined in Table 1. The ligands were
prepared in a straightforward two-step synthesis: N-protec-
tion of the amino acid with Boc2O, using a standard
procedure,[13] was followed by coupling with the correspond-
ing 1,2-amino alcohol. For the latter step we found that the use
of isobutyl chloroformate as coupling reagent worked partic-
ularly well.[13] The ligands were isolated in good yields
(Table 1) after recrystallization (the ligands containing 2-ami-
noethanol were, however, isolated as oils).
Moreover, to elucidate the importance and influence of the


different possible coordinating atoms and stereocenters of the
ligand in the activity and selectivity of the RuII catalyst during
the hydrogen transfer reaction, other ligands of potential
interest were prepared. Thus, the following carbamates
(benzyl carbamate (Z), allyl carbamate (Alloc), and 9-fluo-
renylmethyl carbamate (Fmoc)) and amides (acetamide,
trifluoroacetamide, and tosylamide) were used as protecting
groups for the N-terminal in the amino acid part. For this
study, the combination of �-valine (�-V) and (R)-phenyl-
glycinol (b) was chosen. Cleavage of the Boc group in ligand
Boc-�-Vb was also performed to obtain the compound with a
free amine functionality (�-Vb). The synthesis of the ligands
containing different carbamates was carried out in the same
way as previously outlined, initial N-protection followed by
formation of the peptide bond with R-phenylglycinol (b). The
Alloc and Fmoc protection was performed by reacting �-
valine (�-V) with allyloxy and 9-fluorenylmethyloxy chloro-
formate, respectively, under basic conditions. The Z-N-�-
valine (Z-�-V) was prepared by using N-(benzyloxycarbony-
loxy)succinimide (Scheme 1).
The reaction of �-valine with a mixture of acetic acid and


acetic anhydride or with trifluoroacetic acid/trifluoroacetic
anhydride gave the corresponding acetamide (Ac-�-V) and
trifluoroacetamide (TFA-�-V) derivatives, which yielded the
ligandsAc-�-Vb and TFA-�-Vb after the typical coupling with
(R)-phenylglycinol (Scheme 2).
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Scheme 1. Preparation of ligands Alloc-�-Vb, Fmoc-�-Vb, and Z-�-Vb.


Scheme 2. Preparation of ligands Ac-�-Vb and TFA-�-Vb.


For the generation of the unprotected ligand (�-Vb),
compound Boc-�-Vb was treated with a 1:1 mixture of
methanol and HCl (3� aq.) at low temperature, according
to the synthetic route developed for the preparation of the C2-
symmetric oxazoline ligands.[12] This compound (�-Vb) was
also used for the preparation of the tosylamide derivative (Ts-


�-Vb) as outlined in Scheme 3. Although N-tosylation of
amino acids using tosyl chloride usually results in high yields
of the N-sulfonated amino acid, the use of this route for the
preparation of Ts-�-Vb did not give good results in our hands.
Asymmetric transfer hydrogenation, screening of the ligand


library : The library containing 45 ligands was evaluated in the
reduction of acetophenone using 2-propanol as hydrogen
source (0.2� of the ketone in 2-propanol). The reactions were
carried out with a substrate/ruthenium/ligand/base ratio of
100:1:3:5. The active catalyst was prepared in situ by mixing
the ligand (3 mol%), [{RuCl2(p-cymene)}2] (0.5 mol%), and
the base (NaOH, 5 mol%) in 2-propanol for 10 ± 15 min at
room temperature. The reaction mixture usually turned a
purple or reddish color in the beginning, which sometimes
changed after few minutes to light brown. The ketone was
added to the reaction mixture and the transfer hydrogenation
was performed at room temperature for 2 h. The reactions
were quenched using ammonium chloride (aqueous solution)
and the conversion and stereochemical outcome were then
analyzed by GLC. The results are summarized in Figure 1,
which shows conversions (a) and enantioselectivity/product
configuration (b).
From the plots in Figure 1 it is evident that structural


variations of the ligand play an important role for the activity
and selectivity of the ruthenium catalyst formed in situ.
Focusing on catalytic activity, the plot in Figure 1a shows that
using ligands containing two stereocenters, one in the amino
acid part and one in the amino alcohol, generally resulted in
lower conversion to the secondary alcohol (series a ± d) as
compared with the ligand combination between all N-Boc-
protected amino acids and 2-aminoethanol (series e). In the
latter series (e), the ligands derived from �- or �-phenyl-
glycine had the highest activity, resulting in almost quantita-
tive formation of the product after 2 h. When amino acids
containing other side chains were employed, lower conver-
sions were obtained. The general trend indicates that an
increased number of substituents at the �-carbon atom, which
increase the steric hindrance, have a detrimental effect on the
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Table 1. Preparation of the library of N-Boc-protected ligands.[a]


Amino acid Amino alcohol


�-PhG Boc-�-PhGa (68) Boc-�-PhGb (77) Boc-�-PhGc (76) Boc-�-PhGd (68) Boc-�-PhGe (57)
�-PhG Boc-�-PhGa (73) Boc-�-PhGb (81) Boc-�-PhGc (76) Boc-�-PhGd (82) Boc-�-PhGe (61)
�-F Boc-�-Fa (82) Boc-�-Fb (80) Boc-�-Fc(90) Boc-�-Fd (76) Boc-�-Fe (59)
�-L Boc-�-La (74) Boc-�-Lb (84) Boc-�-Lc (89) Boc-�-Ld (92) Boc-�-Le (80)
�-A Boc-�-Aa (83) Boc-�-Ab (85) Boc-�-Ac (81) Boc-�-Ad (74) Boc-�-Ae (53)
�-A Boc-�-Aa (95) Boc-�-Ab (85) Boc-�-Ac (89) Boc-�-Ad (68) Boc-�-Ae (52)
�-V Boc-�-Va (82) Boc-�-Vb (91) Boc-�-Vc (73) Boc-�-Vd (89) Boc-�-Ve (63)
�-V Boc-�-Va (79) Boc-�-Vb (85) Boc-�-Vc (79) Boc-�-Vd (81) Boc-�-Ve (58)
�-tL Boc-�-tLa (65) Boc-�-tLb (62) Boc-�-tLc (63) Boc-�-tLd (47) Boc-�-tLe (41)


[a] The values given in parentheses refer to yields of the dipeptide analogues based on the amino acid after the two steps.
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catalytic activity. This is partic-
ularly striking when comparing
ligands derived from t-leucine or
valine with those based on the
less sterically demanding alanine
or leucine; the catalytic transfer
hydrogenation employing the
latter ligands resulted in about
20% better conversion. Regard-
ing the ligands in series a ± d,
there are only a few combina-
tions for which comparable ac-
tivity was obtained. Moderate to
good conversion was achieved
employing phenylglycinol com-
bined with leucine, alanine, or
valine. A remarkable difference
in activity is observed compar-
ing ligands Boc-PhGa or Boc-
PhGb (phenylglycine and phe-
nylglycinol) and the highly-
productive Boc-PhGe (phenyl-
glycine and 2-aminoethanol).
Furthermore, comparing the re-
sults obtained based on the
amino alcohols employed (ser-
ies a ±d), the general trend of
activity goes from �-A and �-L
(high) to �-V (moderate) and
�-tL (poor). These results con-
firm the observation that steric
hindrance is of high importance
for catalytic activity (with
2-aminoethanol the tendency
is not so obvious). Another
interesting observation that
can be made from Figure 1a is
the distinct difference in activ-
ity between diastereomeric li-
gands. When ligand Boc-�-Ab
and its mirror image, ligand
Boc-�-Aa, were employed in
the transfer hydrogenation re-
action, excellent conversions
were obtained, however the
use of the diasteromeric ligands
Boc-�-Ab and Boc-�-Aa only
resulted in moderate formation
of the product alcohol. The
same trend can be seen when
comparing ligands derived from
valine and phenylglycinol. This
matched/mismatched scenario
is most often observed when
comparing the stereoselective
outcome of a catalytic reaction
involving diastereomeric li-
gands. Here, however, this ef-
fect is most pronounced in the
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Figure 1. a) Conversion of acetophenone after 2 h using the ligand library presented in Table 1. b) Enantio-
selectivity and product configuration of 1-phenylethanol using the different ligands.


Scheme 3. Preparation of the ligands �-Vb and Ts-�-Vb.
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catalytic activity, as will be discussed below. To summarize the
results concerning catalytic activity, the structure of the
catalyst is highly sensitive towards steric hindrance imposed
by the coordinating ligand. Furthermore, the proper combi-
nation of the two stereocenters present in most of the ligands
is of high importance for the outcome of the reaction.
The stereoselectivity obtained by using the library of


ligands is depicted in Figure 1b. With a few exceptions, high
enantioface selectivity (�85% ee) was attained with most
combinations of amino acids and amino alcohols. It is
noteworthy that, regardless of the chiral information provided
by the 1,2-amino alcohol, the absolute configuration of the
product was, in all entries, determined by the stereocenter
present in the amino acid part of the ligand. Hence, ligands
based on natural amino acids generated products of S
configuration and when an unnatural amino acid was present
in the ligand, the R-configured product was obtained. The
highly active (in terms of conversion) catalysts generated
from the ligand combination of N-Boc-phenylglycine and
2-aminoethanol (Boc-�-PhGe and Boc-�-PhGe) and
[{RuCl2(p-cymene)}2], produced the secondary alcohol with
only moderate enantioelectivity (50%). Excellent product ee
values were reached by using the leucine based ligands Boc-�-
La, Boc-�-Lc, and Boc-�-Ld (97 ± 98%). The low chemical
yields obtained with these catalysts, however, make them less
interesting. On the other hand, employing ligands based on
alanine and phenylglycinol (Boc-Aa and Boc-Ab) resulted in
catalysts that reduced acetophenone in high yield and with
good enantioselectivity. The matched/mismatched relation-
ship observed for the catalytic activity was only slightly visible
in the stereodifferentiation. In fact, the least productive
enantiomeric ligand pair turned out to be somewhat more
selective, although the difference is certainly insignificant.
With the above results in hand, we concluded that the best
ligands in the above library for the ruthenium-catalyzed
reduction of acetophenone under transfer hydrogenation
conditions are the enantiomers Boc-�-Aa and Boc-�-Ab.
In addition to the above catalytic experiments, we thought


it would be interesting to prepare and examine ligands lacking
a chiral center in the amino acid moiety (i.e. starting from
glycine,G). For these experiments we chose phenylglycinol as
the amino alcohol, since the results in Figure 1 show that
ligands containing this particular group were superior, espe-
cially with respect to the selectivity. Following the synthetic
procedure described above for N-Boc protection and then
coupling with the amino alcohol, ligands Boc-Ga and Boc-Gb
were isolated in 65 and 63% yield, respectively.


Employing ligand Boc-Gb in the reduction of acetophe-
none (using the same conditions as above) resulted in
conversion to the R alcohol with moderate yield (56%) and
enantioselectivity (64% ee) (reaction monitored after 2 h).
Interestingly, when the chiral information was uniquely


located in the amino alcohol (R-phenylglycinol), the R-
configured product was obtained. In contrast, when the same
amino alcohol is combined with an �-amino acid, for example
�-alanine, a dramatic switch in selectivity was observed.
Performing the catalytic reaction with ligand Boc-�-Ab gave a
94% ee of the S isomer. At first sight, it appears that the
stereocenter present in the amino alcohol part of the ligand is
completely overruled by the chirality present in the amino
acid. On closer examination, however, it becomes evident that
the amino alcohol actually amplifies the selectivity obtained
with this particular ligand (cf. in reactions using ligand Boc-�-
Ae, 90% ee of the (S)-1-phenylethanol was obtained). Using
Boc-Ga gave, as expected, complementary results to Boc-Gb
(60% conversion and 63% ee of the S enantiomer after 2 h).
On the basis of these results, it is evident that the choice of


amino acid is important for the activity and enantioselectivity
of the active catalyst. Nevertheless, improvements both in
activity and selectivity of the catalytic process can be
accomplished by combining the amino acid with a proper
amino alcohol.


Asymmetric transfer hydrogenation, ligand structure versus
catalytic activity : As observed above, when screening the
ligand library, the side-chain structure of the pseudopeptides
plays an important role in determining the activity and
selectivity displayed by the ruthenium catalyst. In connection
to the results obtained by using Boc-protected peptide
analogues as ligands, we set out to investigate how changes
in the functional groups would affect the catalytic activity
(Table 2). Initially we focused on using ligands in which the
Boc group had been replaced by other carbamates. Catalytic
transfer hydrogenation of acetophenone using ligands pro-
tected either with allyl carbamate (Alloc) or with benzyl
carbamate (Z) proceeded smoothly and generated the
secondary alcohol in good conversion and enantioselectivity
(Table 2, entries 2 and 4). Employing the Fmoc-protected
ligand resulted in practically no product formation (Table 2,
entry 3).
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Table 2. Ruthenium-catalyzed transfer hydrogenation of acetophenone.[a]


Effects of ligand functional group variation.


Entry Ligand Conversion [%][b] Enantioselectivity [%][c]


1 Boc-�-Vb 78 95
2 Alloc-�-Vb 81 93
3 Fmoc-�-Vb � 1 ±
4 Z-�-Vb 80 93
5 Ac-�-Vb � 2 ±
6 TFA-�-Vb 6 66
7 L-Vb � 2 ±
8 Ts-�-Vb � 2 ±
9 4 4 7
10 5 � 2 ±
11 6 � 2 ±


[a] Reaction conditions: Acetophenone (1 equiv, 0.2� in 2-propanol),
[{RuCl2(p-cymene)}2] (1 mol% in Ru), ligand (3 mol%), and NaOH
(5 mol%). All reactions were performed at ambient temperature for 2 h.
[b] Conversion was determined by GLC analysis. [c] Enantiomeric excess
was determined by GLC (CP Chirasil DEX CB).
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Changing the protecting group on the N-terminal to a
carboxamide functionality resulted in ligands that performed
poorly in the catalytic reaction (Table 2, entries 5 and 6).
Furthermore, running the reduction with ligands containing
an unprotected (Table 2, entry 7) or a sulfonate-protected
(Table 2, entry 8) N-terminal gave virtually no product. A
possible explanation for the poor reactivity observed using
Fmoc-�-Vb could be found in the result obtained with the
unprotected ligand �-Vb. Owing to the base-lability of the
Fmoc-protecting group it is highly plausible that ligand �-Vb
was rapidly formed during the reduction reaction. Thus, we
can conclude that a stable carbamate, positioned at the
N-terminal, is a necessary prerequisite for a productive ligand.
For the C-terminal, the hydroxyl functionality turned out to
be of equal importance. Low conversion and ee of the product
alcohol was obtained when the O-methylated ligand 4 was
employed in the catalytic reaction (Table 2, entry 9). Addi-
tionally, the use of ligands 5 and 6 did not yield the desired
product (Table 2, entries 10 and 11). The latter results
demonstrate the importance of employing ligands with proper
functional groups at both termini.


Asymmetric transfer hydrogenation, influence of the metal
precursor : Variation of the arene moiety in the RuII precursor
has been demonstrated to influence the outcome of the
transfer hydrogenation reaction.[6] Performing the reduction
of acetophenone with [{RuCl2(benzene)}2] and either of the
ligands, Boc-�-Vb or Boc-�-Va, resulted in conversions
comparable to those obtained using the p-cymene complex
(ca. 75% conversion after 2 h). The enantioselectivity, how-
ever, dropped significantly to 81% ee of (S)-1-phenylethanol
using Boc-�-Vb and 80% ee of the R enantiomer using Boc-�-
Va.
It has previously been reported that the use of RhIII


complexes as catalysts in the transfer hydrogenation of


ketones gave comparable results to those obtained using
RuII-based catalysts.[14] The RhIII catalysts were prepared from
[{Cp*RhCl2}2] and monotosylated diamine ligands, and the
reductions were, as in the case of the corresponding RuII-
catalyzed reactions, performed by using either 2-propanol or
formic acid as the hydrogen source. To examine whether this
would also be applicable in our system, we prepared the
analogous RhIII catalyst by mixing Boc-�-Vb with
[{Cp*RhCl2}2] and base (NaOH) in 2-propanol. Using this
catalyst for the reduction of acetophenone (in 2-propanol) at
room temperature resulted in 50% conversion and a moder-
ate 80% ee of the (S)-1-phenylethanol after 2 h. The use of
the diastereomeric ligand (Boc-�-Va), which was less active
with the RuII precursor, resulted in only 8% conversion and
28% ee of the S product. Similar results were obtained when
the pair of ligands derived from �-valine were employed in
the catalytic reaction together with the rhodium precursor,
although in these cases an excess of the R enantiomer of the
alcohol was formed.


Nature of the catalyst : To further our understanding of the
structure of the active catalyst, or rather the pre-catalyst,
attempts were made to obtain a crystalline sample of the
ruthenium complex. This process was, however, unsuccessful,
and we decided to examine the catalytic mixture by means of
spectroscopic methods. Thus, using 1H NMR spectroscopy (in
CD3OD) we observed that simply mixing ligand Boc-�-Vb
and [{RuCl2(p-cymene)}2] in a 2:1 ratio (L/Ru 1:1) resulted in
a spectrum in which the signal from the proton on the
carbamate nitrogen was absent. Upon addition of one
equivalent of NaOH, the proton signal of the amide disap-
peared. These observations indicate that an initial complex-
ation reaction occurs, forming a postulated ruthenium com-
plex 7 (Scheme 4),[15] in which the deprotonated carbamate
and the amide functionality coordinate to the metal. The
removal of the amide proton upon addition of base then
allows for the formation of complex 8a.[16] In the latter
complex we believe that the alcohol functionality plays an
important role in generating an 18-electron complex, hence
stabilizing the ruthenium catalyst. This is in direct contrast to
the Noyori catalyst ([{Ru(p-cymene)Cl2}2] and (S,S)- or (R,R)-
TsDPEN)), which generates a 16-electron complex upon
addition of base.[3]


Regarding the mechanism of this transfer hydrogenation, it
is likely that the reaction proceeds by the concerted route
recently proposed by Noyori and co-workers.[17] According to
this mechanism, there is a simultaneous transfer of a hydride
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Scheme 4. Proposed route for the formation of the pre-catalyst.
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and a proton between the hydrogen donor/substrate and the
ruthenium complex. The formation of a catalytically active
ruthenium hydride from 8a must be preceded by the release
of one of the coordinating groups of the ligand. Hence, the
existence of an equilibrium, as depicted in Scheme 5,[15] is a
necessary prerequisite for the catalytic system.
Either of the two 16-electron complexes, 9 or 10, can in


principle react to form the active ruthenium hydride, but at
this stage it is difficult to predict which one is operating in the
system. An intricate balance in ligand acidity seems, however,
to be operating. As described above, ligands containing
protecting groups other than carbamates at the N-terminal,
gave ruthenium complexes with little or no catalytic activity.
Thus, an overly acidic proton at the N-terminal (e.g. using
ligand Ts-�-Vb) would favor a complex with a structure
similar to 9. This 16-electron complex could generate a
ruthenium hydride species upon reaction with 2-propanol,
although the low activity observed with ligand Ts-�-Vb
indicates this process to be unfavorable. Removal of the
N-protecting group (i.e. using ligand �-Vb) would also favor
a complex similar to 9 because of the enhanced coordinat-
ing ability of the primary amine. This ligand also turned out
to generate a catalyst with low activity. Furthermore, removal
of the hydroxyl functionality strongly affected the activity
of the catalyst. Using ligand 4 would again favor the forma-
tion of a ruthenium complex with a structure closely related to
9, but the low activity observed with this catalyst de-
monstrates the importance of the alcohol functionality. The
above observations would indicate that the ruthenium hy-
dride is formed from complex 10, although this is not
consistent with the absolute configuration of the product
alcohol.
Regardless of the configuration of the stereocenter present


in the amino alcohol part of the ligand, we achieved the S-
configured secondary alcohol as the major isomer when the
ligands were based on �-amino acids. Performing the reaction
with ligands based on �-amino acids gave the corresponding
R-configured alcohol. This strongly indicates coordination of
the amide and the carbamate in the active catalyst. The
additional stereocenters created upon the formation of
complexes 9 and 10 (i.e. amide and carbamate nitrogens and
the ruthenium center), could certainly influence the observed
selectivity. However, the strong correlation between the
absolute configuration of the amino acid and the product
formed indicates that the configuration of these centers is
strictly controlled by the ligand. Furthermore, if either of
complexes 9 or 10 is the active 16-electron species in the
catalytic reaction, it is clear that the hydride is transferred to
ruthenium, but the site of protonation is less obvious. Until
further studies concerning the structure of these ruthenium


complexes have been conducted it would only be speculative
to propose a more detailed mechanism.


Asymmetric transfer-hydrogenation, scope of the reaction :
With the results from the ligand optimization study described
above, we continued with an examination of the substrate
scope. The enantiomeric pair of ligands Boc-�-Ab and Boc-�-
Aa was chosen for this study, since using these compounds
gave the best results in terms of activity and selectivity during
the reduction of acetophenone. Even though the screening of
the library was performed using a 3:1 ligand/Ru ratio, we
established that a 1.1:1 ligand/metal ratio gave the same
results in terms of catalytic activity and, most importantly, that
the enantioselectivity was unaffected. Thus, unless otherwise
stated, using a ratio of substrate/ligand/[RuII]/NaOH in
200:1.1:1:5 in 2-propanol (concentration of the ketone
0.2�), a number of different aryl alkyl ketones were reduced
at room temperature (Table 3).
As seen in Table 3, enantiomeric excess and the reaction


rate in the transfer hydrogenation of various alkyl aryl
ketones were found to depend on both steric and electronic
factors. The reduction of acetophenone gave the secondary
alcohol in high yield and ee using only 0.5 mol% of the
ruthenium catalyst. Introducing substituents in the ortho
position of the substrate, (Table 3, entries 3 ± 5) significantly
slowed down the rate of the reaction, probably because of
increased steric hindrance, and we had to double the amount
of catalyst to reach acceptable yields. In the case of
2-methylacetophenone, excellent enantioselectivity was ob-
tained (entries 3 and 4), whereas the more electron-rich
2-methoxy-acetophenone was reduced in moderate ee (Ta-
ble 3, entry 5). A plausible explanation for the poor reactivity
and selectivity obtained with the latter substrate can be found
in deactivation of the catalyst by substrate coordination, in
which the chiral ligand gets displaced by the substrate.[18]


Performing the transfer hydrogenation reaction with aryl
methyl ketones substituted in either the meta- or para-
position resulted in considerably better yields and selectivity.
Hence, 3-substituted acetophenones were readily reduced in
high yield and enantioselectivity regardless of the nature of
the substituent (Table 3, entries 6 ± 9). The possibility for
substrate chelation using 3-methoxyacetophenone is com-
pletely lost, and this particular ketone was reduced in good
yield and in excellent enantioselectivity (Table 3, entry 7).
The para-substituted substrates were smoothly reduced to
their corresponding secondary alcohols (Table 3, entries 10 ±
13). The lower reactivity observed for 4-methoxyacetophe-
none as compared with its 3-substituted analogue is most
likely due to electronic effects (Table 3, entries 11 and 12).
Interestingly, somewhat poorer selectivity was obtained using
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Scheme 5. Postulated pre-catalyst equilibrium.
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either 3-methyl or 4-methylacetophenone as compared with
the 2-substituted compound. This can possibly be explained
by additional positive steric interactions between the catalyst
and the substrate. Ketones possessing electron-withdrawing
groups in meta- and para-position (Table 3, entries 8 and 13)
reacted readily although they produced the alcohol pro-
ducts in slightly lower enantiomeric excess. We have previ-
ously reported that higher enantioselectivity was obtained in


the reduction of 4-bromoacetophenone using ligand Boc-�-
Vb (95% ee, 97% conversion after 2 h using 1 mol%
catalyst).[7] This shows that certain ligands are better suited
for specific substrates, and the power of having easy access to
a variety of ligand structures makes this approach especially
attractive.
Propiophenone reacted readily under the optimized con-


ditions, and the corresponding secondary alcohol was ob-
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Table 3. Enantioselective transfer hydrogenation of aromatic ketones[a]


Entry Ketone Ligand t [h] Yield [%][b] ee [%][c]


1 Boc-�-Ab 5 95 93 (S)
2 Boc-�-Aa 5 91 93 (R)


3[d] Boc-�-Ab 10 74 96 (S)
4[d] Boc-�-Aa 10 74 96 (R)


5[d] Boc-�-Ab 10 57 84 (S)


6 Boc-�-Ab 5 89 92 (S)


7 Boc-�-Ab 5 85 91 (S)


8 Boc-�-Ab 5 93 89 (S)
9 Boc-�-Aa 5 93 88 (R)


10 Boc-�-Ab 5 85 91 (S)


11 Boc-�-Ab 10 63 95 (S)
12 Boc-�-Aa 10 65 96 (R)


13 Boc-�-Ab 2.5 90 88 (S)


14 Boc-�-Ab 5 91 95 (S)


15[e] Boc-�-Ab 10 53 86 (S)


16 Boc-�-Ab 14 38 84 (S)


17 Boc-�-Ab 5 85 87 (S)
18 Boc-�-Vb 5 80 95 (S)


[a] Reaction conditions: Ketone (1 equiv, 0.2 � in 2-propanol), [{RuCl2(p-cymene)}2] (0.5 mol% in Ru), ligand (0.55 mol%), and NaOH (2.5 mol%). All
reactions were performed at ambient temperature. [b] Yields of isolated product. [c] Enantiomeric excess and absolute configuration were determined by
GLC (CP Chirasil DEX CB). [d] Reaction conditions: [{RuCl2(p-cymene)}2] (1.0 mol% in Ru), ligand (1.1 mol%), and NaOH (5 mol%). [e] Reaction
conditions: [{RuCl2(p-cymene)}2] (2.0 mol% in Ru), ligand (2.2 mol%), and NaOH (10 mol%).
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tained in good yield and in high enantioselectivity (Table 3,
entry 14). The sterically more demanding isobutyrophenone,
turned out to be a considerably more problematic substrate.
Even though we used 2 mol% of the catalyst, the product
alcohol was obtained in mediocre yield and in moderate
enantioselectivity (Table 3, entry 15). The reduction of 1-tet-
ralone resulted in poor yield and moderate ee of the
corresponding secondary alcohol (Table 3, entry 16). Surpris-
ingly, the reduction of 2-acetonaphthone resulted in the
formation of the alcohol product in moderate enantioselec-
tivity (Table 3, entry 17). Again, changing the ligand to Boc-�-
Vb resulted in a catalyst that performed considerably better,
and (S)-1-(2-naphthyl)ethanol could be obtained in high
enantioselectivity (Table 3, entry 18). Comparing the out-
come of the reactions using the two different catalysts, it is
evident that the interaction between ligand and substrate has
a noticeable effect on the enantioselectivity. This further
implies that certain ligands may be a better match with
specific ketones and thus result in better reactivity and
selectivity.
To demonstrate that both isomers of the product can be


obtained we performed a few reactions using ligandBoc-�-Aa
(Table 3, entries 4, 9, and 12). As can be seen in Table 3, the
same degree of enantioselectivity was obtained using this
ligand.


Conclusions


We have demonstrated that novel N-Boc protected dipeptide
analogues function as efficient ligands for the ruthenium-
catalyzed asymmetric transfer hydrogenation of aryl alkyl
ketones. The ligands were prepared in a straightforward
manner from commercially available �-amino acids and 1,2-
amino alcohols. When combined with [{RuCl2(p-cymene)}2],
several of these ligands generated highly enantioselective
catalysts, although the most successful ligand combination
proved to be Boc-�-Ab or its enantiomer Boc-�-Aa. Interest-
ingly, of the two stereogenic centers present in the ligand
structure, it was the chirality originating from the amino acid
that determined the absolute configuration of the product
alcohol. Thus, by the proper choice of amino acid, either S- or
R-configured product alcohols could be obtained in high
enantiomeric excess. The presence of appropriate protecting
groups at the N-terminal along with a free hydroxyl group at
the C-terminal of the ligands turned out to be of utmost
importance for a successful outcome of the catalytic process.
High conversion to and enantioselectivity of the secondary
alcohol were only achieved when ligands containing carba-
mates resistant to basic reaction conditions (e.g Boc, Z, and
Alloc) were employed. We are currently investigating why
these structural features are so important for this new class of
ligands in the ruthenium-catalyzed asymmetric transfer hy-
drogenation of ketones.
As a final remark, we believe that the simplicity with which


these novel and highly modular ligands can be prepared, in
combination with their efficiency in generating the desired
product isomer should make this reduction process attractive
for the enantioselective formation of secondary alcohols.


Experimental Section


General procedure for the preparation of library ligands, exemplified by
the preparation of tert-butyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]-
amino}carbonyl)-2-methylpropyl]carbamate (Boc-�-Vb): NaOH
(66 mmol, 2.6 g), followed by Boc2O (33 mmol, 7.3 g) was added to a
stirred solution of �-valine (30 mmol, 3.56 g) in THF/H2O (50 mL of each
solvent) at room temperature and the resulting mixture was stirred for 18 h.
THF was removed under vacuum and the aqueous layer was extracted with
CH2Cl2 (40 mL). The aqueous layer was acidified with HCl (1�) to pH 4,
and then extracted with CH2Cl2 (4� 25 mL). The organic phase was dried
over Na2SO4 and the solvent was evaporated under vacuum. The resulting
crudeN-Boc-�-valine was used without further purification in the next step.


N-methylmorpholine (NMM, 35 mmol, 3.93 mL) and isobutylchlorofor-
mate (35 mmol, 4.62 mL) were slowly added to a solution of the N-Boc-
protected valine in THF (60 mL) at �15 �C (a white solid was formed
during the addition of the iBuOCOCl). The reaction mixture was stirred for
45 min at �15 �C, and then the (R)-phenylglycinol (30 mmol, 4.25 g) was
added and the resulting mixture was stirred at room temperature for
another 3 h. The mixture was filtered through silica gel (5 cm� 5 cm) and
eluted with ethyl acetate (400 mL). The solvent was concentrated under
vacuum and the resulting solid was recrystallized from CH2Cl2/n-pentane,
giving the pure product.


Boc-�-Vb : (9.2 g, 91% yield). m.p. 153 ± 154 �C; 1H NMR (300 MHz,
CDCl3): �� 0.91 (m, 6H), 1.43 (s, 9H), 2.08 (m, 1H), 3.43 (br s, 1H), 3.77
(dd, J� 11.4 and 6.9 Hz, 1H), 3.85 (dd, J� 11.4 and 4.4 Hz, 1H), 3.99 (def t,
J� 7.6 Hz, 1H), 5.10 (dt, J� 7.0 and 4.2 Hz, 1H), 5.44 (brd, J� 8.3 Hz, 1H),
7.30 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): �� 18.2, 19.5, 28.5 (3C),
31.1, 55.9, 60.6, 66.1, 80.3, 127.0 (2C), 127.8, 128.8 (2C), 139.2, 156.6,
172.6 ppm; (MALDI-TOF): m/z : 374.161 [M�K]� , 359.172 [M�Na]� ,
337.172 [M�H]� ; elemental analysis calcd (%) for C18H28N2O4: C 64.26, H
8.39, N 8.33; found: C 64.33, H 8.20, N 8.20.


tert-Butyl N-((1S)-2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGa): m.p. 125 ± 126 �C; 1H NMR
(300 MHz, CDCl3): �� 1.40 (s, 9H), 2.53 (br s, 1H), 3.75 (d, J� 5.7 Hz,
2H), 5.01 (m, 1H), 5.21 (m, 1H), 5.72 (brd, J� 6.6 Hz, 1H), 6.75 (brd, J�
7.5 Hz, 1H), 7.18 ± 7.43 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): �� 28.5
(3C), 56.2, 58.9, 66.1, 80.7, 126.9 (2C), 127.4 (2C), 128.1, 128.7, 129.1 (2C),
129.3 (2C), 138.1, 138.8, 155.6, 170.8 ppm; (MALDI-TOF): m/z : 409.026
[M�K]� , 393.055 [M�Na]� , 371.095 [M�H]� ; elemental analysis calcd
(%) for C21H26N2O4: C 68.09, H 7.07, N 7.56; found: C 68.02, H 7.07, N 7.37.


tert-Butyl N-((1S)-2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGb): m.p. 160 ± 161 �C; 1H NMR (300 MHz,
CDCl3): �� 1.39 (s, 9H), 2.83 (br s, 1H), 3.75 (dd, J� 11.2 and 5.8 Hz, 1H),
3.86 (dd, J� 11.2 and 4.1 Hz, 1H), 5.06 (m, 1H), 5.33 (br s, 1H), 5.84 (brd,
J� 6.2 Hz, 1H), 6.91 (br s, 1H), 6.99 (m, 2H), 7.20 (m, 3H), 7.28 ± 7.39 ppm
(m, 5H); 13C NMR (75 MHz, CDCl3): �� 28.5 (3C), 55.8, 59.0, 66.1, 80.6,
126.6 (2C), 127.6 (2C), 127.8, 128.6, 128.8 (2C), 129.1 (2C), 138.1, 138.8,
155.7, 170.8 ppm; (MALDI-TOF): m/z : 409.060 [M�K]� , 393.088 [M�
Na]� , 371.128 [M�H]� .
tert-Butyl N-((1S)-2-{[(1S)-1-benzyl-2-hydroxyethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGc): m.p. 117 ± 118 �C; 1H NMR (300 MHz,
CDCl3): �� 1.42 (s, 9H), 2.69 (br s, 1H), 2.84 (m, 2H), 3.47 ± 3.65 (m, 2H),
4.13 (m, 1H), 5.07 (m, 1H), 5.61 (brd, J� 7.0 Hz, 1H), 6.26 (brd, J� 7.6 Hz,
1H), 7.14 (m, 3H), 7.21 ± 7.32 ppm (m, 7H); 13C NMR (75 MHz, CDCl3):
�� 28.5 (3C), 37.0, 53.5, 58.9, 63.7, 80.8, 126.9, 127.4 (2C), 128.7, 128.9 (2C),
129.3 (2C), 129.4 (2C), 137.7, 138.0, 155.6, 170.7 ppm; (MALDI-TOF):m/z :
423.072 [M�K]� , 407.099 [M�Na]� , 385.135 [M�H]� .
tert-Butyl N-((1S)-2-{[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-2-
oxo-1-phenylethyl)-carbamate (Boc-�-PhGd): m.p. 127 ± 128 �C; 1H NMR
(300 MHz, CDCl3): �� 0.87 (d, J� 6.6 Hz, 3H), 0.92 (d, J� 6.8 Hz, 3H),
1.42 (s, 9H), 1.85 (m, 1H), 2.69 (br t, J� 5.8 Hz, 1H), 3.56 (m, 2H), 3.65 (m,
1H), 5.15 (brd, J� 5.2 Hz, 1H), 5.76 (d, J� 6.3 Hz, 1H), 6.26 (brd, J�
8.9 Hz, 1H), 7.29 ± 7.46 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 19.0,
19.7, 28.5 (3C), 29.0, 57.8, 59.4, 63.3, 80.6, 127.4 (2C), 128.6, 129.2 (2C),
138.1, 155.7, 171.1 ppm; (MALDI-TOF): m/z : 375.086 [M�K]� , 359.129
[M�Na]� , 337.164 [M�H]� .
tert-Butyl N-((1S)-2-[(2-hydroxyethyl)amino]-2-oxo-1-phenylethyl)carba-
mate (Boc-�-PhGe): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
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acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 1.41 (s, 9H), 2.53 (br s,
1H), 3.24 ± 3.50 (m, 2H), 3.60 ± 3.90 (m, 2H), 5.20 (m, 1H), 5.80 (br s, 1H),
6.54 (br s, 1H), 7.25 ± 7.40 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): ��
28.5 (3C), 42.7, 58.8, 61.8, 80.5, 127.4 (2C), 128.6, 129.2 (2C), 138.3, 155.6,
171.4 ppm; (MALDI-TOF): m/z : 333.135 [M�K]� , 317.165 [MNa]� .
tert-Butyl N-((1R)-2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGa): m.p. 160 ± 161 �C; 1H NMR (300 MHz,
CDCl3): �� 1.39 (s, 9H), 2.85 (br s, 1H), 3.71 ± 3.78 (m, 1H), 3.81 ± 3.88 (m,
1H), 5.06 (m, 1H), 5.33 (br s, 1H), 5.85 (brd, J� 6.1 Hz, 1H), 6.98 (m, 2H),
7.20 (m, 3H), 7.27 ± 7.39 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 28.5
(3C), 55.8, 58.9, 66.1, 80.6, 126.6 (2C), 127.5 (2C), 127.8, 128.6, 128.8 (2C),
129.2 (2C), 138.1, 138.8, 155.7, 170.8 ppm; (MALDI-TOF): m/z : 409.093
[M�K]� , 393.122 [M�Na]� , 371.159 [M�H]� .
tert-ButylN-((1R)-2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGb): m.p. 132 ± 133 �C; 1H NMR (300 MHz,
CDCl3): �� 1.40 (s, 9H), 2.52 (br s, 1H), 3.76 (d, J� 4.9 Hz, 2H), 5.02 (dt,
J� 7.4 and 4.9 Hz, 1H), 5.21 (br s, 1H), 5.71 (brd, J� 6.3 Hz, 1H), 6.72
(brd, J� 7.4 Hz, 1H), 7.22 ± 7.41 ppm (m, 10H); 13C NMR (75 MHz,
CDCl3): �� 28.5 (3C), 56.2, 59.0, 66.1, 80.7, 126.9 (2C), 127.4 (2C), 128.1,
128.7, 129.0 (2C), 129.3 (2C), 138.1, 138.8, 155.6, 170.7 ppm; (MALDI-
TOF: m/z : 409.146 [M�K]� , 393.187 [M�Na]� , 371.203 [M�H]� ;
elemental analysis calcd (%) for C21H26N2O4: C 68.09, H 7.07, N 7.56;
found: C 67.98, H 7.05, N 7.53.


tert-Butyl N-((1R)-2-{[(1S)-1-benzyl-2-hydroxyethyl]amino}-2-oxo-1-phe-
nylethyl)carbamate (Boc-�-PhGc): m.p. 145 ± 146 �C; 1H NMR (300 MHz,
CDCl3): �� 1.39 (s, 9H), 2.66 ± 2.80 (m, 3H), 3.54 (dd, J� 11.2 and 5.4 Hz,
1H), 3.66 (dd, J� 11.2 and 4.1 Hz, 1H), 4.20 (m, 1H), 5.13 (br s, 1H), 5.80
(d, J� 6.7 Hz, 1H), 6.21 (br s, 1H), 6.95 (m, 2H), 7.21 (m, 3H), 7.27 ±
7.33 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 28.5 (3C), 37.0, 53.0,
58.9, 63.9, 80.5, 126.7, 127.4 (2C), 128.5, 128.7 (2C), 129.2 (2C), 129.3 (2C),
137.3, 138.2, 155.6, 170.7 ppm; (MALDI-TOF: m/z : 423.162 [M�K]� ,
407.187 [M�Na]� , 385.200 [M�H]� .
tert-Butyl N-((1R)-2-{[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-2-
oxo-1-phenylethyl)-carbamate (Boc-�-PhGd): m.p. 138 ± 139 �C; 1H NMR
(300 MHz, CDCl3): �� 0.65 (d, J� 6.6 Hz, 3H), 0.81 (d, J� 6.6 Hz, 3H),
1.41 (s, 9H), 1.73 (m, 1H), 3.22 (br s, 1H), 3.59 (m, 1H), 3.64 ± 3.78 (m, 2H),
5.23 (br s, 1H), 5.92 (d, J� 6.6 Hz, 1H), 6.39 (br s, 1H), 7.32 (m, 3H),
7.40 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): �� 18.5, 19.6, 28.5 (3C),
29.3, 57.3, 59.0, 63.4, 80.4, 127.4 (2C), 128.5, 129.1 (2C), 138.5, 155.6,
171,2 ppm; (MALDI-TOF): m/z : 375.163 [M�K]� , 359.187 [M�Na]� ,
337.187 [M�H]� .
tert-ButylN-((1R)-2-[(2-hydroxyethyl)amino]-2-oxo-1-phenylethyl)carba-
mate (Boc-�-PhGe): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 1.43 (s, 9H), 2.53 (br s,
1H), 3.23 ± 3.53 (m, 2H), 3.59 ± 3.90 (m, 2H), 5.26 (m, 1H), 5.78 (br s, 1H),
6.48 (br s, 1H), 7.27 ± 7.46 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): ��
28.5 (3C), 42.7, 58.8, 63.9, 80.6, 127.4 (2C), 128.6, 129.2 (2C), 138.3, 155.6,
171.4 ppm; (MALDI-TOF): m/z : 333.136 [M�K]� , 317.170 [MNa]� .
tert-Butyl N-((1S)-1-benzyl-2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-2-
oxoethyl)carbamate (Boc-�-Fa): m.p. 130 ± 131 �C. 1H NMR (300 MHz,
CDCl3): �� 1.40 (s, 9H), 2.58 (br s, 1H), 3.05 (m, 2H), 3.66 (m, 2H), 4.37
(m, 1H), 4.95 (m, 1H), 5.18 (d, J� 7.5 Hz, 1H), 6.59 (brd, J� 6.9 Hz, 1H),
7.13 ± 7.35 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): �� 28.4 (3C), 38.7,
55.9, 56.4, 66.1, 80.6, 126.9 (2C), 127.2, 127.9, 128.9 (2C), 129.0 (2C), 129.5
(2C), 136.9, 138.8, 155.7, 171.6 ppm; (MALDI-TOF) (m/z) 423.168[M�
K]� , 407.184[M�Na]� , 385.224[M�H]� .
tert-Butyl N-((1S)-1-benzyl-2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-2-
oxoethyl)carbamate (Boc-�-Fb): m.p. 147 ± 148 �C; 1H NMR (300 MHz,
CDCl3): �� 1.40 (s, 9H), 2.68 (br s, 1H), 3.05 (d, J� 7.1 Hz, 2H), 3.76 (dd,
J� 11.5 and 6.3 Hz, 1H), 3.83 (dd, J� 11.5 and 4.1 Hz, 1H), 4.37 (m, 1H),
5.03 (m, 1H), 5.23 (br s, 1H), 6.64 (br s, 1H), 7.05 ± 7.32 ppm (m, 10H);
13C NMR (75 MHz, CDCl3): �� 28.5 (3C), 38.6, 55.8, 56.6, 66.2, 80.7, 126.8
(2C), 127.1, 127.9, 128.9 (2C), 129.5 (4C), 136.6, 138.6, 156.0, 172.0 ppm;
(MALDI-TOF): m/z: 423.133 [M�K]� , 407.186 [M�Na]� , 385.183 [M�
H]� ; elemental analysis calcd (%) for C22H28N2O4: C 68.73, H 7.34, N 7.29;
found: C 68.54, H 7.44, N 7.16.


tert-Butyl N-((1S)-1-benzyl-2-{[(1S)-1-benzyl-2-hydroxyethyl]amino}-2-
oxoethyl)carbamate (Boc-�-Fc): m.p. 117 ± 118 �C; 1H NMR (300 MHz,
CDCl3): �� 1.41 (s, 9H), 2.33 (br s, 1H), 2.69 ± 2.83 (m, 2H), 2.92 ± 3.01 (m,


2H), 3.37 ± 3.49 (m, 2H), 4.08 (m, 1H), 4.26 (m, 2H), 5.05 (br s, 1H), 5.97
(brd, J� 7.6 Hz, 1H), 7.10 ± 7.34 ppm (m, 10H); 13C NMR (75 MHz,
CDCl3): �� 28.5 (3C), 37.0, 38.9, 53.0, 56.4, 63.5, 80.6, 126.8, 127.3, 128.8
(2C), 129.0 (2C), 129.4 (2C), 129.5 (2C), 136.9, 137.6, 155.7, 171.5 ppm;
(MALDI-TOF): m/z : 437.180[M�K]� , 421.219[M�Na]� , 399.230[M�
H]� .


tert-Butyl N-((1S)-1-benzyl-2-{[(1S)-1-(hydroxymethyl)-2-methylpropyl]-
amino}-2-oxoethyl)-carbamate (Boc-�-Fd): m.p. 131 ± 132 �C; 1H NMR
(300 MHz, CDCl3): �� 0.82 (d, J� 6.8 Hz, 3H), 0.88 (d, J� 6.8 Hz, 3H),
1.43 (s, 9H), 1.77 (m, 1H), 2.21 (br s, 1H), 3.02 (dd, J� 13.6 and 8.0 Hz,
1H), 3.12 (dd, J� 13.6 and 6.5 Hz, 1H), 3.48 (d, J� 4.4 Hz, 2H), 3.62 (m,
1H), 4.30 (m, 1H), 5.15 (brd, J� 7.4 Hz, 1H), 5.89 (brd, J� 8.6 Hz, 1H),
7.22 ± 7.36 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.8, 19.6, 28.5
(3C), 29.0, 38.6, 56.7, 57.5, 63.6, 80.6, 127.3, 129.0 (2C), 129.5 (2C), 137.1,
155.8, 171.9 ppm; (MALDI-TOF): m/z : 389.269 [M�K]� , 373.261 [M�
Na]� , 351.270 [M�H]� .
tert-Butyl N-((1S)-1-benzyl-2-[(2-hydroxyethyl)amino]-2-oxoethyl)carba-
mate (Boc-�-Fe): m.p. 103 ± 104 �C; 1H NMR (300 MHz, CDCl3): �� 1.40
(s, 9H, s), 2.79 (br s, 1H), 3.04 (d, J� 7.3 Hz, 2H), 3.31 (m, 2H), 3.49 ± 3.65
(m, 2H), 4.33 (m, 1H), 5.27 (brd, J� 7.6 Hz, 1H), 6.51 (m, 1H), 7.18 ±
7.34 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 28.5 (3C), 39.0, 42.5,
56.4, 61.8, 80.6, 127.2, 128.9 (2C), 129.5 (2C), 136.9, 155.8, 172.5 ppm;
(MALDI-TOF): m/z : 347.141 [M�K]� , 331.157 [M�Na]� , 309.183 [M�
H]� .


tert-Butyl N-[(1S)-1-({[(1S)-2-hydroxy-1-phenylethyl]amino}carbonyl)-3-
methylbutyl]carbamate (Boc-�-La): m.p. 106 ± 107 �C; 1H NMR (300 MHz,
CDCl3): �� 0.91 (d, J� 4.2 Hz, 3H), 0.93 (d, J� 4.2 Hz, 3H), 1.41 (s, 9H),
1.47 (m, 1H), 1.67 (m, 2H), 3.15 (def t, J� 6.1 Hz, 1H), 3.74 ± 3.90 (m, 2H),
4.17 (m, 1H), 5.01 (m, 1H), 5.07 (br s, 1H), 7.17 ± 7.35 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): �� 22.2, 23.1, 24.9, 28.4 (3C), 40.8, 53.5, 55.9,
66.3, 80.5, 126.8 (2C), 127.8, 128.9 (2C), 139.1, 156.2, 173.0 ppm; (MALDI-
TOF): m/z : 389.205 [M�K]� , 373.246 [M�Na]� , 351.230 [M�H]� ;
elemental analysis calcd (%) for C19H30N2O4: C 65.12, H 8.63, N 7.99;
found: C 65.12, H 8.75, N 7.99.


tert-Butyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]amino}carbonyl)-3-
methylbutyl]carbamate (Boc-�-Lb): m.p. 155 ± 156 �C; 1H NMR (300 MHz,
CDCl3): �� 0.90 (m, 6H), 1.43 (s, 9H), 1.49 (m, 1H), 1.63 (m, 2H), 3.37 (m,
1H), 3.76 ± 3.89 (m, 2H), 4.18 (m, 1H), 5.07 (m, 1H), 5.29 (d, J� 8.1 Hz,
1H), 7.19 ± 7.36 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): �� 22.2, 23.1,
24.9, 28.5 (3C), 41.3, 53.7, 55.9, 66.2, 80.5, 126.9 (2C), 127.9, 128.9 (2C),
139.2, 156.4, 173.4 ppm; (MALDI-TOF): m/z : 389.159 [M�K]� , 373.176
[M�Na]� , 351.203 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-1-benzyl-2-hydroxyethyl]amino}carbonyl)-3-
methylbutyl]carbamate (Boc-�-Lc): m.p. 126 ± 127 �C; 1H NMR
(300 MHz, CDCl3): �� 0.89 (d, J� 4.0 Hz, 3H), 0.91 (d, J� 4.0 Hz, 3H),
1.39 (m, 1H), 1.43 (s, 9H), 1.51 ± 1.69 (m, 2H), 2.88 (d, J� 7.3 Hz, 2H), 3.28
(m, 1H), 3.52 ± 3.69 (m, 2H), 3.98 ± 4.21 (m, 2H), 5.02 (br s, 1H), 6.65 (brd,
J� 8.4 Hz, 1H), 7.17 ± 7.31 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): ��
22.1, 23.0, 24.9, 28.5 (3C), 37.1, 41.3, 53.1, 53.7, 63.6, 80.5, 126.7, 128.7 (2C),
129.4 (2C), 138.0, 156.1, 173.1 ppm; (MALDI-TOF): m/z : 403.170 [M�
K]� , 387.210 [M�Na]� , 365.217 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-
carbonyl)-3-methylbutyl]carbamate (Boc-�-Ld): m.p. 145 ± 146 �C;
1H NMR (300 MHz, CDCl3): �� 0.94 (m, 12H), 1.44 (s, 9H), 1.44 ± 1.55
(m, 1H), 1.62 ± 1.76 (m, 2H), 1.89 (m, 1H), 2.81 (t, J� 5.6 Hz, 1H), 3.58 ±
3.76 (m, 3H), 4.06 (m, 1H), 4.96 (brd, J� 7.5 Hz, 1H), 6.44 ppm (brd, J�
8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 18.8, 19.7, 22.2, 23.1, 25.0, 28.5
(3C), 29.2, 40.7, 53.8, 57.5, 64.1, 80.6, 156.2, 173.5 ppm; (MALDI-TOF):
m/z : 355.134 [M�K]� , 339.180 [M�Na]� , 317.200 [M�H]� .
tert-Butyl N-((1S)-1-{[(2-hydroxyethyl)amino]carbonyl}-3-methylbutyl)-
carbamate (Boc-�-Le): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 0.91 (m, 6H), 1.41 (s,
9H), 1.44 ± 1.54 (m, 1H), 1.55 ± 1.74 (m, 2H), 3.25 ± 3.37 (m, 2H), 3.38 ± 3.50
(m, 1H), 3.68 (m, 2H), 4.11 (m, 1H), 5.26 (br s, 1H), 7.02 ppm (m, 1H);
13C NMR (75 MHz, CDCl3): �� 22.1, 23.1, 24.9, 28.5 (3C), 41.6, 42.5, 53.6,
61.9, 80.4, 156.3, 174.1 ppm; (MALDI-TOF): m/z : 313.160 [M�K]� ,
297.160 [M�Na]� , 275.196 [M�H]� .
tert-Butyl N-((1S)-2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Aa): m.p. 114 ± 115 �C; 1H NMR (300 MHz,
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CDCl3): �� 1.34 (d, J� 7.1 Hz, 3H), 1.42 (s, 9H), 3.14 (m, 1H), 3.74 ± 3.90
(m, 2H), 4.20 (m, 1H), 5.02 (m, 1H), 5.18 (br s, 1H), 7.17 (br s, 1H), 7.21 ±
7.41 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.0, 28.5 (3C), 50.5,
55.9, 66.3, 80.6, 126.9 (2C), 127.9, 128.9 (2C), 139.1, 156.0, 173.2 ppm;
(MALDI-TOF): m/z : 347.101 [M�K]� , 331.158 [MNa]� .
tert-Butyl N-((1S)-2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Ab): m.p. 111 ± 112 �C; 1H NMR (300 MHz,
CDCl3): �� 1.34 (3H, d, J� 7.1 Hz), 1.43 (s, 9H), 3.44 (m, 1H), 3.72 ± 3.90
(m, 2H), 4.24 (m, 1H), 5.07 (m, 1H), 5.43 (brd, J� 7.4 Hz, 1H), 7.21 ±
7.37 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): �� 18.5, 28.5 (3C), 50.6,
55.8, 66.2, 80.5, 126.9 (2C), 127.9, 128.9 (2C), 139.1, 156.2, 173.5 ppm;
(MALDI-TOF): m/z : 347.119 [M�K]� , 331.157 [M�Na]� , 309.181 [M�
H]� ; elemental analysis calcd (%) for C16H24N2O4: C 62.32, H 7.84, N 9.08;
found: C 62.42, H 7.93, N 9.10.


tert-Butyl N-((1S)-2-{[(1S)-1-benzyl-2-hydroxyethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Ac): m.p. 113 ± 114 �C; 1H NMR (300 MHz,
CDCl3): �� 1.29 (d, J� 7.1 Hz, 3H), 1.44 (s, 9H), 2.87 (d, J� 7.3 Hz, 2H),
3.16 (t, J� 5.8 Hz, 1H), 3.51 ± 3.60 (m, 1H), 3.62 ± 3.71 (m, 1H), 4.01 ± 4.21
(m, 2H), 5.10 (d, J� 6.9 Hz, 1H), 6.58 (d, J� 8.0 Hz, 1H), 7.17 ± 7.32 ppm
(m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.4, 28.5 (3C), 37.1, 50.7, 53.0,
63.6, 80.6, 126.8, 128.7 (2C), 129.4 (2C), 138.0, 155.8, 173.2 ppm; (MALDI-
TOF): m/z : 361.139 [M�K]� , 345.158 [MNa]� .
tert-Butyl N-((1S)-2-{[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-1-
methyl-2-oxoethyl)-carbamate (Boc-�-Ad): m.p. 83 ± 84 �C; 1H NMR
(300 MHz, CDCl3): �� 0.92 (d, J� 6.8 Hz, 3H), 0.95 (d, J� 6.8 Hz, 3H),
1.37 (d, J� 7.0 Hz, 3H), 1.44 (s, 9H), 1.90 (m, 1H), 3.13 (t, J� 5.7 Hz, 1H),
3.58 ± 3.76 (m, 3H), 4.14 (m, 1H), 5.20 (brd, J� 6.5 Hz, 1H), 6.59 ppm (1H,
brd, J� 8.3 Hz); 13C NMR (75 MHz, CDCl3): �� 18.0, 18.8, 19.7, 28.5 (3C),
29.1, 50.7, 57.3, 63.8, 80.6, 156.1, 173.7 ppm; (MALDI-TOF): m/z : 313.114
[M�K]� , 297.163 [M�Na]� , 275.163 [M�H]� ; elemental analysis calcd
(%) for C13H26N2O4: C 56.91, H 9.55, N 10.21; found: C 57.02, H 9.73, N
10.21.


tert-Butyl N-{(1S)-2-[(2-hydroxyethyl)amino]-1-methyl-2-oxoethyl}carba-
mate (Boc-�-Ae): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 1.37 (d, J� 7.2 Hz,
3H), 1.44 (s, 9H), 3.17 (br s, 1H), 3.31 ± 3.52 (m, 2H), 3.70 (m, 2H), 4.17 (m,
1H), 5.35 (br s, 1H), 6.96 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): ��
18.7, 28.5 (3C), 42.5, 50.6, 61.8, 80.5, 156.0, 174.1 ppm; (MALDI-TOF):
m/z : 271.098 [M�K]� , 255.126 [M�Na]� , 233.149 [M�H]� .
tert-Butyl N-((1R)-2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Aa): m.p. 112 ± 113 �C; 1H NMR (300 MHz,
CDCl3): �� 1.36 (d, J� 6.9 Hz, 3H), 1.43 (s, 9H), 3.04 (br s, 1H), 3.81 (dd,
J� 11.5 and 6.3 Hz, 1H), 3.88 (dd, J� 11.5 and 4.1 Hz, 1H), 4.21 (m, 1H),
5.07 (m, 1H), 5.25 (br s, 1H), 7.07 (br s, 1H), 7.24 ± 7.38 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): �� 18.3, 28.5 (3C), 50.6, 55.9, 66.4, 80.6, 126.9
(2C), 128.0, 129.0 (2C), 139.0, 156.1, 173.4 ppm; (MALDI-TOF): m/z :
347.136 [M�K]� , 331.171 [M�Na]� , 309.175 [M�H]� ; elemental analysis
calcd (%) for C16H24N2O4: C 62.32, H 7.84, N 9.08; found: C 62.20, H 7.93, N
9.00.


tert-Butyl N-((1R)-2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Ab): m.p. 119 ± 120 �C; 1H NMR (300 MHz,
CDCl3): �� 1.36 (3H, d, J� 7.1 Hz), 1.43 (9H, s), 2.76 (br s, 1H), 3.79 ± 3.91
(m, 2H), 4.20 (m, 1H), 5.04 (m, 2H), 7.06 (br s, 1H), 7.23 ± 7.37 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): �� 17.9, 28.5 (3C), 50.6, 56.0, 66.5, 80.8,
126.9 (2C), 128.0, 129.0 (2C), 139.0, 156.0, 173.1 ppm; (MALDI-TOF):
m/z : 347.117 [M�K]� , 331.116 [M�Na]� , 309.170 [M�H]� .
tert-Butyl N-((1R)-2-{[(1S)-1-benzyl-2-hydroxyethyl]amino}-1-methyl-2-
oxoethyl)carbamate (Boc-�-Ac): m.p. 122 ± 123 �C; 1H NMR (300 MHz,
CDCl3): �� 1.23 (d, J� 6.8 Hz, 3H), 1.41 (s, 9H), 2.78 ± 2.93 (2H, m), 3.08
(br s, 1H), 3.53 (dd, J� 11.3 and 5.2 Hz, 1H), 3.67 (dd, J� 11.3 and 3.6 Hz,
1H), 4.07 (m, 1H), 4.18 (m, 1H), 5.19 (brd, J� 7.4 Hz, 1H), 6.50 (brd, J�
8.2 Hz, 1H), 7.17 ± 7.31 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.5,
28.5 (3C), 37.2, 50.6, 52.9, 63.9, 80.5, 126.8, 128.8 (2C), 129.4 (2C), 137.8,
156.0, 173.4 ppm; (MALDI-TOF): m/z : 361.129 [M�K]� , 345.179 [M�
Na]� , 323.196 [M�H]� .
tert-Butyl N-((1R)-2-{[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-1-
methyl-2-oxoethyl)-carbamate (Boc-�-Ad): After filtration an oil was
obtained and further purification was done by column chromatography
(silica gel, pentane/ethyl acetate mixtures): 1H NMR (300 MHz, CDCl3):


�� 0.92 (d, J� 6.8 Hz, 3H), 0.96 (d, J� 6.8 Hz, 3H), 1.37 (d, J� 7.0 Hz,
3H), 1.44 (s, 9H), 1.87 (m, 1H), 3.54 ± 3.78 (m, 4H), 4.19 (m, 1H), 5.51 (br s,
1H), 6.71 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): �� 18.7, 18.8, 19.7,
28.5 (3C), 29.2, 50.6, 57.2, 63,5, 80.4, 156.0, 173.9 ppm; (MALDI-TOF):
m/z : 313.094 [M�K]� , 297.107 [M�Na]� , 275.162 [M�H]� .
tert-Butyl N-{(1R)-2-[(2-hydroxyethyl)amino]-1-methyl-2-oxoethyl}carba-
mate (Boc-�-Ae): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 1.37 (d, J� 7.2 Hz,
3H), 1.44 (s, 9H), 3.24 (br s, 1H), 3.31 ± 3.52 (m, 2H), 3.70 (m, 2H), 4.17 (m,
1H), 5.36 (br s, 1H), 6.97 ppm (m, 1H); 13C NMR (75 MHz, CDCl3): ��
18.7, 28.5 (3C), 42.5, 50.6, 61.9, 80.5, 156.0, 174.1 ppm; (MALDI-TOF):
m/z : 271.098 [M�K]� , 255.126 [M�Na]� , 233.136 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-2-hydroxy-1-phenylethyl]amino}carbonyl)-2-
methylpropyl]carbamate (Boc-�-Va): m.p. 126 ± 127 �C; 1H NMR
(300 MHz, CDCl3): �� 0.93 (d, J� 6.6 Hz, 3H), 0.98 (d, J� 6.9 Hz, 3H),
1.42 (s, 9H), 2.10 (m, 1H), 2.96 (br s, 1H), 3.75 ± 3.88 (m, 3H), 3.92 (m, 1H),
5.04 (m, 1H), 5.23 (brd, J� 8.1 Hz, 1H), 7.06 (br s, 1H), 7.23 ± 7.37 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): �� 18.3, 19.6, 28.5 (3C), 30.7, 56.0, 60.8,
66.3, 80.4, 126.9 (2C), 127.9, 128.9 (2C), 139.1, 156.4, 172.4 ppm; (MALDI-
TOF): m/z : 375.113 [M�K]� , 359.141 [M�Na]� , 337.169 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-1-benzyl-2-hydroxyethyl]amino}carbonyl)-2-
methylpropyl]-carbamate (Boc-�-Vc): m.p. 144 ± 145 �C; 1H NMR
(300 MHz, CDCl3): �� 0.82 (brd, J� 6.7 Hz, 3H), 0.89 (d, J� 6.8 Hz,
3H), 1.43 (s, 9H), 2.07 (m, 1H), 2.87 (m, 2H), 3.16 (br s, 1H), 3.56 (dd, J�
11.2 and 5.0 Hz, 1H), 3.64 (dd, J� 11.2 and 3.8 Hz, 1H), 3.83 (m, 1H), 4.17
(m, 1H), 5.09 (d, J� 8.2 Hz, 1H), 6.53 (br s, 1H), 7.16 ± 7.30 ppm (m, 5H);
13C NMR (75 MHz, CDCl3): �� 17.9, 19.4, 28.5 (3C), 30.7, 37.1, 53.0, 60.7,
63.7, 80.4, 126.8, 128.8 (2C), 129.4 (2C), 137.9, 156.2, 172.1 ppm; (MALDI-
TOF): m/z : 389.117 [M�K]� , 373.158 [M�Na]� , 351.181 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}-
carbonyl)-2-methylpropyl]carbamate (Boc-�-Vd): m.p. 149 ± 150 �C;
1H NMR (300 MHz, CDCl3): �� 0.91 ± 1.01 (m, 12H), 1.45 (s, 9H), 1.89
(m, 1H), 2.17 (m, 1H), 2.71 (def t, J� 5.7 Hz, 1H), 3.60 ± 3.77 (m, 3H), 3.84
(dd, J� 8.1 and 6.6 Hz, 1H), 5.04 (br s, 1H), 6.22 ppm (br s, 1H); 13C NMR
(75 MHz, CDCl3): �� 18.2, 19.0, 19.6, 19.7, 28.5 (3C), 29.0, 30.4, 57.4, 61.0,
63.7, 80.3, 156.3, 172.6 ppm; (MALDI-TOF): m/z : 341.141 [M�K]� ,
325.176 [M�Na]� , 303.194 [M�H]� .
tert-Butyl N-((1S)-1-{[(2-hydroxyethyl)amino]carbonyl}-2-methylpropyl)-
carbamate (Boc-�-Ve): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 0.95 (6H, m), 1.44 (s,
9H), 2.10 (1H, m), 3.15 (br s, 1H), 3.31 ± 3.53 (2H, m), 3.65 ± 3.76 (2H, m),
3.88 (1H, m), 5.34 (brd, J� 8.7 Hz, 1H), 6.96 ppm (br s, 1H); 13C NMR
(75 MHz, CDCl3): �� 19.2, 19.5, 28.5 (3C), 31.0, 42.5, 60.6, 62.0, 80.4, 156.4,
173.0 ppm; (MALDI-TOF): m/z : 299.099 [M��K], 283.129 [M��Na],
261.141 [M��H].
tert-Butyl N-[(1R)-1-({[(1S)-2-hydroxy-1-phenylethyl]amino}carbonyl)-2-
methylpropyl]-carbamate (Boc-�-Va): m.p. 156 ± 157 �C; 1H NMR
(300 MHz, CDCl3): �� 0.88 ± 0.94 (m, 6H), 1.43 (9H, s), 2.08 (m, 1H),
3.36 (1H, br s), 3.85 (m, 2H), 3.99 (1H, def t, J� 7.4 Hz), 5.10 (m, 1H), 5.40
(brd, J� 7.8 Hz, 1H), 7.19 (1H, br s), 7.23 ± 7.38 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 18.2, 19.6, 28.5 (3C), 31.1, 55.9, 60.7, 66.2, 80.4, 127.0
(2C), 127.9, 128.9 (2C), 139.2, 156.7, 172.6 ppm; (MALDI-TOF): m/z :
375.153 [M�K]� , 359.172 [M�Na]� , 337.200 [M�H]� ; elemental analysis
calcd (%) for C18H28N2O4: C 64.26, H 8.39, N 8.33; found: C 64.43, H 8.50,
N 8.38.


tert-Butyl N-[(1R)-1-({[(1R)-2-hydroxy-1-phenylethyl]amino}carbonyl)-
2-methylpropyl]-carbamate (Boc-�-Vb): m.p. 69 ± 70 �C; 1H NMR
(300 MHz, CDCl3): �� 0.94 (d, J� 6.9 Hz, 3H), 1.00 (d, J� 6.9 Hz, 3H),
1.44 (s, 9H), 2.17 (m, 2H), 3.82 ± 3.97 (m, 3H), 4.96 ± 5.11 (m, 2H), 6.73 (m,
1H), 7.24 ± 7.41 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 19.2, 19.6,
18.5 (3C), 30.7, 56.0, 60.8, 66.4, 80.4, 126.9 (2C), 128.0, 129.0 (2C), 139.0,
156.3, 172.3 ppm; (MALDI-TOF): m/z : 375.165 [M�K]� , 359.191 [M�
Na]� , 337.202 [M�H]� .
tert-Butyl N-[(1R)-1-({[(1S)-1-benzyl-2-hydroxyethyl]amino}carbonyl)-2-
methylpropyl]-carbamate (Boc-�-Vc): m.p. 131 ± 132 �C; 1H NMR
(300 MHz, CDCl3): �� 0.77 ± 0.92 (m, 6H), 1.43 (s, 9H), 1.93 (m, 1H),
2.81 (dd, J� 13.8 and 7.9 Hz, 1H), 2.91 (dd, J� 13.8 and 7.1 Hz, 1H), 3.14
(br s, 1H), 3.54 (dd, J� 11.2 and 5.1 Hz, 1H), 3.69 (dd, J� 11.2 and 3.6, 1H),


Chem. Eur. J. 2003, 9, 4031 ± 4045 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4041







FULL PAPER H. Adolfsson et al.


3.73 ± 3.84 (m, 1H), 4.25 (m, 1H), 5.24 (brd, J� 8.1 Hz, 1H), 6.41 (brd, J�
8.1 Hz, 1H), 7.17 ± 7.31 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.2,
19.3, 28.5 (3C), 30.9, 37.2, 53.0, 60.9, 64.1, 80.4, 126.8, 128.8 (2C), 129.4
(2C), 137.8, 156.5, 172.4 ppm; (MALDI-TOF): m/z : 389.200 [M��K],
373.202 [M��Na], 351.219 [M��H].
t-Butyl N-[(1R)-1-({[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}car-
bonyl)-2-methylpropyl]-carbamate (Boc-�-Vd): m.p. 146 ± 147 �C;
1H NMR (300 MHz, CDCl3): �� 0.91 ± 1.01 (12H, m), 1.44 (9H, s), 1.86
(1H, m), 2.10 (1H, m), 3.22 (br s, 1H), 3.60 (1H, m), 3.65 ± 3.79 (2H, m),
3.83 (1H, m), 5.25 (1H, brd, J� 7,8 Hz), 6.38 ppm (1H, brd, J� 8.9 Hz);
13C NMR (75 MHz, CDCl3): �� 18.3, 19.1, 19.6, 19.8, 28.5 (3C), 29.1, 30.6,
57.5, 61.2, 63.7, 80.4, 156.6, 172.8 ppm; (MALDI-TOF): m/z : 341.169 [M�
K]� , 325.203 [M�Na]� , 303.197 [M�H]� .
tert-ButylN-((1R)-1-{[(2-hydroxyethyl)amino]carbonyl}-2-methylpropyl)-
carbamate (Boc-�-Ve): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 0.92 (m, 6H), 1.43 (s,
9H), 2.11 (m, 1H), 2.78 (br s, 1H), 3.30 ± 3.52 (m, 2H), 3.71 (m, 2H), 3.83 ±
3.94 (m, 1H), 5.18 (m, 1H), 6.71 ppm (br s, 1H); 13C NMR (75 MHz,
CDCl3): �� 19.2, 19.5, 28.5 (3C), 30.9, 42.5, 60.7, 62.1, 80.4, 156.4,
173.0 ppm; (MALDI-TOF): m/z : 299.149 [M�K]� , 283.161 [M�Na]� ,
261.194 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1S)-2-hydroxy-1-phenylethyl]amino}carbonyl)-
2,2-dimethylpropyl]-carbamate (Boc-�-tLa): After filtration an oil was
obtained and further purification was done by column chromatography
(silica gel, pentane/ethyl acetate mixtures): 1H NMR (300 MHz, CDCl3):
�� 1.09 (s, 9H), 1.43 (s, 9H), 3.84 ± 3.90 (m, 3H), 5.07 (dt, J� 7.2 and
4.8 Hz, 1H), 5.18 (m, 1H), 6.44 (brd, J� 7.2 Hz, 1H), 7.26 ± 7.39 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): �� 26.9, 28.5 (3C), 34.5, 56.2, 63.0, 66.7,
80.2, 126.9 (2C), 128.1, 129. 1 (2C), 138.8, 156.2, 171.5 ppm; (MALDI-
TOF): m/z : 389.130 [M�K]� , 373.159 [M�Na]� , 351.195 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]amino}carbonyl)-
2,2-dimethylpropyl]-carbamate (Boc-�-tLb): m.p. 177 ± 178 �C; 1H NMR
(300 MHz, CDCl3): �� 0.98 (s, 9H), 1.43 (s, 9H), 2.94 (br s, 1H), 3.78 ± 3.93
(m, 3H), 5.10 (m, 1H), 5.31 (brd, J� 8.4 Hz, 1H), 6.64 (brd, J� 7.8 Hz,
1H), 7.24 ± 7.39 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 26.9 (3C),
28.5 (3C), 34.5, 56.0, 63.2, 66.2, 80.4, 127.1 (2C), 128.0, 129.0 (2C), 139.2,
156.5, 171.8 ppm; (MALDI-TOF): m/z : 389.181 [M�K]� , 373.206 [M�
Na]� , 351.236 [M�H]� ; elemental analysis calcd (%) for C19H30N2O4: C
65.12, H 8.63, N 7.99; found: C 65.35, H 8.75, N 7.80.


tert-Butyl N-[(1S)-1-({[(1S)-1-benzyl-2-hydroxyethyl]amino}carbonyl)-
2,2-dimethylpropyl]-carbamate (Boc-�-tLc): m.p. 199 ± 200 �C; 1H NMR
(300 MHz, CDCl3): �� 0.95 (s, 9H), 1.44 (s, 9H), 1.95 (br s, 1H), 2.88 (d,
J� 7.2 Hz, 1H), 3.57 (dd, J� 11.1 and 5.1 Hz, 1H), 3.66 ± 3.77 (m, 2H), 4.19
(m, 1H), 5.15 (br s, 1H), 5.97 (br s, 1H), 7.16 ± 7.33 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 26.8 (3C), 28.6 (3C), 34.3, 37.2, 53.1, 63.3, 63.9, 80.2,
126.9, 128.9 (2C), 129.4 (2C), 137.7, 156.1, 171.3 ppm; (MALDI-TOF):m/z :
403.211 [M�K]� , 387.289 [M�Na]� , 365.256 [M�H]� .
t-Butyl N-[(1S)-1-({[(1S)-1-(hydroxymethyl)-2-methylpropyl]amino}car-
bonyl)-2,2-dimethyl-propyl]carbamate (Boc-�-tLd): m.p. 139 ± 140 �C;
1H NMR (300 MHz, CDCl3): �� 0.95 (m, 6H), 1.03 (s, 9H), 1.44 (s, 9H),
1.90 (m, 1H), 2.70 (br s, 1H), 3.62 ± 3.78 (m, 3H), 3.80 (d, J� 8.7 Hz, 1H),
5.22 (brd, J� 8.7 Hz, 1H), 6.05 ppm (brd, J� 9.0 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 19.1, 19.7, 26.9 (3C), 28.5 (3C), 29.1, 34.2, 57.5, 63.3,
63.9, 80.2, 156.3, 171.9 ppm; (MALDI-TOF): m/z : 355.179 [M�K]� ,
339.197 [M�Na]� , 317.225 [M�H]� .
tert-Butyl N-((1S)-1-{[(2-hydroxyethyl)amino]carbonyl}-2,2-dimethylpro-
pyl)carbamate (Boc-�-tLe): After filtration an oil was obtained and further
purification was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures): 1H NMR (300 MHz, CDCl3): �� 1.01 (s, 9H), 1.43 (s,
9H), 3.30 ± 3.53 (m, 3H), 3.71 (m, 2H), 3.87 (m, 1H), 5.46 (brd, J� 9.3 Hz,
1H), 6.86 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): �� 26.8 (3C), 28.5
(3C), 34.5, 42.4, 62.0, 62.8, 80.2, 156.5, 172.3 ppm; (MALDI-TOF): m/z :
313.149 [M�K]� , 297.194 [MNa]� .
Allyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]amino}carbonyl)-2-
methylpropyl]carbamate (Alloc-�-Vb): Allyl chloroformate (5 mmol,
547 �L) and NaOH (5 mL, 1�� aq.) were slowly added to a stirred solution
of �-valine (5 mmol, 593 mg) in basic water (5 mL, aq. NaOH 1�) at 0 �C.
The resulting mixture was stirred for an additional 30 min at room
temperature. The reaction mixture was extracted with Et2O (10 mL) and


the aqueous layer was acidified with HCl (3�) and then extracted with
CH2Cl2 (4� 10 mL). The organic phase was dried over Na2SO4 and the
solvent was evaporated under vacuum. The resulting crude Alloc-�-V
(860 mg) was used without further purification in the next step.
N-methylmorpholine (NMM, 4.7 mmol, 541 �L) and isobutylchlorofor-
mate (4.7 mmol, 635 �L) were slowly added to a solution of Alloc-�-V in
THF (15 mL) at �15 �C (a white solid was forming during the addition of
the iBuOCOCl). The reaction mixture was stirred for 45 min at�15 �C, and
then (R)-phenylglycinol (4.3 mmol, 609 mg) was added and the resulting
mixture was stirred at room temperature for an additional 3 h. The mixture
was filtered through silica gel (5 cm, 5 cm �) and eluted with ethyl acetate
(100 mL). The solvent was concentrated under vacuum and the resulting
solid was recrystallized from CH2Cl2/n-pentane, giving the pure product
(1.3 g, 81% yield). m.p. 186 ± 187 �C; 1H NMR (300 MHz, CDCl3): �� 0.92
(m, 6H), 2.06 (m, 1H), 3.37 (br s, 1H), 3.71 ± 3.91 (m, 2H), 4.09 (m, 1H),
4.42 ± 4.60 (m, 2H), 5.08 (m, 1H), 5.16 ± 5.32 (m, 2H), 5.72 (brd, J� 8.7 Hz,
1H), 5.80 ± 5.94 (m, 1H), 7.20 ± 7.39 ppm (m, 6H); 13C NMR (75 MHz,
CDCl3): �� 18.2, 19.5, 31.5, 55.7, 60.9, 66.0, 66.2, 118.1, 127.0 (2C), 127.9,
128.9 (2C), 132.7, 139.2, 157.1, 172.2 ppm; (MALDI-TOF): m/z : 359.112
[M�K]� , 343.140 [M�Na]� , 321.156 [M�H]� .
9H-9-fluorenylmethyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]ami-
no}carbonyl)-2-methylpropyl]carbamate (Fmoc-�-Vb): Over a period of
30 min, 9-fluorenylmethyl chloroformate (5.5 mmol, 1.47 mg) in THF
(5 mL), and diisopropylethylamine (5.5 mmol, 961 �L) were simultane-
ously added to a stirred solution of �-valine (5 mmol, 593 mg) and Na2CO3


(5 mmol, 530 mg) in THF/H2O (5 mL/10 mL) at 0 �C. The resulting mixture
was stirred for an additional 2 h at room temperature. The reaction mixture
was extracted with Et2O (10 mL) and the aqueous layer was acidified with
HCl (3�) and extracted with CH2Cl2 (4� 10 mL). The organic phase was
dried over Na2SO4 and the solvent was evaporated under vacuum. The
resulting white solid of Fmoc-�-V (1.3 g) was used without further
purification in the next step.


N-methylmorpholine (NMM, 4.2 mmol, 483 �L) and isobutylchlorofor-
mate (4.2 mmol, 567 �L) were slowly added to a solution of the Fmoc-�-V
in THF (15 mL) at�15 �C (a white solid was formed during the addition of
the i-BuOCOCl). The reaction mixture was stirred for 45 min at �15 �C,
and then (R)-phenylglycinol (3.8 mmol, 537 mg) was added and the
resulting mixture was stirred at room temperature for a further 3 h. The
mixture was filtered through silica gel (5 cm, 5 cm �) and eluted with ethyl
acetate (100 mL). The solvent was evaporated and the resulting solid was
recrystallized from CH2Cl2/n-pentane, giving the pure product Fmoc-�-Vb
(1.4 g, 65% yield). m.p. 204 ± 205 �C; 1H NMR (300 MHz, CDCl3): �� 0.92
(d, J� 6.9 Hz, 6H), 2.10 (m, 1H), 2.88 (br s, 1H), 3.35 ± 3.90 (m, 2H), 4.05
(m, 1H), 4.18 (def t, J� 6.9 Hz, 1H), 4.27 ± 4.43 (m, 2H), 5.08 (m, 1H), 5.58
(m, 1H), 6.92 (br s, 1H), 7.23 ± 7.31 (m, 7H), 7.38 (m, 2H), 7.55 (d, J� 7.5 Hz,
2H), 7.75 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): �� 17.8, 19.2, 31.2,
47.1, 55.7, 60.7, 65.2, 67.0, 119.9 (2C), 125.0 (2C), 126.7 (2C), 127.1 (2C),
127.6, 127.7 (2C), 128.5 (2C), 139.1, 141.3 (2C), 143.7 (2C), 157.1,
172.3 ppm; (MALDI-TOF): m/z : 496.986 [M�K]� , 481.080 [M�Na]� ,
458.967 [M�H]� .
Benzyl N-[(1S)-1-({[(1R)-2-hydroxy-1-phenylethyl]amino}carbonyl)-2-
methylpropyl]carbamate (Z-�-Vb): N-(Benzyloxycarbonyloxy)succini-
mide (2 mmol, 508 mg) was added to a solution of �-valine (2 mmol,
237 mg) and NaHCO3 (2 mmol, 169 mg) in H2O/acetone (3 mL of each
solvent) and the reaction mixture was stirred overnight at room temper-
ature. The reaction mixture was extracted with CH2Cl2 (2� 5 mL) and the
aqueous layer was acidified with HCl (3�) and then extracted with EtOAc
(3� 10 mL). The organic phase was dried over Na2SO4 and the solvent was
evaporated under vacuum. The resulting crude product of Z-�-V (377 mg)
was used without further purification in the next step.


N-Methylmorpholine (NMM, 1.8 mmol, 203 �L) and isobutylchlorofor-
mate (1.8 mmol, 236 �L) were slowly added to a solution of the Z-�-V in
THF (7 mL) at�15 �C (a white solid was formed during the addition of the
iBuOCOCl). The reaction mixture was stirred for 45 min at �15 �C, and
then (R)-phenylglycinol (1.5 mmol, 212 mg) was added and the resulting
mixture was stirred at room temperature for another 3 h. The mixture was
filtered through silica gel (5 cm, 5 cm �) and eluted with ethyl acetate
(80 mL). The solvent was concentrated under vacuum and the resulting
solid was recrystallized from CH2Cl2/n-pentane, giving the pure product Z-
�-Vb (530 mg, 72% yield). m.p. 198 ± 199 �C; 1H NMR (300 MHz, CDCl3):
�� 0.89 (m, 6H), 2.04 (m, 1H)), 3.74 (dd, J� 11.5 and 6.7 Hz, 1H), 3.82
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(dd, J� 11.5 and 4.4 Hz, 1H), 3.98 (m, 1H), 4.99 ± 5.15 (m, 3H), 7.22 ±
7.36 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): �� 18.1, 19.4, 31.3, 55.7,
60.7, 65.7, 67.3, 126.9 (2C), 127.8, 128.1 (2C), 128.3 (2C), 128.7, 128.8 (2C),
136.3, 139.2, 157.1, 172.1 ppm; (MALDI-TOF): m/z : 409.111 [M�K]� ,
393.121 [M�Na]� , 371.110 [M�H]� .
N-1-[(1R)-2-hydroxy-1-phenylethyl]-(2S)-2-(acetylamino)-3-methylbuta-
namide (Ac-�-Vb): Acetic anhydride (6 mmol, 566 �L) was added to a
solution of �-valine (5 mmol, 593 mg) in acetic acid (3 mL) and the
resulting mixture was stirred for 1.5 h. Toluene (10 mL) was added,
resulting in the formation of a precipitate. The solid was filtered, washed
with toluene (20 mL), and dried under vacuum. The solid product of Ac-�-
V (635 mg) was used in the next step without further purification.


N-Methylmorpholine (NMM, 4.4 mmol, 506 �L) and isobutylchlorofor-
mate (4.4 mmol, 594 �L) were slowly added to a solution of the Ac-�-V in
THF (15 mL) at �15 �C (a white solid was formed during the addition of
the iBuOCOCl). The reaction mixture was stirred for 45 min at �15 �C,
then (R)-phenylglycinol (4 mmol, 565 mg) was added and the resulting
mixture was stirred at room temperature for an additional 3 h. The mixture
was filtered through silica gel (5 cm, 5 cm �) and eluted with ethyl acetate
(400 mL). The solvent was concentrated under vacuum and the resulting
solid was recrystallized from CH2Cl2/n-pentane, giving the pure product
Ac-�-Vb (735 mg, 53% yield). m.p. 229 ± 230 �C; 1H NMR (300 MHz,
CDCl3): �� 0.86 (d, J� 6.6 Hz, 3H), 0.90 (d, J� 6.6 Hz, 3H), 2.00 (m, 1H),
2.03 (s, 3H), 3.72 ± 3.82 (m, 3H), 4.17 (m, 1H), 5.01 (m, 1H), 7.24 ± 7.41 (m,
6H), 7.94 ppm (brd, J� 7.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 18.3,
19.2, 22.7, 31.0, 55.8, 59.2, 65.3, 126.8 (2C), 127.6, 128.6 (2C), 139.2, 171.8,
172.1 ppm; (MALDI-TOF): m/z : 317.085 [M�K]� , 301.181 [M�Na]� ,
279.179 [M�H]� .
N-1-[(1R)-2-hydroxy-1-phenylethyl]-(2S)-3-methyl-2-[(2,2,2-trifluoroace-
tyl)amino]butanamide (TFA-�-Vb): Trifluoroacetic anhydride (6 mmol,
880 �L) was added to a solution of �-valine (5 mmol, 593 mg) in trifluoro-
acetic acid (3 mL) and the resulting mixture was stirred for 1.5 h. Toluene
(10 mL) was added and a precipitate was formed. The solid was filtered,
washed with toluene (20 mL) and dried under vacuum. The solid product
TFA-�-V (690 mg) was used in the next step without further purification.


N-Methylmorpholine (NMM, 3.6 mmol, 414 �L) and isobutylchlorofor-
mate (3.6 mmol, 486 �L) were slowly added to a solution of the TFA-�-V in
THF (15 mL) at �15 �C (a white solid was formed during the addition of
the iBuOCOCl). The reaction mixture was stirred for 45 min at �15 �C,
then (R)-phenylglycinol (3.3 mmol, 466 mg) was added and the resulting
mixture was stirred at room temperature for another 3 h. The mixture was
filtered through silica gel (5 cm, 5 cm �) and eluted with ethyl acetate
(400 mL). The solvent was concentrated under vacuum and the resulting
solid was recrystallized from CH2Cl2/n-pentane, giving the pure product
TFA-�-Vb (700 mg, 42% yield). m.p. 206 ± 207 �C; 1H NMR (300 MHz,
CDCl3): �� 0.89 (d, J� 6.8 Hz, 3H), 2.10 (m, 1H), 3.73 (dd, J� 11.8 and
6.9 Hz, 1H), 3.82 (dd, J� 11.8 and 4.5 Hz, 1H), 4.31 (m, 1H), 5.00 (m, 1H),
7.24 ± 7.38 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): �� 18.8, 19.6, 32.0,
57.3, 60.9, 65.9, 117.4 (q, J� 286.2 Hz), 128.2 (2C), 128.5, 129.4 (2C), 141.0,
158.8 (q, J� 37.7), 172.1 ppm; (MALDI-TOF): m/z : 371.020 [M�K]� ,
355.124 [M�Na]� , 333.090 [M�H]� .
N-1-[(1R)-2-hydroxy-1-phenylethyl]-(2S)-2-amino-3-methylbutanamide
(L-Vb): The N-Boc-protected amide Boc-�-Vb (10 mmol, 3.36 g) was
dissolved in a 1:1 mixture of MeOH and HCl (3�, aq., 40 mL of each
solvent) and the mixture was stirred for 3 h at 0 �C. MeOH was removed
under vacuum keeping the bath at 30 �C and the resulting aqueous phase
was basified using NaOH (50% solution) (note: the addition was done
slowly to avoid an increase of the temperature. We strongly recommend the
use of an ice bath). The basic phase (pH 14) was extracted with CH2Cl2
(5� 20 mL). The combined organic phases were dried over K2CO3 and the
solvent was removed under vacuum to yield the deprotected amide L-Vb as
a white solid (2.3 g, 98% yield). m.p. 134 ± 135 �C; 1H NMR (300 MHz,
CDCl3): �� 0.84 (d, J� 6.9 Hz, 3H), 0.89 (d, J� 6.9 Hz, 3H), 2.31 (m, 1H),
2.48 (br s, 3H), 3.31 (d, J� 4.2 Hz, 1H), 3.86 (m, 2H), 5.06 (m, 1H), 7.26 ±
7.40 (m, 5H), 8.04 ppm (brd, J� 6.9 Hz, 1H); 13C NMR (75 MHz, CDCl3):
�� 16.5, 19.8, 31.2, 56.6, 60.3, 67.5, 127.0 (2C), 128.1, 129.1 (2C), 139.1,
175.2 ppm; (MALDI-TOF): m/z : 275.174 [M�K]� , 259,102 [M�Na]� ,
237.193 [M�H]� .
N-1-[(1R)-2-hydroxy-1-phenylethyl]-(2S)-3-methyl-2-{[(4-methylphenyl)-
sulfonyl]amino}butanamide (Ts-�-Vb): TsCl (1 mmol, 194 mg) and Et3N


(1.2 mmol, 170 �L) were added to a solution of L-Vb (1 mmol, 236 mg) in
CH2Cl2 (8 mL) at 0 �C. The reaction mixture was stirred for 5 h at room
temperature. The crude product was washed with HCl (1�, 2� 5 mL) and
the acidic phase was washed with CH2Cl2 (10 mL). The combined organic
phases were dried over Na2SO4 and the solvent was removed under
vacuum. The solid was recrystallized from Et2O, giving the product Ts-�-Vb
(280 mg, 72% yield). m.p. 193 ± 194 �C; 1H NMR (300 MHz, CDCl3): ��
0.82 (m, 6H), 1.93 (br s, 1H), 2.09 (m, 1H), 2.43 (s, 3H), 3.53 (dd, J� 8.1 and
5.1 Hz, 1H), 3.71 (m, 2H), 4.90 (m, 1H), 5.29 (d, J� 7.5 Hz, 1H), 6.60 (brd,
J� 7.5 Hz, 1H), 7.20 ± 7.25 (m, 2H), 7.27 ± 7.38 (m, 5H), 7.75 ppm (d, J�
8.4 Hz, 2H); 13C NMR (75 MHz, CDCl3): �� 17.4, 19.4, 21.8, 31.5, 56.0,
62.4, 66.3, 126.8 (2C), 127.7 (2C), 128.2, 129.1 (2C), 129.9 (2C), 136.6,
138.6, 144.2, 171.0 ppm; (MALDI-TOF): m/z : 429.077 [M�K]� , 413.113
[M�Na]� , 391.125 [M�H]� .
tert-Butyl N-(2-{[(1S)-2-hydroxy-1-phenylethyl]amino}-2-oxoethyl)carba-
mate (Boc-Ga): This compound was prepared according to the general
procedure for the preparation of the library ligands. Purification of the
crude was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures) (570 mg, 65% yield). 1H NMR (300 MHz, CDCl3): ��
1.42 (s, 9H), 2.41 (s, 1H), 3.68 ± 3.88 (m, 4H), 5.07 (m, 1H), 5.58 (br s, 1H),
7.21 ± 7.35 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): �� 28.5 (3C), 44.6,
55.8, 66.0, 80.6, 126.9 (2C), 127.9, 128.9 (2C), 139.9, 156.7, 170.4 ppm;
(MALDI-TOF): m/z : 333.064 [M�K]� , 317.106 [M�Na]� , 295.130 [M�
H]� .


tert-Butyl N-(2-{[(1R)-2-hydroxy-1-phenylethyl]amino}-2-oxoethyl)carba-
mate (Boc-Gb): This compound was prepared according to the general
procedure for the preparation of the library ligands. Purification of the
crude was done by column chromatography (silica gel, pentane/ethyl
acetate mixtures) (554 mg, 63% yield). 1H NMR (300 MHz, CDCl3): ��
1.42 (s, 9H), 2.76 (br s, 1H), 3.69 ± 3.95 (m, 4H), 5.05 (m, 1H), 5.69 (br s,
1H), 7.21 ± 7.34 (m, 5H), 7.41 ppm (brd, J� 7.5 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 28.4 (3C), 44.4, 55.7, 65.8, 80.5, 126.8 (2C), 127.8,
128.8 (2C), 139.0, 156.6, 170.5 ppm; (MALDI-TOF): m/z : 333.156 [M�
K]� , 317.191 [M�Na]� , 295.204 [M�H]� .
tert-Butyl N-[(1S)-1-({[(1R)-2-methoxy-1-phenylethyl]amino}carbonyl)-
2-methylpropyl]carbamate (4): A solution of Boc-�-Vb (0.6 mmol,
200 mg) in DMSO (2 mL) was slowly added to a 0 �C solution of NaH
(0.72 mmol, 48 mg 60% oil dispersion) in DMSO (5 mL). After 10 min,
MeI (0.66 mmol, 42 �L) was added and the reaction mixture was stirred for
an additional 30 min. Water (10 mL) and CH2Cl2 (15 mL) were added and
the organic phase was washed with water (2� 5 mL). The combined
aqueous phases were washed with CH2Cl2 (10 mL) and dried over Na2SO4.
The solvent was then evaporated and the crude product was purified by
column chromatography (silica gel, CHCl3) (130 mg, 62% yield). 1H NMR
(300 MHz, CDCl3): �� 0.88 (d, J� 6.9 Hz, 3H), 0.92 (d, J� 6.9 Hz, 3H),
1.44 (s, 9H), 2.12 (m, 1H), 3.34 (s, 3H), 3.65 (m, 2H), 3.95 (m, 1H), 5.02 ±
5.22 (m, 2H), 6.65 (brd, J� 7.5 Hz, 1H), 7.21 ± 7.34 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): �� 17.8, 19.5, 28.5 (3C), 52.7, 59.2, 60.1, 75.0, 80.0, 127.0
(2C), 127.7, 128.7 (2C), 139.9, 156.1, 171.3 ppm; (MALDI-TOF): m/z :
389.184 [M�K]� , 373.208 [M�Na]� , 351.228 [M�H]� .
N1-[(1R)-2-hydroxy-1-phenylethyl](2R)-2-phenylbutanamide (5): N-
Methylmorpholine (NMM, 1.2 mmol, 135 �L) and isobutylchloroformate
(1.2 mmol, 158 �L) were slowly added to a solution of the (R)-2-phenyl-
butyric acid (1 mmol, 166 mg) in THF (5 mL) at �15 �C (a white solid was
formed during the addition of the iBuOCOCl). The reaction mixture was
stirred for 45 min at�15 �C, then (R)-phenylglycinol (1 mmol, 141 mg) was
added and the resulting mixture was stirred at room temperature for
another 3 h. The mixture was filtered through silica gel (5 cm, 5 cm �) and
eluted with ethyl acetate (70 mL). The solvent was concentrated under
vacuum and the resulting solid was recrystallized from CH2Cl2/n-pentane,
giving the pure product 5 (215 mg, 76% yield). m.p. 119 ± 120 �C; 1H NMR
(300 MHz, CDCl3): �� 0.91 (t, J� 7.5 Hz, 3H), 1.73 ± 1.89 (m, 1H), 2.12 ±
2.28 (m, 2H), 3.32 (t, J� 7.6 Hz, 1H), 3.84 (d, J� 4.5 Hz, 2H), 5.03 (dt, J�
7.2 and 4.5 Hz, 1H), 6.08 (brd, J� 7.2 Hz, 1H), 7.05 (m, 2H), 7.22 ± 7.36 ppm
(m, 8H); 13C NMR (75 MHz, CDCl3): �� 12.5, 26.5, 55.4, 56.1, 67.0, 126.6
(2C), 127.5, 128.0, 128.2 (2C), 129.0 (2C), 129.1 (2C), 139.0, 139.9,
174.2 ppm; (MALDI-TOF): m/z : 322.184 [M�K]� , 306.269 [M�Na]� ,
284.246 [M�H]� .
tert-Butyl N-[(1S)-2-methyl-1-({(1R)-1-phenylethyl]amino}carbonyl)pro-
pyl]carbamate (6): N-Methylmorpholine (NMM, 3.5 mmol, 393 �L) and
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isobutylchloroformate (3.5 mmol, 462 �L) were slowly added to a solution
of Boc-�-V (3 mmol, 652 mg) in THF (10 mL) at �15 �C (a white solid was
formed during the addition of the i-BuOCOCl). The reaction mixture was
stirred for 45 min at �15 �C, then (R)-1-phenylethylamine (2.8 mmol,
386 �L) was added and the resulting mixture was stirred at room
temperature for an additional 3 h. The mixture was filtered through silica
gel (5 cm, 5 cm �) and eluted with ethyl acetate (100 mL). The solvent was
removed under vacuum and the resulting solid was recrystallized from
CH2Cl2/n-pentane, giving the pure product 6 (419 mg, 47% yield). m.p.
125 ± 126 �C; 1H NMR (300 MHz, CDCl3): �� 0.92 (d, J� 6.9 Hz, 3H), 0.97
(d, J� 6.6 Hz, 3H), 1.42 (s, 9H), 1.49 (d, J� 7.2 Hz, 3H), 2.15 (m, 1H), 3.84
(m, 1H), 4.94 ± 5.18 (m, 2H), 6.27 (brd, J� 7.8 Hz, 1H), 7.22 ± 7.38 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): �� 18.2, 19.6, 22.1, 28.5 (3C), 30.7, 49.0,
60.5, 80.1, 126.3 (2C), 127.6, 128.9 (2C), 143.1, 156.1, 170.8 ppm; (MALDI-
TOF): m/z : 359.181 [M�K]� , 343.217 [M�Na]� , 321.223 [M�H]� .
General procedure for the transfer hydrogenation of acetophenone using
the ligand library : Ligand (0.03 mmol), [{RuCl2(p-cymene)}2]
(0.005 mmol),[19] and NaOH (5 mol%) were dissolved in 2-propanol
(5 mL) in a dry Schlenck tube under inert atmosphere (N2). The solution
was stirred for 15 min and acetophenone (1 mmol) was added. The reaction
mixture was stirred at ambient temperature. Aliquots were taken at
different time intervals and quenched with NH4Cl (1 mL, aq. sat.),
extracted with EtOAc (1 mL), passed through a pad of silica and washed
with EtOAc. The resulting solution was analyzed by GLC (CP Chirasil
DEX CB conditions: hold 110 �C for 10 min, rate 80 �Cmin�1 to 200 �C and
hold for 5 min): tR(R isomer)� 6.21 min, tR(S isomer)� 6.77 min.
General procedure for the transfer hydrogenation of aromatic ketones
using Boc-�-Ab and Boc-�-Aa as ligands : Ligand (0.0275 mmol),
[{RuCl2(p-cymene)}2] (0.0125 mmol), and NaOH (2.5 mol%) were dis-
solved in 2-propanol (25 mL) in a dry Schlenck tube under inert
atmosphere (N2). The solution was stirred for 15 min and ketone (5 mmol)
was added. The reaction mixture was stirred at ambient temperature. The
reaction was quenched with NH4Cl (15 mL, aq. sat.) and water (10 mL) and
extracted with EtOAc (4� 15 mL). The organic phase was dried with
Na2SO4 and evaporated. Purification was done with Silica column using
pentane/EtOAc (8:1) as eluent. The product alcohol was analyzed by GLC
(CP Chirasil DEX CB, Hold 110 �C for 10 min, rate 80 �Cmin�1 to 200 �C
and hold for 5 min).


(S)-1-phenylethanol : Rf� 0.24; Isolated yield: 0.590 g (95% yield,
93% ee); tR(R isomer)� 6.21 min, tR(S isomer)� 6.77 min.
(R)-1-phenylethanol : Rf� 0.24; yield: 0.565 g (91% yield, 93% ee); tR(R
isomer)� 6.21 min, tR(S isomer)� 6.77 min.
(S)-1-(2-methylphenyl)ethanol : Ligand (0.055 mmol), [{RuCl2(p-cym-
ene)}2] (0.025 mmol), and NaOH (5.0 mol%). Eluent: pentane/EtOAc
20:1; Rf� 0.16; yield: 0.503 g (74% yield, 96% ee); tR(R isomer)�
10.47 min, tR(S isomer)� 10.76 min; [�]D��63.0 (c� 1.01 in EtOH) (lit.
[�]D��58.9 (c� 1.01 in EtOH)).[20]


(R)-1-(2-methylphenyl)ethanol : Ligand (0.055 mmol), [{RuCl2(p-cym-
ene)}2] (0.025 mmol), and NaOH (5.0 mol%). Eluent: pentane/EtOAc
20:1; Rf� 0.16; yield: 0.501 g (74% yield, 96% ee); tR(R isomer)�
10.47 min, tR(S isomer)� 10.76 min; [�]D��61.9 (c� 1.01 in EtOH) (lit.
[�]D��58.9 (c� 1.01 in EtOH)).[18]


(S)-1-(2-methoxyphenyl)ethanol : Ligand (0.055 mmol), [{RuCl2(p-cym-
ene)}2] (0.025 mmol), and NaOH (5.0 mol%). Eluent: pentane/EtOAc
30:1; Rf� 0.09; yield: 0.430 g (57% yield, 84% ee); (CP Chirasil DEX CB,
Hold 110 �C for 2 mins, rate 1 �Cmin�1 to 125 �C, rate 20 �Cmin�1 to 200 �C
and hold for 3 min): tR(S isomer)� 13.23 min, tR(R isomer)� 14.87 min;
[�]D��23.9 (c� 2.00 in CHCl3) (lit. [�]D� 32.3 (c� 2.00 in CHCl3, R
isomer)).[21]


(S)-1-(3-methylphenyl)ethanol : Eluent: pentane/EtOAc 20:1; Rf� 0.11;
yield: 0.606 g (89% yield, 92% ee); tR(R isomer)� 10.07 min, tR(S isomer)
� 10.23 min.
(S)-1-(3-methoxyphenyl)ethanol : Rf� 0.13; yield: 0.645 g (85% yield,
91% ee); (CP Chirasil DEX CB, Hold 110 �C for 2 mins, rate 1 �Cmin�1


to 125 �C, rate 20 �Cmin�1 to 200 �C and hold for 3 min): tR(R isomer)�
16.30 min, tR(S-isomer)� 16.99 min. [�]D��30.9 (c� 1.00 in MeOH) (lit.
[�]D��34.9 (c� 0.849 in MeOH)).[22]


(S)-1-(3-fluorophenyl)ethanol : Rf� 0.20; yield: 0.650 g (93% yield,
89% ee); tR(R isomer)� 7.22 min, tR(S isomer)� 8.12 min. [�]D��29.6
(c� 0.998 in MeOH) (lit. [�]D��38.5 (c� 0.998 in MeOH)).[23]
(R)-1-(3-fluorophenyl)ethanol : Rf� 0.20; yield: 0.653 g (93% yield,
88% ee); tR(R isomer)� 7.22 min, tR(S isomer)� 8.12 min; [�]D��32.4
(c� 0.998 in MeOH) (lit. [�]D��38.5 (c� 0.998 in MeOH)).[21]
(S)-1-(4-methylphenyl)ethanol : Rf� 0.20; yield: 0.580 g (85% yield,
91% ee); tR(R isomer)� 8.33 min, tR(S isomer)� 9.50 min; [�]D��40.2
(c� 0.994 in MeOH) (lit. [�]D��43.5 (c� 0.994 in MeOH)).[20]
(S)-1-(4-methoxyphenyl)ethanol : Rf� 0.11; yield: 0.479 g (63% yield,
95% ee); tR(R isomer)� 11.17 min, tR(S isomer)� 11.21 min.
(R)-1-(4-methoxyphenyl)ethanol : Rf� 0.11; yield: 0.494 g (65% yield,
96% ee); tR(R isomer)� 11.17 min, tR(S isomer)� 11.21 min.
(S)-1-(4-bromophenyl)ethanol : Rf� 0.15; yield: 0.904 g (90% yield,
88% ee); (CP Chirasil DEX CB, Hold 110 �C for 2 mins, rate 1 �Cmin�1


to 125 �C, rate 20 �Cmin�1 to 200 �C and hold for 3 min): tR(R isomer)�
18.73 min, tR(S isomer)� 19.01 min; [�]D��28.7 (c� 0.436 in MeOH) (lit.
[�]D��31.3 (c� 0.436 in MeOH, R isomer)).[24]


(S)-1-phenylpropan-1-ol : Eluent: pentane/EtOAc 20:1; Rf� 0.17; yield:
0.620 g (91% yield, 95% ee); GLC (CP Chirasil DEX CB, Hold 110 �C for
8 mins, rate 80 �Cmin�1 to 200 �C and hold for 5 min): tR(R isomer)�
8.53 min, tR(S isomer)� 8.59 min; [�]D��32.9 (c� 1.00 in MeOH) (lit.
[�]D��28 (c� 1 in MeOH)).[25]
(S)-2-methyl-1-phenylpropan-1-ol : Ligand (0.11 mmol), [{RuCl2(p-cym-
ene)}2] (0.050 mmol), and NaOH (10.0 mol%). Eluent: pentane/EtOAc
30:1; Rf� 0.20; yield: 0.396 g (53% yield, 86% ee); (CP Chirasil DEX CB,
Hold 110 �C for 20 mins, rate 80 �Cmin�1 to 200 �C and hold for 5 min): tR(R
isomer)� 14.59 min, tR(S isomer)� 14.98 min; [�]D��46.1 (c� 1.00 in
diethyl ether)(lit. [�]D��49.1 (c� 0.828 in diethyl ether)).[20]
(S)-1,2,3,4-tetrahydronaphthalen-1-ol : Eluent: pentane:EtOAc 20:1; Rf�
0.36; yield: 0.280 g (38% yield, 84% ee); GLC (CP Chirasil DEXCB, Hold
80 �C for 10 min, rate 5 �Cmin�1 to 110 �C and hold for 10 min, rate
20 �Cmin�1 to 200 �C and hold for 5 min): tR(R isomer)� 28.89 min, tR(S
isomer)� 29.00 min.
(S)-1-(2-naphthyl)ethanol : Rf� 0.16; yield: 0.620 g (85% yield, 87% ee);
GLC (CP Chirasil DEX CB, Hold 110 �C for 20 mins, rate 10 �Cmin�1 to
200 �C and hold for 5 min): tR(R isomer)� 27.42 min, tR(S isomer)�
27.52 min; [�]D��32.6 (c� 2.00 in MeOH) (lit. [�]D��25 (c� 2.2 in
MeOH)).[23]
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Kinetic versus Thermodynamic Control During the Formation of
[2]Rotaxanes by a Dynamic Template-Directed Clipping Process


Matthias Horn, Johannes Ihringer, Peter T. Glink, and J. Fraser Stoddart*[a]


Abstract: A template-directed dynamic
clipping procedure has generated a li-
brary of nine [2]rotaxanes that have
been formed from three dialkylammo-
nium salts–acting as the dumbbell-
shaped components–and three dynam-
ic, imino bond-containing, [24]crown-8-
like macrocycles–acting as the ring-
shaped components–which are them-
selves assembled from three dialdehydes
and one diamine. The rates of formation
of these [2]rotaxanes differ dramatically,
from minutes to days depending on the


choice of dialkylammonium ion and
dialdehyde, as do their thermodynamic
stabilities. Generally, [2]rotaxanes
formed by using 2,6-diformylpyridine
as the dialdehyde component, or
bis(3,5-bis(trifluoromethyl)benzyl)am-
monium hexafluorophosphate as the


dumbbell-shaped component, assembled
the most rapidly. Those rotaxanes con-
taining this particular electron-deficient
dumbbell-shaped unit, or 2,5-diformyl-
furan units in the macroring, were the
most stable thermodynamically. The
relative thermodynamic stabilities of all
nine of the [2]rotaxanes were deter-
mined by competition experiments that
were monitored by 1H NMR spectro-
scopy.


Keywords: crown compounds ¥
dynamic covalent chemistry ¥
rotaxanes ¥ self-assembly ¥
supramolecular chemistry


Introduction


Of late, there has been a flurry of interest[1] in the use of a
combination of directed noncovalent interactions (strict self-
assembly)[2] and dynamic covalent assembly processes[3] for
the preparation of thermodynamically stable complex entities,
be they molecular or supramolecular in nature, with high
fidelities and handsome degrees of architectural predictabil-
ity. Only in recent years, however, have the syntheses[4, 5] of
mechanically interlocked molecular compounds, such as
rotaxanes,[6] and catenanes,[7] been investigated by using
dynamic covalent chemistry.[8] Rotaxanes and catenanes are
intriguing compounds to construct by this approach because,
in most cases, the host ± guest complexes–for exmple,
pseudorotaxanes[9]–that precede their formation are them-
selves formed by dynamic noncovalent (i.e. , strict self-
assembly[2]) processes. Efficient methods for assembling
interlocked molecular compounds from acyclic precursors,
without the need for external reagents or catalysts, most
certainly will simplify their syntheses, which often require
significant amounts of tedious kinetic covalent chemistry.[10]


Recently we reported[4j] a simple and effective dynamic
procedure for the template-directed synthesis[11] of a [2]ro-
taxane from acyclic precursors (Scheme 1). It resulted in the
formation of a [2]rotaxane by clipping[12] together, through
imine bond formation between a diamine and a dialdehyde,
the components of its [24]crown-8-like macrocyclic unit
around its dialkylammonium ion-containing dumbbell-shaped
unit.[13] The NH2


� center of the dumbbell-shaped unit serves
the dual purposes of templating (through weak acid catalysis)
the formation of the imino bonds and stabilizing (through
hydrogen bonding) the [2]rotaxane once it is formed. The
remarkable efficiency of the process aroused our curiosity and
set us on a pathway to try to discover the factors that make
this dynamic clipping so effective. In this paper, we describe
the effects that the constitutions of the components of the
[2]rotaxane have on the kinetic and thermodynamic stabilities
of these dynamic [2]rotaxanes.


Results and Discussion


We have assembled a library of [2]rotaxanes from the subunits
shown in Scheme 2. The nature of the terminal benzyl
stoppering groups of the dumbbell-shaped dialkylammonium
ions was varied from �-electron-rich (DOMe)[14] through �-
electron-neutral (DMe) to �-electron-deficient (DCF3


). The
dialdehyde was varied from 2,6-diformylpyridine (P)[15] via
isophthalaldehyde (B) to 2,5-diformylfuran (F)[16] . We chose
to keep the nature of the diamine, the tetraethylene glycol
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bis(2-aminophenyl)ether A,[17] the same in all cases. Through
a combination of these three dumbbell-shaped ions, three
dialdehydes, and one diamine, a total of nine [2]rotaxanes
were assembled dynamically.


Two new dialkylammonium salts, bis(3,5-dimethylbenzyl)-
ammonium hexafluorophosphate (DMe) and bis(3,5-bis(tri-
fluoromethyl)benzyl)ammonium hexafluorophosphate (DCF3


)
were prepared according to Scheme 3. Condensation of 3,5-
dimethylbenzaldehyde with 3,5-dimethylbenzylamine, and of


3,5-bis(trifluoromethyl)-benzal-
dehyde with 3,5-bis(trifluorome-
thyl)benzylamine, followed by
reduction, acid treatment, and
counterion exchange, afforded
the dumbbell-shaped dialkylam-
monium salts DMe and DCF3


,
respectively.


Addition of a dialkylammoni-
um salt (DOMe,DMe, orDCF3


) to a
solution of diamine A and a
dialdehyde (B, F, or P) in
CD3CN (20 m� with respect to
each of the three components),
followed by a period of equili-
bration, results in [2]rotaxane
formation, as evidenced by
1H NMR spectroscopy and
FAB mass spectrometry. New
sets of signals are observed by
1H NMR spectroscopy that dif-
fer significantly from those of
the starting materials or the
equilibrated mixture of imines.
Significant shifts are observed
for the signals of a number of
protons of the [2]rotaxanes–
relative to those of the corre-
sponding protons of the uncom-
plexed dialkylammonium ions,
dialdehydes, diamine, and
imines–with the most charac-
teristic signal being that for the
protons of the methylene groups
adjacent to the NH2


� centers,
which appear as singlets be-
tween �� 4.10 and 4.41 when
uncomplexed and as second-or-
der multiplets between �� 4.51
and 5.18 in the rotaxanes (Ta-
ble 1). Similar downfield shifts
and changes in multiplicity pat-
tern for these CH2N� units are
characteristic of pseudorotax-
anes and rotaxanes formed from
dibenzylammonium ions and
DB24C8 (see, for example,
ref. [13g]). That the [2]rotaxanes
are formed as a result of the
reaction of one diamine, one


dialdehyde, and one dialkylammonium ion is confirmed by
the relative intensities of the signals of selected protons on
both the macrocycles MR� and the dumbbell-shaped cations
DR.


The stability and stoichiometry of the [2]rotaxanes were
confirmed by FAB mass spectrometry. In all cases, a signal
was observed, in some cases as the base peak, for the
[2]rotaxane having lost its counterion (Table 2). No significant
signals were observed for higher-order assemblies, such as


Scheme 1. Synthesis of a [2]rotaxane MP ¥ DOMe by clipping of the dialdehyde P and the diamine A around the
dialkylammonium ion DOMe.


Scheme 2. Dynamic syntheses of the [2]rotaxanes MR� ¥ DR by clipping of the dialdehydes (P, F, or B) and the
diamine A around the dialkylammonium ions DOMe, DMe, or DCF3


.


Chem. Eur. J. 2003, 9, 4046 ± 4054 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4047







FULL PAPER J. F. Stoddart et al.


Scheme 3. Syntheses of dialkylammonium salts DMe and DCF3
.


double-stranded [3](pseudo)rotaxanes; this finding suggests
that the [2]rotaxanes are by far the most stable entities in this
dynamic equilibrating system.


The rates of rotaxane formation vary dramatically depend-
ing on the components used in the assembly (Table 3). For
instance, equilibration of the mixture that forms MP ¥ DOMe


occurs within minutes of mixing, yet the mixture that forms
MF ¥ DMe requires three days to reach equilibrium. Figure 1
portrays the spectra for a system that reaches equilibrium
slowly–that of a mixture of DOMe, F, and A. In all cases,
whether equilibration has been reached rapidly or not, sharp
signals in the 1H NMR spectra for the [2]rotaxanes indicate
that they are thermodynamically stable and relatively stable
kinetically on the 1H NMR timescale (360 ± 500 MHz).
Presumably, this stability is a result of the favorable
[N�-H ¥ ¥ ¥X] hydrogen bonds between the NH2


� centers and
the hydrogen bond-accepting atoms (X) in the macrocycles.


The rates of rotaxane formation are affected primarily by
the nature of the dialdehyde unit (Table 3). In general, the
pyridyl-containing dialdehyde (P) results in the fastest clip-
ping reactions with all of the three dumbbells, and the furan-
containing one (F) results in the slowest. Clipping of
isophthalaldehyde (B) occurs at an intermediate rate. This
trend follows the electrophilicities[18] of the formyl groups,
with P having the most electrophilic aldehyde functions and F
the least. The nature of the dumbbell-shaped dialkylammo-
nium ion also affects the rates of clipping. Generally, the
reactions are fastest–reaching equilibria with all three
dialdehydes within 4 h–with DCF3


, a situation that may be a
result of i) the putative higher acidity of its NH2


� center
relative to those of the other dumbbells and ii) the increase in
the rate of imine-bond formation that results from stronger
acid catalysis. Additionally, during the clipping process there
are probably significantly strong aromatic ± aromatic interac-
tions occurring between the stoppering group of the dumb-
bell-shaped component and the aryl units (�-electron-rich
units in A and �-electron-deficient ones in P and B) of the
nascent macrocycle. When considering the �-electron density
in isolation, one might predict, based on the Hunter ± Sanders


Table 1. 1H NMR chemical shift data (400 MHz, CD3CN, 298 K) for diamineA, three dialkylammonium ions (DOMe,DMe, andDCF3
), three dialdehydes (P, F,


and B), and the nine [2]rotaxanes MR� ¥ DR formed from combinations of these constituent parts.


MR�


Me CH2N� NH2
� Ho Hp �-OCH2 CH�X[b] Ha Hb H Ha Hb Hc


A ± ± ± ± ± 4.06 ± ± ± ± ± ± ±
DOMe 3.78 4.11 n.o.[a] 6.57 6.54 ± ± ± ± ± ± ± ±
DMe 2.31 4.10 6.93 7.04 7.10 ± ± ± ± ± ± ± ±
DCF3


± 4.41 7.12 8.05 8.10 ± ± ± ± ± ± ± ±
P ± ± ± ± ± ± 10.09 8.16 8.15 ± ± ± ±
F ± ± ± ± ± ± 9.76 ± ± 7.43 ± ± ±
B ± ± ± ± ± ± 10.08 ± ± ± 7.76 8.16 8.37
MP ¥ DOMe 3.34 4.57 9.94 6.43 6.03 4.47 8.41 7.99 7.65 ± ± ± ±
MP ¥ DMe 1.84 4.51 9.80 6.76 6.57 3.98 8.38 7.87 7.60 ± ± ± ±
MP ¥ DCF3


± 4.88 10.63 7.87 7.66 4.44 8.41 8.05 7.70 ± ± ± ±
MF ¥ DOMe 3.48 4.85 8.95 6.44 6.16 4.24 8.25 ± ± 7.11 ± ± ±
MF ¥ DMe 1.96 4.79 8.85 6.87 6.73 4.27 8.20 ± ± 7.02 ± ± ±
MF ¥ DCF3


± 5.18 9.50 7.92 7.76 4.20 8.51 ± ± 7.12 ± ± ±
MB ¥ DOMe 3.52 4.77 8.65 6.40 6.16 4.13 8.54 ± ± ± 7.62 7.79 n.o.[a]


MB ¥ DMe 2.02 4.71 n.o.[a] 6.80 6.73 4.12 8.53 ± ± ± 7.63 7.80 n.o.[a]


MB ¥ DCF3
± 5.14 9.22 7.88 7.66 4.15 8.51 ± ± ± 7.52 7.66 7.76


[a] Not observed because of overlap with other peaks. [b] Imino or aldehydic proton.


Table 2. Molecular ion data[a] obtained by FAB mass spectrometry[b] for
the nine dynamic [2]rotaxanes MR� ¥ DR.


[2]Rotaxane Formula[a] Calcd m/z Found m/z


MP ¥ DOMe C45H53N4O9 792.3841 782.3665
MP ¥ DMe C45H53N4O5 729.4030 729.4010
MP ¥ DCF3


C45H41F12N4O5 945.2942 945.2942
MF ¥ DOMe C44H52N3O10 782.3665 782.3647
MF ¥ DMe C44H52N3O6 718.3850 718.3850
MF ¥ DCF3


C44H40F12N3O6 934.2730 934.2720
MB ¥ DOMe C46H54N3O9 792.3841 792.3842
MB ¥ DMe C46H54N3O5 728.4073 728.4058
MB ¥ DCF3


C46H42F12N3O5 944.2895 944.2895


[a] Molecular ions corresponding to the [2]rotaxanes having lost their PF6
�


counterions (i.e., [MR� ¥ DR�PF6]�). [b] FAB mass spectra were obtained
by using a ZAB-SE mass spectrometer equipped with a Kr primary atom
beam utilizing a m-nitrobenzyl alcohol matrix.
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model,[19] that fast clipping reactions would occur for the most
�-electron-rich dumbbell with the most �-electron-deficient
dialdehyde (i.e., DOMe with P) and the most �-electron-
deficient dumbbell with the most �-electron-rich dialdehyde
(i.e., DCF3


with F) as well as for pairs of �-electron-deficient
dumbbells and dialdehydes (i.e. , DCF3


with P). By contrast,
one might predict that the slowest clipping reactions would
occur for the interaction of the most �-electron-rich dumbbell
with the most �-electron-rich dialdehyde (i.e., DOMe with F).
This model appears to be a good one for explaining the rates
of these dynamic reactions observed and listed in Table 1,
although factors other than aromatic ± aromatic interactions,
such as the relatively higher acidity of DCF3


and electro-
philicity of P, must be considered also.


The [2]rotaxanes that form the fastest are not always the
most thermodynamically stable. One would expect that the
macrocycles with the largest number of hydrogen bond


acceptors (i.e. , MP and MF)
should bind to all of the dialkyl-
ammonium ions more strongly
than the one with the least (i.e.,
MB) and indeed this is the case,
as evidenced by the intensities of
the signals for the [2]rotaxane in
their 1H NMR spectra. The over-
all association constant Ka for
the conversion of a dialdehyde,
diamine A, and a dialkylammo-
nium ion DR into a [2]rotaxane
in given by Equation (1):


Ka�
�MR��DR��H2O�2


�dialdehyde��A��DR�
(1)


From single 1H NMR spectra
taken of each equilibrated mix-
ture, generally we observe, and
can integrate, well-resolved sig-
nals for the [2]rotaxane and its
uncomplexed dumbbell (see, for
example, Figure 1b). Because of
difficulties in determining [A]
and [H2O] from these spectra,
we estimate an effective associ-
ation constant [Keff, Eq. (2)] be-
tween a macrocycle MR� and a
dumbbellDR by assuming that–
in an equimolar mixture of di-
aldehyde, diamine, and dumb-
bell–all of the diamine A and


dialdehyde (B, F, or P) that is not incorporated into a
[2]rotaxane MR� ¥ DR is condensed into a free macrocycle MR�


whose concentration is equal to that of the uncomplexed
dumbbell DR minus the concentration of the free dialdehyde.
The real concentration of each free macrocycleMR� is smaller
than that,[20] but, by making this assumption, we reduce the
complexity of the system down to a bimolecular self-assembly
involving one macrocycle and one dialkylammonium ion.


Keff�
�MR��DR�


�MR��eff �DR�
� �MR��DR�


��DR� � �dialdehyde���DR�
(2)


We calculated values of Keff and �Go
eff for the nine


independent systems by using Equation (2) (see Table 3).
While a detailed analysis of these numbers is not possible,
because of the approximation made, some general trends are
obvious. As expected, values of Keff for [2]rotaxanes incorpo-
rating MB are lower than those incorporating MF and MP,


Table 3. Effective stability constants (Keff),[a] effective free energies of complexation (�Go
eff�,[b] and times (t) required to reach equilibrium for the assembly of


[2]rotaxanes MR� ¥ DR formed from diamine A (20 m�), a dialdehyde (P, F or B ; 20 m�), and a dibenzylammonium salt DR (20 m�) in CD3CN at 298 K.


P F B


DR Keff [��1] �Go
eff [kcalmol�1] t [h] Keff [��1] �Go


eff [kcalmol�1] t [h] Keff [��1] �Go
eff [kcalmol�1] t [h]


DOMe 480	 190 � 3.6	 0.3 0.1 390	 160 � 3.5	 0.3 48 100	 40 � 2.7	 0.3 20
DMe 340	 140 � 3.4	 0.3 0.5 530	 210 � 3.7	 0.3 72 90	 36 � 2.7	 0.3 20
DCF3


2900	 1200 � 4.7	 0.3 3 7900	 3200 � 5.3	 0.3 4 86	 34 � 2.6	 0.3 3


[a] Calculated using Equation 2. [b] Calculated using the equation �Go
eff ��RT lnKeff.


Figure 1. 1H NMR spectra (360 MHz, CD3CN, 298 K) of a 1:1:1 mixture (20 m� each) of diamine A, dialdehyde
F, and dibenzylammonium saltDOMe a) 10 min and b) 17 d after mixing them. In the upper spectrum, the signals of
the free components are labeled; in the lower one, the corresponding signals for the [2]rotaxane are labeled.
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presumably because the latter
two macrocycles bear an eighth
heteroatom in their macrorings.
Additionally, MB features an
aryl hydrogen atom–missing
in both MF and MP–that may
clash sterically with dialkylam-
monium centers. The [2]rotax-
anes MR� ¥ DCF3


, which incorpo-
rate the most �-electron-defi-
cient dumbbell, seem to be the
most stable, a feature that is
probably a consequence of a
combination of enhanced [N�-
H ¥ ¥ ¥X] hydrogen bonding and
significant aromatic ± aromatic
interactions. The values of Keff


for [2]rotaxanes MF ¥ DR and
MP ¥ DR are similar for each
dumbbell-shaped ion and are
comparable to the strengths of
binding in CD3CN of disubsti-
tuted dibenzylammonium salts
with the crown ethers
DB24C8[13g, 21] and dipyri-
dyl[24]crown-8.[22]


Competition experiments,
monitored by 1H NMR spectro-
scopy (Figure 2), have allowed
us to make accurate calcula-
tions of the relative stabilities
of pairs of [2]rotaxanes formed
from a choice of either two
dialdehydes or two dumbbell-
shaped components. In the case
of two [2]rotaxanes assembled
from one macrocycle (MR�) and
having the choice of a pair of
templating dumbbell-shaped
units (D1 or D2), the ratio
[Eq. (3)] of the values of Ka for
each [2]rotaxane–each defined
by Equation (1)–is dependent
only on the concentrations of
the [2]rotaxanes and free dumb-
bells, parameters that can be


Table 4. Relative stabilities[a,b] and equilibration times[c] for [2]rotaxanes formed from diamineA (20 m�), a dialdehyde (B, F, or P ; 20 m�), and a choice of
two dumbbell-shaped dialkylammonium ions (each 20 m�) in CD3CN at 298 K.


P F B


Dumbbell 1 Dumbbell 2 K1/K2 ��Go
1�2 [kcalmol�1] t [d] K1/K2 ��Go


1�2 [kcalmol�1] t [d] K1/K2 ��Go
1�2 [kcalmol�1] t [d]


DMe DOMe 0.97	 0.19 � 0.02	 0.13 14 1.10	 0.22 � 0.06	 0.14 6 1.04	 0.21 � 0.02	 0.13 6
DCF3


DOMe 8.20	 1.64 � 1.24	 0.13 6 3.87	 0.77 � 0.80	 0.13 9 1.64	 0.33 � 0.29	 0.13 9
DCF3


[d] DMe
[d] 8.45	 3.38 � 1.26	 0.26 ± 3.52	 1.41 � 0.74	 0.27 ± 1.58	 0.63 � 0.27	 0.30 ±


[a] Calculated by using Equation (3). [b] ��Go
1�2 ��Go


1 ��Go
2 ��RT ln (K1/K2). [c] Time taken to reach equilibrium. [d] Values in this row calculated from


data in previous two rows.
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competition of the systems for the two dialdehydes was monitored for 30 d. The signals of the five major
components of the equilibrating mixture are observed in all of these spectra and are labeled on different spectra.
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determined by integration of well-resolved signals in a single
1HNMR spectrum. For competition experiments in which two
dialdehyde units (Ald1 or Ald2), but only one dumbbell-
shaped unit, are used, the ratio of the values of Ka of each
[2]rotaxane is given by Equation (4), and is dependent upon
the concentrations of only the [2]rotaxanes and dialdehydes,
parameters that also, generally speaking, are well resolved in
the 1H NMR spectra.


K1


K2


� �MR��D1��D2�
�MR��D2��D1�


(3)


K1


K2


� �M1�DR��Ald2�
�M2�DR��Ald1�


(4)


All competition experiments were carried out in CD3CN
with equimolar mixtures (20 m�) of the four components in
which either a) the four components were mixed together and
then equilibrated or b) the competing dumbbell or dialdehyde
was added to a pre-equilibrated mixture of a single [2]rotax-
ane that then was monitored until re-equilibrated. Since there
are two ways to perform the latter procedure, we performed
each competition experiment a total of three times. Table 4
displays the data obtained from the competition experiments
in which there is a choice of dialkylammonium ions. The times
required for these systems to reach equilibrium are generally
longer than those found for the simple experiments (Table 3);
this observation suggests that the rates of macrocyclic ring
opening of the [2]rotaxanes are relatively slow, when com-
pared to their rates of clipping. The [2]rotaxanes formed by
using DCF3


were the most stable, in all cases, relative to the
other two dumbbell-shaped dialkylammonium salts. The
dominance of DCF3


is particularly evident in the [2]rotaxanes
incorporating the pyridyl unit, in which MP ¥ DCF3


is about
1.2 kcalmol�1 more stable than either MP ¥ DMe or MP ¥ DOMe.
The difference in the stability of the [2]rotaxanes incorporat-
ing either DOMe or DMe is generally negligible (��G�
	
0.15 kcalmol�1). [2]Rotaxanes formed from dialdehyde B
were less selective for the choice of dumbbell.


An example of a competition experiment in which the
dialdehyde units have been varied is that in which dialdehydes
P and F were added simultaneously to a solution of A and
DOMe in CD3CN. The spectrum recorded after 10 min (Fig-
ure 2a) indicates that the major [2]rotaxane in solution isMP ¥
DOMe (e.g., compare the intensities of the signals of the CH2N�


units of MP ¥ DOMe at �� 4.57 and of MF ¥ DOMe at 4.85), as is
expected, since the clipping of the components ofMP ¥ DOMe is
much faster than that of the components of MF ¥ DOMe


(Table 3). Interestingly, over a period of a month (Fig-
ure 2b ± e), the system equilibrates such that the major


[2]rotaxane in solution is MF ¥ DOMe (the ratio of MF ¥ DOMe to
MP ¥ DOMe after 30 d is 77:23). Thus, the [2]rotaxaneMF ¥ DOMe


is more stable than MP ¥ DOMe by about 1.2 kcalmol�1. Table 5
summarizes the competition experiments in which A and a
dumbbell-shaped salt were given the choice of two dialde-
hydes with which to form a [2]rotaxane. In cases in which B
was one of the dialdehydes, the [2]rotaxanes formed from F or
P assembled selectively (i.e., after equilibration, no rotaxanes
MB ¥ DR were observed by 1H NMR spectroscopy) irrespective
of the nature of the dumbbell-shaped salt. Generally, [2]ro-
taxanes formed from F were more stable than those from P by
over 0.5 kcalmol�1.


The values of ��G�, determined by competition experi-
ments for the [2]rotaxanes, mirror, to some degree, the
relative values of �Go


eff given in Table 3, but are far more
reliable numbers.[23] We combined the data from Tables 4 and
5 to get a sequence of relative stabilities for the nine
[2]rotaxanes. From the graphical representation in Figure 3,


Figure 3. The stabilities of the nine [2]rotaxanes investigated in this study
relative to the stability of [2]rotaxaneMF ¥ DCF3


, which is designated as zero.
The thickness of each black bar indicates the error associated with each
measurement. The relative energy levels of the [2]rotaxanes incorporating
the dialdehyde B are indicated as their lower limits.


Table 5. Relative stabilities[a,b] and equilibration times[c] of [2]rotaxanes formed from diamine A (20 m�), a dumbbell-shaped dialkylammonium ion (DMe,
DOMe, or DCF3


; 20 m�), and a choice of two dialdehydes (each 20 m�) in CD3CN at 298 K.


DMe DCF3
DOMe


Ald1 Ald2 K1/K2 ��Go
1�2 [kcalmol�1] t [d] K1/K2 ��Go


1�2 [kcalmol�1] t [d] K1/K2 ��Go
1�2 [kcalmol�1] t [d]


F P 3.60	 0.72 � 0.76	 0.13 14 2.71	 0.54 � 0.59	 0.13 6 8.29	 1.66 � 1.25	 0.13 30
F B � 100 �� 2.7 6 � 100 �� 2.7 15 � 100 �� 2.7 23
P B � 100 �� 2.7 30 � 100 �� 2.7 15 � 100 �� 2.7 23


[a] Calculated by using Equation (4). [b] ��Go
1�2 ��Go


1 ��Go
2 ��RT ln (K1/K2). [c] Time allowed for system to reach equilibrium.
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it is quite evident that i) B forms the least stable [2]rotaxanes,
ii) there is little difference in stability betweenDOMe- andDMe-
containing [2]rotaxanes, and iii) the F- and DCF3


-containing
[2]rotaxanes are the most stable.


The question of why a furan ring in a macrocycle gives rise
to more stable [2]rotaxanes than a pyridyl one is not a simple
one to explain. One would expect that a pyridyl unit, being
more basic than the furan one, would form the stronger
hydrogen bonds. This basicity seems not to be the major factor
determining the [2]rotaxanes× relative stabilities. It seems
that, in order to explain the greater hydrogen-bonding ability
of MF over MP, we must consider the basicities of their imino
nitrogen atoms as well.[24] Any partial positive charge that
these groups receive upon hydrogen bonding to an NH2


�


center is better stabilized by the furan ring than by a pyridyl
one, by virtue of the former×s greater �-electron density. The
pyridyl unit may be expected to also withdraw a significant
amount of electron density mesomerically from the phenolic
ether oxygen atoms ofMP. Thus, although the furan ring, when
compared with the pyridyl ring, is not as capable of accepting
a hydrogen bond directly, the enhanced basicity of its
neighboring imino and phenoxy units, relative to those in
MP, results in a more strongly coordinating macrocycle.[25]


Conclusion


We have demonstrated the generality of the dynamic clipping
of imine-containing macrocycles around dialkylammonium
ions to form [2]rotaxanes. This approach is remarkably
sensitive to small structural changes in the constitutions of
the macrocyclic and dumbbell-shaped components, which, in
turn, have dramatic effects on the kinetics and thermody-
namics of the assemblies. We have found that furan-contain-
ing macrocycles and �-electron-deficient dumbbell-shaped
ions are the components of choice for forming the thermo-
dynamically most-stable [2]rotaxanes, even though pyridine-
containing macrocycles form [2]rotaxanes that are more
kinetically stable.


Experimental Section


General methods : Dialkylammonium salt DOMe,[14] diamine A,[17] and
dialdehydes P[15] and F,[16] were prepared according to established
procedures. Deuterated solvents were purchased from Cambridge Isotope
Laboratories, solvents were purchased from EM Sciences and Fisher, and
all other chemicals were purchased from Aldrich, Lancaster, or Fluka and
used as received, unless indicated otherwise. CD3CN was dried over
activated 4 ä molecular sieves. Melting points were determined on an
Electrothermal 9200 apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded on Bruker ARX400 and AC360 spectrometers with
residual solvent as the internal standard. All chemical shifts are quoted on
the � scale, and all coupling constants are expressed in Hertz (Hz). Fast
atom bombardment (FAB) mass spectra were obtained by using a ZAB-SE
mass spectrometer equipped with a krypton primary atom beam, utilizing a
m-nitrobenzyl alcohol matrix. Cesium iodide or poly(ethylene glycol) was
employed as the reference compound.


Bis(3,5-dimethylbenzyl)ammonium hexafluorophosphate (DMe): A solu-
tion of 3,5-dimethylbenzylamine (1.0 g, 7.32 mmol) and 3,5-dimethylbenz-
aldehyde (1.2 g, 9.0 mmol) in toluene (50 mL) was evaporated to dryness
under reduced pressure. The residue was dissolved in toluene (50 mL) and


evaporated to dryness. [1H NMR (CD3CN) �� 2.32 (s, 6H; CH3), 2.35 (s,
6H; CH3), 4.74 (s, 2H; CH2), 6.91 (s, 1H; ArH), 6.95 (s, 2H; ArH), 7.08 (s,
1H; ArH), 7.42 (s, 2H; ArH), 8.33 (s, 1H; N�CH)]. The Schiff×s base was
dissolved in anhydrous EtOH and stirred vigorously under Ar while
NaBH4 (0.79 g, 21.0 mmol) was added carefully in portions. The resulting
solution was stirred at ambient temperature for 3 h. Aqueous HCl was
added until the suspension became slightly acidic, and then the EtOH was
evaporated in vacuo. CH2Cl2 (50 mL) was added to the mixture, and then
the aqueous layer was separated and extracted again with CH2Cl2 (50 mL).
The combined organic extracts were washed with NaOH (1�, 50 mL), dried
(MgSO4), filtered, concentrated under reduced pressure, and then dried
under high vacuum to afford a colorless residue. This residue was dissolved
in EtOAc (100 mL) and washed with HCl (1�, 100 mL). The white
precipitate that formed at the organic/aqueous interface was filtered off
and dissolved in boiling H2O. A saturated aqueous solution of NH4PF6 was
added to the hot solution, and a white solid precipitated instantly. The
mixture was cooled to ambient temperature, and the white solid was
filtered, dried, and recrystallized from nPrOH to afford the title compound
as a white crystalline material (2.08 g, 72%). M.p. 231.5 �C; 1H NMR
(CD3CN) �� 2.32 (s, 12H; CH3), 4.11 (s, 4H; CH2), 7.05 (s, 4H; ArH), 7.11
(s, 2H; ArH); 13C NMR (CD3CN) �� 20.2, 51.3, 127.7, 130.2, 131.1, 138.9;
FABMSm/z (%)� 254.1895 (100) [M��PF6] (C18H24N requires 254.1909).


Bis(3,5-bis(trifluoromethyl)benzyl)ammonium hexafluorophosphate
(DCF3): A solution of 3,5-bis(trifluoromethyl)benzylamine (2.42 g,
10.0 mmol) and 3,5-bis(trifluoromethyl)benzaldehyde (2.43 g, 10.0 mmol)
in toluene (100 mL) was evaporated to dryness under reduced pressure.
The residue was dissolved in toluene (100 mL), evaporated to dryness
under reduced pressure, and then dried under high vacuum. [1H NMR
(CDCl3) �� 4.94 (s, 2H; CH2), 7.83 (s, 2H; ArH), 7.97 (s, 1H; ArH), 8.25 (s,
2H; ArH), 8.35 (s, 1H; ArH), 8.55 (s, 1H; N�CH)]. The Schiff×s base was
dissolved in anhydrous EtOH (50 mL) and stirred vigorously under Ar
while NaBH4 (0.79 g, 21.0 mmol) was added carefully in portions. The
resulting solution was stirred at ambient temperature for 3 h. Aqueous HCl
was added until the suspension became slightly acidic, and then the EtOH
was evaporated in vacuo. CH2Cl2 (50 mL) was added to the mixture, and
the aqueous layer was separated and extracted again with CH2Cl2 (50 mL).
The combined organic extracts were washed with NaOH (1�, 50 mL), dried
(MgSO4), filtered, concentrated under reduced pressure, and then dried
under high vacuum to afford a white solid. This solid was dissolved in
EtOAc (100 mL) and washed with HCl (1�, 100 mL). The organic phase
was separated, dried, filtered, and evaporated to dryness. The white solid
was suspended in a 1:1 mixture of acetone and H2O, and then a saturated
aqueous solution of NH4PF6 was added until dissolution occurred. The
mixture was filtered, and then H2O was added to cause a white solid to
precipitate. The white solid was filtered, dried, and recrystallized from
nPrOH to afford the title compound as a white crystalline material (4.64 g,
75%). M.p. 130.5 �C; 1H NMR (CD3CN) �� 4.27 (s, 4H; CH2), 8.05 (s, 4H;
ArH), 8.11 (s, 2H; ArH); 13C NMR (CD3CN) �� 50.25, 121.89, 124.53,
131.45, 131.79, 132.98; FABMS m/z (%)� 470.0788 (100) [M��PF6]
(C18H12F12N requires 470.0778).


General procedure for the synthesis of a dynamic [2]rotaxane : Diamine A
(7.5 mg, 20 �mol) was dissolved in a solution of a dibenzylammonium salt
(DMe,DOMe, orDCF3


: 20 �mol) and a dialdehyde (P, F, or B : 20 �mol) in dry
CD3CN (1.00 mL). The solution was transferred to an NMR tube and the
dynamic equilibrium was monitored by 1H NMR spectroscopy until
equilibrium was reached.


General procedures for the competition experiments leading to the
formation of two dynamic [2]rotaxanes


Dynamic synthesis with two dialdehydes: Method A : Diamine A (7.5 mg,
20 �mol) was dissolved in a solution of a dibenzylammonium salt (DMe,
DOMe, or DCF3


: 20 �mol) and two dialdehydes (a pair chosen from P, F, and
B : 20 �mol) in dry CD3CN (1.00 mL). The solution was transferred to an
NMR tube and the dynamic system was monitored by 1H NMR spectro-
scopy until equilibrium was reached.


Method B : Diamine A (7.5 mg, 20 �mol) was dissolved in a solution of a
dibenzylammonium salt (DMe, DOMe, or DCF3


: 20 �mol) and a first
dialdehyde (P, F, or B : 20 �mol) in dry CD3CN (1.00 mL). The solution
was transferred to an NMR tube and the dynamic equilibrium was
monitored by 1H NMR spectroscopy until equilibrium was reached. A
second, different dialdehyde (P, F, or B : 20 �mol) was then dissolved in this
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solution, and the new dynamic system monitored by 1H NMR spectroscopy
until it had reached a new equilibrium.


Dynamic synthesis with two dibenzylammonium ions: Method A : Diamine
A (7.5 mg, 20 �mol) was dissolved in a solution of two dibenzylammonium
salts (a pair chosen from DMe, DOMe, and DCF3


: 20 �mol) and a dialdehyde
(P, F, or B : 20 �mol) in dry CD3CN (1.00 mL). The solution was transferred
to an NMR tube and the dynamic system was monitored by 1H NMR
spectroscopy until equilibrium was reached.


Method B : Diamine A (7.5 mg, 20 �mol) was dissolved in a solution of a
first dibenzylammonium salt (DMe, DOMe, or DCF3


: 20 �mol) and a
dialdehyde (P, F, or B : 20 �mol) in dry CD3CN (1.00 mL). The solution
was transferred to an NMR tube and the dynamic equilibrium was
monitored by 1H NMR spectroscopy until equilibrium was reached. A
second, different dialkylammonium salt (DMe, DOMe, or DCF3


: 20 �mol) was
then dissolved in this solution, and the new dynamic system monitored by
1H NMR spectroscopy until it had reached a new equilibrium.
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Mechanism of Aromatic Hydroxylation by an Activated FeIV�O Core
in Tetrahydrobiopterin-Dependent Hydroxylases


Arianna Bassan,* Margareta R. A. Blomberg, and Per E. M. Siegbahn[a]


Abstract: The chemical pathways lead-
ing to the hydroxylated aromatic amino
acids in phenylalanine and tryptophan
hydroxylases have been investigated by
means of hybrid density functional theo-
ry. In the catalytic core of these non-
heme iron enzymes, dioxygen reacts
with the pterin cofactor and is likely to
be activated by forming an iron(��)�O
complex. The capability of this species
to act as a hydroxylating intermediate
has been explored. Depending on the
protonation state of the ligands of the
metal, two different mechanisms are


found to be energetically possible for
the hydroxylation of phenylalanine and
tryptophan by the high-valent iron ± oxo
species. With a hydroxo ligand the two-
electron oxidation of the aromatic ring
passes through a radical, while an are-
nium cation is involved when a water
replaces the hydroxide. After the attack


of the activated oxygen on the substrate,
it is also found that a 1,2-hydride shift
(known as an NIH shift) generates a
keto intermediate, which can decay to
the true product through an intermolec-
ular keto ± enol tautomerization. The
benzylic hydroxylation of 4-methylphe-
nylalanine by the FeIV�O species has
also been investigated according to the
rebound mechanism. The computed en-
ergetics lead to the conclusion that
FeIV�O is capable not only of aromatic
hydroxylation, but also of benzylic hy-
droxylation.


Keywords: cofactors ¥ density
functional calculations ¥ enzyme
catalysis ¥ hydroxylases ¥ non-heme
iron enzymes ¥ O±O activation


Introduction


Aromatic amino acid hydroxylases are non-heme iron mono-
oxygenases that use the organic cofactor tetrahydrobiopterin
to catalyze the hydroxylation of phenylalanine, tyrosine, and
tryptophan.[1±4] The hydroxylation reactions occurring in these
three metalloenzymes are shown in Scheme 1. Phenylalanine


Scheme 1. Hydroxylation of aromatic amino acids catalyzed by phenyl-
alanine hydroxylase (PAH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH).


hydroxylase (PAH) transforms phenylalanine to tyrosine, a
reaction which initiates the catabolism of the amino acid
phenylalanine. Tyrosine hydroxylase (TyrH) carries out the
hydroxylation of tyrosine to �-DOPA, the rate-determining
step in the biosynthesis of the neurotransmitters dopamine,
adrenaline, and noradrenaline. Tryptophan hydroxylase
(TrpH) converts tryptophan to 5-hydroxy-tryptophan, a
precursor for the neurotransmitter serotonin (5-hydroxytrypt-
amine).[1]


In the catalytic cores of these three enzymes, in which an
iron atom anchored by the so called 2-His-1-carboxylate motif
is hosted,[5, 6] molecular oxygen is consumed during the
oxidation of the cofactor and the substrate. The cofactor
(6R)-�-erythro-5,6,7,8-tetrahydrobiopterin (BH4) undergoes a
two-electron oxidation leading to pterin-4a-carbinolamine,
while the aromatic amino acid is converted to the corre-
sponding hydroxylated form.[1] The catalytic cycle requires a
non-heme iron(��) complex and is initiated when all three
substrates (i.e, the amino acid, the cofactor, and molecular
oxygen) are bound in the active site of the metalloprotein.
The resemblance of the chemical transformations occurring in
PAH, TyrH, and TrpH together with the high sequential and
structural homology of these three non-heme iron enzymes
has led to the belief that catalysis in aromatic amino acid
hydroxylases proceeds through similar mechanisms.[4] Despite
a large number of experimental investigations, the reaction
mechanism is still poorly understood and the exact role played
by the metal center remains obscure.
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The various experimental observations allow a simplistic
scheme of the catalytic cycle to be drawn: substrate binding
triggers oxygen activation and the subsequent formation of a
hydroxylating intermediate, which is then responsible for
hydroxylating the aromatic amino acid; the product dissoci-
ation concludes the cycle. The identity of the hydroxylating
intermediate has not been revealed by any experiment yet.
While for PAH and TyrH the formation of the hydroxylating
intermediate appears to be rate limiting,[7±10] this is probably
not the case for TrpH, for which kinetic isotope effects have
been found when deuterium-substituted tryptophan is em-
ployed as substrate.[11] These experimental data, together with
the evidence that the turnover numbers for PAH and TyrH
are substantially higher than those of TrpH, have been related
to the hydroxylation of the amino acid being slower than the
formation of the hydroxylating intermediate in TrpH.
The crystal structures solved for PAH, TyrH, and TrpH


hydroxylases with bound pterin indicate that the structural
arrangement and orientation of the cofactor with respect to
the iron complex are compatible with the formation of a
peroxide species, the iron(��)-peroxy-BH4 intermediate.[12±15]


In the crystal structures of the three hydroxylases, the cofactor
is in fact found positioned in the second coordination shell of
the iron center at a distance that should allow the formation of
the peroxide species. The pterin peroxide intermediate may
then decompose into a high-valent iron ± oxo species through
O�O heterolysis. A mechanism which is shown in Scheme 2
for the specific case of PAH is then proposed, whereby the
hydroxylation of the cofactor precedes the hydroxylation of
the amino acid and leads to the formation of a high-valent
iron ± oxo intermediate, FeIV�O.[1, 4, 8, 16, 17] The subsequent
hydroxylation of the aromatic substrate completes the en-
zyme catalysis. The involvement of an FeIV�O intermediate in
the mechanism for the pterin-dependent hydroxylases is
supported by experiments with synthetic non-heme iron
catalysts; these have indicated that an FeIV�O is capable of
aromatic hydroxylation.[18, 19] The mechanism depicted in
Scheme 2 implies that the cofactor hydroxylation is inde-
pendent of the substrate and the actual steps leading to the
hydroxylated pterin might thus be commonly shared by the
three hydroxylases.
The reaction mechanism which describes the amino acid


hydroxylation should account for the experimental evidence
that most of the tritium is retained in the products when [4-
3H]phenylalanine is hydroxylated by PAH (or TyrH) or when
[5-3H]tryptophan is hydroxylated by TrpH.[11, 20, 21] In the


labeled products tritium is located in the site adjacent to the
hydroxylated carbon. This migration is known as an NIH shift
and it is observed also when para-substituted phenylalanines
are used as substrates in PAH or TyrH.[3, 22] In this case the
NIH shift is responsible for the formation of products
containing the substituents (e.g., CH3, Cl, Br) in the
3-position. Scheme 3 briefly summarizes the possible chem-
ical routes that account for the NIH shift in aromatic


Scheme 3. Postulated mechanisms describing the aromatic hydroxylation
in PAH; mechanism I involves an epoxide intermediate, while mechan-
ism II involves an arenium cation.


hydroxylation.[1, 11, 23] One pathway (I) proceeds through an
epoxide intermediate, which follows a concerted oxygen atom
addition to the ring. The NIH shift then converts the epoxide
to a ketone, and the subsequent enolization process gives
the hydroxylated amino acid, in which the initial para
substituent can be found ortho to the hydroxo group. The
alternative route (II) instead involves an arenium cation.
Subsequent NIH shift and enolization yield the final
product. The isotope effects measured when deuterated
phenylalanine reacts with TyrH support mechanism II and
they also seem to contradict the involvement of an epoxide
during substrate hydroxylation.[24]


A recent hybrid density func-
tional theory (DFT) investiga-
tion on tetrahydrobiopterin-
dependent hydroxylases has
shown the viability of a reaction
mechanism involving an iron-
(��) ± peroxy ±BH4 intermedi-
ate.[25] . It was also shown that
the peroxide intermediate can
subsequently undergo O�O
bond heterolysis giving a high-
valent iron ± oxo species. The
important question of whether


Scheme 2. Proposed mechanism describing the coupled hydroxylations of the aromatic substrate and of the
pterin cofactor. The reaction involving phenylalanine is illustrated.
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and how the activated non-heme FeIV�O core can carry out
the two-electron oxidation of an arene still remains to be
studied. In the present work the capability of the postulated
iron ± oxo intermediate to hydroxylate aromatic rings is thus
probed by means of a hybrid DFT approach. Since experi-
ments have highlighted significant kinetic differences be-
tween the hydroxylation processes occurring in PAH and
TrpH,[11] the reaction mechanisms for these two hydroxylases
have been addressed. Experiments have also shown that the
hydroxylating intermediate in pterin-dependent hydroxylases
is able to hydroxylate 4-methylphenylalanine giving 4-hy-
droxymethylphenylalanine together with the products of the
aromatic hydroxylation.[22] In order to shed light on the
oxidative capability of the postulated FeIV�O intermediate,
the possible reaction pathway of benzylic hydroxylation has
also been studied.


Computational Methods


The hydroxylation mechanism of the aromatic amino acids phenylalanine
and tryptophan in pterin-dependent hydroxylases have been investigated
by means of hybrid density functional theory (DFT) with the B3LYP
functional,[26] which includes the Becke three-parameter exchange[27] and
the Lee, Yang, and Parr correlation functionals.[28]


The two quantum chemical programs Gaussian 98[29] and Jaguar 4.1[30] were
cooperatively employed in the present study. Initially the potential energy
surfaces were probed by means of constrained optimizations to approx-
imately locate transition states; afterward the computation of molecular
Hessians (i.e., second derivatives with respect to the nuclear coordinates)
of these structures was used to fully optimize the transition-state geo-
metries. Molecular Hessians were calculated for the fully optimized
structures of the reactants, intermediates, transition states, and products
to evaluate the zero-point effects and the thermal corrections to the total
energy, enthalpy, and Gibbs free energy. The thermochemical analysis,
which uses standard expressions for an ideal gas in the canonical ensemble,
treats the normal modes within the harmonic approximation. Evaluation of
molecular Hessians for the transition state geometries was also needed to
confirm that the structure is characterized by only one imaginary frequency
corresponding to the normal mode associated to the reaction coordinate.


An effective core potential was used to describe iron.[31] In the geometry
optimizations and in the Hessian evaluations all the other atoms were
described by a standard double zeta basis set (labeled lacvp in Jaguar). The
final B3LYP energies for the fully optimized structures were computed by
using a large basis set with polarization functions on all atoms (labeled
lacv3p** in Jaguar[30]). In the present work free energies include zero-point
and thermal effects, evaluated for a temperature of 298.15 K.


The final energetics accounted for the actual environment in enzyme
catalysis by means of a correction added to the gas-phase energy. The
polarization effects induced by the protein environment were reproduced
by modeling the solvent as a macroscopic continuum with a dielectric
constant � and the solute as placed in a cavity contained in this continuous
medium. Specifically, the self-consistent reaction field as implemented in
Jaguar was used to derive the solvent corrections by employing the lacvp
basis set.[32, 33] A low dielectric constant (�� 4) was chosen together with a
probe radius of 1.4 ä. It was shown that the description of the protein
environment as a continuum is sufficiently accurate to take into account the
rather small long-range solvent effects.[34, 35]


The performance of the B3LYP functional was verified on the benchmark
tests performed on a wide array of molecules including radicals, non-
hydrogen systems, hydrocarbons, substituted hydrocarbons and inorganic
hydrides (the G2-2 test set).[36, 37] These benchmarks showed that the
B3LYP method has an average absolute deviation of 3.11 kcalmol�1. When
transition metals are involved, investigations on MR� complexes (R�H,
CH3, CH2, OH) showed that the M�R bond energies computed with the
B3LYP method have an error of 3.6 ± 5.5 kcalmol�1.[38, 39] It can be


concluded that an error of about 3 ± 5 kcalmol�1 is possibly affecting the
energy profiles reported in the present investigation. However, such an
accuracy should be enough to discriminate among different reaction
mechanisms.[40]


Results and Discussion


The involvement of an FeIV�O intermediate during the
coupled hydroxylations of the cofactor and the substrate in
aromatic amino acid hydroxylases has often been in-
voked.[1, 4, 8, 16, 17] In the present study the capability of a
high-valent iron ± oxo moiety to carry out the two-electron
oxidation of aromatic rings is probed. How the FeIV�O species
can carry out benzylic hydroxylation is also examined. The
first two subsections address the hydroxylation of phenyl-
alanine with the aim of elucidating the reaction steps leading
to tyrosine in PAH. While the first subsection deals with the
two-electron oxidation of the phenyl ring to give a ketone, the
second subsection describes the tautomerization reaction,
which generates the actual hydroxylated substrate. In the
third subsection the hydroxylation reaction in the 5-position
of indole models the chemical transformations occurring in
TrpH. The fourth subsection describes a possible reaction
pathway leading to the benzylic hydroxylation of 4-methyl-
phenylalanine. Before discussing the results for the aromatic
and benzylic hydroxylations by FeIV�O, a brief summary of
the previous DFT study, which demonstrated the feasibility of
the high-valent iron ± oxo species,[25] is given. An overview of
the geometrical arrangement of the active site in the pterin-
dependent hydroxylases is also presented in relation to the
modeling approach adopted here.
The previous theoretical work showed that an iron(��) ±


peroxy ± pterin intermediate can be obtained when dioxygen
enters the first coordination shell of iron, forming a bridging
bond between the cofactor and iron. The iron(��) ± peroxy ±
pterin intermediate decomposes through O�O bond heter-
olysis to give 4a-carbinolamine and the hydroxylating inter-
mediate HO�FeIV�O, whereby the hydroxide is generated by
a proton transfer from a water ligand to the cofactor.
The model employed to investigate the cofactor hydrox-


ylation was based on the crystal structures solved for the
binary complex of PAHwith pterin.[12, 13] The cofactor is found
positioned in the second coordination shell of iron, which in
turn coordinates two histidines (His285 and His290) and a
monodentate glutamate (Glu330). The octahedral coordina-
tion of the metal is completed by three water ligands. An
identical arrangement of the non-heme iron center was also
found in the crystal structure recently solved for the binary
complex TrpH-BH4.[15] The crystal structure of the ternary
complex of PAH with BH4 and the substrate analogue 3-(2-
thienyl)-�-alanine supports formation of an iron(��) ± peroxy ±
pterin intermediate, with the cofactor still in the second
coordination shell of the iron complex, but somewhat
displaced toward the metal.[41] In the ternary complex the
coordination environment of the metal still maintains the
2-His-1-carboxylate motif, but the glutamate (Glu330) is
found coordinated in a bidentate fashion to iron with two
Fe�O distances of 2.40 and 2.63 ä. The detection of the
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density of only one water ligand in the first coordination shell
means that at least one of the three water ligands in the PAH-
BH4 complex is lost when both the substrate and the cofactor
are bound in the active site.[41] The change to a distorted
square-pyramidal five-coordinate environment of the metal
upon substrate binding agrees with CD and MCD spectros-
copies,[42, 43] which indicated substantial perturbations in the
ligand field when both the substrate and the cofactor are
bound to the ferrous PAH. The five-coordinate metal might
thus offer an open coordination site for oxygen activation.[17]


EXAFS spectra measured for the PAH ternary complex with
phenylalanine and the cofactor 6-methyltetrahydropterin still
indicate a five-coordinate environment for iron, and they also
support a monodentate glutamate.[44]


In the present theoretical study it is assumed that the
FeIV�O intermediate coordinates a monodentate glutamate.
Test calculations performed with an iron complex with a
bidentate glutamate have shown that the actual arrangement
of the carboxylate in the non-heme iron environment does not
considerably affect the investigated chemistry. However,
further studies on the effects of the bidentate glutamate on
the O�O heterolytic process are required. The high-valent
iron ± oxo species depicted in Figure 1 is employed to probe


Figure 1. The HO�FeIV�O model employed to investigate aromatic and
benzylic hydroxylations in pterin-dependent hydroxylases. Marked hydro-
gens corresponds to the connections with the protein backbone. The spin
distribution and bond lengths [in ä] are shown.


whether and how an FeIV�O species can hydroxylate an
aromatic ring as the second part of enzyme catalysis of pterin-
dependent hydroxylases. The 2-His-1-carboxylate facial triad
of the iron active site is modeled by two imidazole and one
formate groups. A water molecule together with a hydroxo
ligand complete the octahedral coordination of the iron ± oxo
species. The choice to model the hydroxylating intermediate
as HO�FeIV�O is connected with the previous DFT inves-


tigation, whereby the hydroxo ligand was produced during the
cofactor hydroxylation.[25] The structural arrangement of the
FeIV�O complex employed here is thus based on the geometry
of the metal complex generated after pterin hydroxylation.
However, with respect to that model, two extra water
molecules are also added in the second coordination shell of
the metal (W1 and W2 in Figure 1). One water (W1) was
found necessary to mimic the hydrogen-bonding network,
which stabilizes the octahedral coordination of iron in the
crystal structure. A second water molecule (W2) is placed so
that is forms a hydrogen bond to the monodentate glutamate
ligand. Test calculations with a model complex in which W2
was removed indicated that its presence does not affect the
computed energies for the two-electron oxidation of the
substrate. Nevertheless it was included in the system to better
model the final steps of the reactions, which involve a proton
transfer. It was proposed that before any enzymatic activity,
Glu330 could promote the dissociation of one of the three
water molecules ligated to iron in the PAH-BH4 complex.[13, 25]


Water W2 in the investigated system would consequently
model the water dissociated from the octahedral non-heme
complex.
It was previously found that the non-heme environment of


iron creates a weak ligand field, explaining the computed
quintet ground state for the HO�FeIV�O intermediate. The
Fe�O double bond, analogous to the one in the O2 molecule
accounts for the short iron ± oxygen distance (1.65 ä) and the
peculiar spin distributions calculated for this complex (Fig-
ure 1).[25, 45] Two ferromagnetically coupled electrons occupy
two degenerate �* orbitals, leading to a localization of one
electron on the metal and one on the oxo group; a total spin
population of about three is located on the iron center. The
triplet and the septet states, which are almost degenerate, lie
quite close in energy to the quintet, higher by about
6 kcalmol�1. Table 1 reports the spin distributions and the
Fe�O bond lengths of these states. The electronic structure of
the triplet differs from the one of the quintet in the coupling of


the d electrons, but the geometry is still characterized by a
short Fe�O bond length. On the other hand the bond between
iron and the oxo oxygen atom cannot be described by an
Fe�O double bond in the septet state, whereby an Fe�O bond
length of 1.93 ä is obtained and a spin of 4.03 is computed on
iron (this spin density on the metal corresponds to the ferric
state of iron). Other states, such as the open shell M� 1 state
(see Table 1) are much higher in energy than the quintet
ground state.


Table 1. Spin distributions and Fe�O bond lengths of the high-valent
iron ± oxo species with different multiplicities (M�multiplicity). Spin
densities on iron (Fe) and on the oxo group (Ooxo) are given. The energy
difference (E) is also reported.


M� 7 M� 5 M� 3 M� 1
spin (Fe) 4.03 3.04 1.21 0.67
spin (Ooxo) 1.29 0.70 0.83 � 0.64
Fe�O [ä] 1.93 1.65 1.66 1.72
E [kcalmol�1] 6.2 0.0 6.4 16.1







Hydroxylases 4055±4067


Chem. Eur. J. 2003, 9, 4055 ± 4067 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4059


The energy profiles reported
in the present work are derived
from fully optimized structures,
for which no coordinates were
constrained to mimic the pro-
tein strain. However, some ex-
ploratory calculations were per-
formed on a model system,
whereby constraints were im-
posed on the two imidazole
ligands and the monodentate
glutamate in order to reproduce
the actual rigidity of these li-
gands in the enzyme. When the
positions of three hydrogen
atoms (those marked in gray
in Figure 1) were locked ac-
cording to the X-ray crystal
structure, the calculations
showed that the added con-
straints perturb the energy pro-
file of the two-electron oxida-
tion of phenylalanine by less
than 2 kcalmol�1.
The aromatic hydroxylation


reaction of a model system with
a water molecule instead of the
hydroxo ligand has also been
considered, and the results will be presented below and
compared with those collected for HO�FeIV�O. The
[H2O�FeIV�O]� model mimics the enzyme catalysis if the
OH ligand is protonated before substrate hydroxylation or if
it is strongly hydrogen bonding; alternatively this model
might reflect a different reaction pathway, whereby the O�O
bond cleavage does not generate any hydroxide.


The two-electron oxidation of phenylalanine by FeIV�O :
Hydroxylation of phenylalanine by HO�FeIV�O was inves-
tigated with the complex shown in Figure 1, in which benzene
was also added in order to model phenylalanine. The initial
location of the substrate with respect to the non-heme iron
site was arbitrarily chosen, since the residues that anchor
phenylalanine in the protein were not included in the
modeling. It was found that the first step of benzene oxidation
by the oxo ± ferryl complex is the formation of a new C�O
bond, via the transition state depicted in Figure 2a. The spin
distribution reported in Figure 2a indicates that iron becomes
reduced during the C�O bond formation. The spin density
equal to 3.99 on the metal is typical for the high-spin ferric ion,
which delocalizes the remaining spin associated with the five
unpaired electrons on the ligands. The elongation of the Fe�O
bond from 1.65 ä in the reactant to 1.82 ä in the transition
state also reflects the reduction of the metal from iron(��) to
iron(���) during the ring oxidation. The process leads to the
formation of a radical on the arene, for which a spin of �0.37
is computed at the transition state.
The transition state for the C�O bond formation decays to


the intermediate shown in Figure 2b, whereby the unpaired
electron localized in the phenyl ring (spin density is �0.95) is


antiferromagnetically coupled to the five d electrons of the
ferric ion (spin density is 4.07). It is worth noting that, in the
proposed mechanism II of Scheme 3, the C�O bond forma-
tion leads to an arenium cation and a ferrous ion, while in the
present model the first reaction step is associated with a one-
electron oxidation of the ring, thus yielding ferric iron and a
radical. The involvement of a radical in the catalysis of
pterin-dependent hydroxylases resembles one of the pro-
posed mechanisms for aromatic hydroxylation by the P450-
dependent enzymes, whereby a radical is invoked.[23] The
formation of a radical rather than an arenium cation is
connected with the presence of the hydroxo ligand, since for
the alternative model [H2O�FeIV�O]� , in which a water
molecule is replacing the hydroxide, a carbocation was
obtained after C�O bond formation. For that system,
characterized by a total positive charge, the two-electron
oxidation of benzene is accomplished during the C�O bond
formation; this is not the case if the reactant is the
HO�FeIV�O species. A detailed comparison between the
energy profiles calculated for the two different models will
be presented below.
The reaction coordinate along different potential-energy


surfaces has also been analyzed leading to the conclusion that
the C�O bond formation occurs along the quintet potential-
energy surface. It is evident that the septet state of the HO-
FeIII-O-Ph . species (a state whereby the unpaired electron on
the ring is ferromagnetically coupled to the d electrons of
iron) is degenerate with the corresponding quintet state of
Figure 2b. It is therefore not surprising that the activation
energy for the C�O bond formation along the septet surface is
only a few kcalmol�1 higher in energy than the corresponding


Figure 2. a) The transition state corresponding to the C�O bond formation in the PAH modeling. b) The radical
(HO-FeIII-O-Ph .) following the C�O bond formation in the PAHmodeling. The computed spin densities on iron,
on the oxo group (Ooxo), and the phenyl ring (Phtot) are shown. Bond lengths [in ä] are also shown.
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one along the quintet state. The states (triplet or open shell
singlet) of the HO-FeIII-O-Ph . species with one unpaired
electron on the metal and one on the ring are about
15 kcalmol�1 higher in energy than the corresponding quintet
ground state.
As shown in Figure 3, which reports the energy diagram for


the two-electron oxidation of benzene by HO�FeIV�O lead-
ing to a ketone, the C�O bond formation requires


Figure 3. Computed energy diagram describing the two-electron oxidation
of benzene by HO�FeIV�O.


an activation energy of
16.2 kcalmol�1 and is endergon-
ic by 4.9 kcalmol�1. The inves-
tigation of the subsequent
chemical transformations re-
veals that the C�O bond for-
mation is the slowest step in the
hydroxylation process of ben-
zene by the HO�FeIV�O spe-
cies. The calculated energy bar-
rier of 16.2 kcalmol�1 shows the
viability of phenylalanine hy-
droxylation through the high-
valent iron ± oxo intermediate.
This activation energy is very
similar to the one previously
obtained for the cofactor hy-
droxylation (16.6 kcalmol�1).[25]


The computed activation ener-
gies are in general agreement
with experiments, which show
that the rate-determining step
in PAH catalysis does not in-
volve attack of the amino acid


substrate, but rather oxidation of the cofactor. Experiments
have also indicated that when 6-methyl-5,6,7,8-tetrahydro-
biopterin (6-MePH4) is used in place of BH4 in PAH,
hydroxylation of cofactor and hydroxylation of the amino
acid occur with comparable rates.[3] Due to the similarity
between BH4 and 6-MePH4, this evidence suggests that the
coupled hydroxylations of the cofactor and of the substrate
should have activation energies that are not very different.
The model system employed for the present theoretical
investigation thus seems sufficient to reproduce the true
energetics.
As mentioned above, hydroxylation of phenylalanine is


found to start with a one-electron oxidation giving the HO-
FeIII-O-Ph . intermediate. The two-electron oxidation is suc-
cessfully completed during the following step, the NIH shift,
which involves the transition state shown in Figure 4a. Since
the calculated spin density of 3.77 located on iron typically
corresponds to a high-spin ferrous ion, the two-electron
oxidation of the aromatic ring is already accomplished at the
transition state. The absence of any unpaired electron in the
substrate confirms this observation. Furthermore, the com-
puted total charge in the arene suggests that the transition
state of Figure 4a can be interpreted as an arenium cation
undergoing a 1,2-hydride shift. Due to the asymmetric
environment, the NIH shift has been probed in both
directions in the phenyl ring, but no significant difference
appeared. The transition state of Figure 4a, which lies
10.5 kcalmol�1 higher in energy than the HO�FeIV�O reac-
tant, decays to the keto intermediate of Figure 4b. The large
exergonicity of 34.8 kcalmol�1 associated with this chemical
step (Figure 3) makes the formation of the ketone irrever-
sible. As Figure 4b shows, the product of the NIH shift is the
oxidized substrate dissociated from the metal and located in
the second coordination shell. It was found that the dissoci-


Figure 4. a) The transition state corresponding to the NIH shift in the PAH modeling. b) The keto intermediate
generated by the two-electron oxidation of the aromatic ring in the PAH modeling. The computed spin densities
on iron are shown. Bond lengths [in ä] are also shown.
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ation of the ketone from the non-heme iron complex does not
require any significant activation energy, since it is facilitated
by a favorable hydrogen-bonding network created by the
water molecules of the first and second coordination shell.
The spin population in the iron center (3.77) reported in
Figure 4b confirms the ferrous oxidation state, as already
inferred from the spin distribution of the preceding transition
state. At this point of catalysis, iron is back to the initial
oxidation state, indicating that its redox catalytic activity has
been completed. The enolization reaction, during which iron
stays FeII, concludes phenylalanine hydroxylation. This step is
described in the following subsection.
Since experiments have suggested that an epoxide might be


involved in the hydroxylation reaction (Figure 3), this possi-
bility has also been probed. A transition state corresponding
to the simultaneous formation of two C�O bonds could not be
found, but the calculations show that an epoxide can be
generated from the radical of Figure 2b through the formation
of a second C�O bond. This chemical transformation occurs
with a high-energy barrier with respect to the reactant
(20.1 kcalmol�1) and, as in the case of the NIH shift, is
accompanied by the reduction of the metal to iron(��) and the
two-electron oxidation of the ring. The transition state and the
subsequent product (i.e., the arene oxide) are shown in
Figure 5 together with the corresponding spin distributions,
which are indicative of ferrous ion. From the collected results,
it can be concluded that, once the first C�O bond is formed,
the reaction can continue through two different channels. As
shown in Figure 3, an epoxide may be generated with an
energy barrier of 15.2 kcalmol�1 with respect to the HO-FeIII-
O-Ph . intermediate. However, a much smaller barrier
(5.6 kcalmol�1) is required for the NIH shift, which irrever-
sibly leads to the ketone. The computed values for these two
energy barriers show that the NIH shift is considerably


favored over the epoxide formation. Calculations were also
performed showing that the epoxide cannot undergo any NIH
shift through a low-energy pathway. If the epoxide is formed,
it can reversibly go back to the HO-FeIII-O-Ph . intermediate,
from where the reaction could proceed toward the ketone.
Although the transition state leading to the epoxide does not
lie at a low energy, the computed barrier of 20.1 kcalmol�1 is
not prohibitively high. It is thus concluded that the epoxide is
not an obligatory intermediate, but it might still be energeti-
cally accessible.
The oxidation of benzene giving the keto intermediate has


been investigated also for the slightly different model, where-
by the hydroxide of the HO�FeIV�O species was substituted
by a water molecule. The energy profile obtained with this
alternative model is rather similar to the one reported in
Figure 3. The main difference in terms of chemical mechanism
is associated with the product of the first step, as already
explained above. With the [H2O�FeIV�O]�/benzene model,
the C�O bond formation leads to a ferrous complex and an
arenium cation, which undergoes a zero-barrier NIH shift
forming the ketone. Also for this system, the reaction was
found to occur along the quintet potential-energy surface. A
transition state for concerted oxygen-atom insertion leading
to the epoxide was not located for this model either. Figure 6
describes a summary of the energy profile corresponding to
benzene hydroxylation by [H2O�FeIV�O]� . A lower barrier
(10.0 kcalmol�1) is required for the initial C�O bond for-
mation in the case of the [H2O�FeIV�O]� model than the one
obtained with HO�FeIV�O (16.2 kcalmol�1). It is also evident
that both approaches give a preference to the NIH shift over
the epoxide formation. It is interesting to note that the main
difference between the two models is related to the capability
of the iron ± oxo species to carry out the two-electron
oxidation of the aromatic ring. In the HO�FeIV�O model,


the HO-FeIII-O-Ph . intermedi-
ate is formed after the first
attack of the oxo group on the
ring, and the positive charge of
the ferric ion is stabilized by
the presence of two negatively
charged ligands, the carboxy-
late and the hydroxo ligands.
On the other hand, the
[H2O�FeIV�O]� model, with
only one negative ligand
(Glu330) carries out the two-
electron redox process in one
step. The different behavior of
the two models is also reflect-
ed in the value of the two
activation energies for the
C�O bond formation, which
implies an electron flow from
the ring to the oxo group. It is
clear that the additional
negative ligand in the
HO�FeIV�O makes the reduc-
tion of the metal from FeIV to
FeII more difficult.


Figure 5. a) The transition state corresponding to the formation of a second C�O bond leading to an epoxide in
the PAH modeling. b) The epoxide intermediate in the PAH modeling. The computed spin densities on iron, on
the Fe-O-Ph oxygen (Ooxo), and the phenyl ring (Phtot) are shown. Bond lengths [in ä] are also shown.
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Figure 6. The energy profile for the two-electron oxidation of benzene by
[H2O�FeIV�O]� .


The available experimental data and the rather similar
energy profiles computed for the two models (HO�FeIV�O/
benzene and [H2O�FeIV�O]�/benzene) do not allow any
conclusion on which system properly reflects the actual
chemical transformations occurring in PAH. However the
two models may be regarded as two extremes of the actual
mechanism describing the PAH catalysis. Therefore the
computed energetics obtained in both cases demonstrate that
the two-electron oxidation of phenylalanine can be accom-
plished by the high-valent iron ± oxo species.


The keto-phenol tautomerization reaction : After the two-
electron oxidation of benzene, the final product of aromatic
hydroxylation is obtained through a tautomerization reaction
yielding the phenol. Since an intramolecular enolization is
found to require too high a barrier, the tautomerization
process must be assisted by a suitable molecule, which acts as
proton shuttle. It was chosen to probe if one of the water
molecules in the second coordination shell of the metal
complex (W2 of Figure 1) could participate in the intermo-
lecular enolization leading to the final hydroxylated product,
which is the phenol. Figure 7 highlights the geometrical details
and the energy profile corresponding to the proton transfer
assisted by W2 in the keto intermediate (Figure 4). The
structure of the transition state and the normal mode with the
imaginary frequency (i.e., the reaction coordinate) indicate
that this transition state is mainly associated with the
formation of a protonated water molecule, which is stabilized
by the presence of the negative Glu, and which ultimately
donates the proton to form phenol. The keto ± enol tautome-
rization passing through the transition state of Figure 7
requires a barrier of 12.9 kcalmol�1 and is computed to be
exergonic by 18.9 kcalmol�1 with respect to the keto inter-


Figure 7. The geometrical details and the energy profile corresponding to
the tautomerization reaction of benzene assisted by a second coordination
shell water. Bond lengths [in ä] are shown.


mediate of Figure 4b and by 53.7 kcalmol�1 with respect to
the initial FeIV�O reactant. During enolization, the water W2
is pulled toward the first coordination shell of iron, contribu-
ting to the restoration of the iron complex ready to restart the
catalytic cycle.
The transition state reported in Figure 7 can be compared


to the one obtained for the simpler model depicted in
Figure 8, whereby the proton shuttle was investigated with a
phenyl ring and a water molecule, removing the iron complex.


Figure 8. The geometrical details and the energy profile corresponding to
the tautomerization reaction of benzene assisted by one and two water
molecules. Bond lengths [in ä] are shown.


In this case the enolization requires an activation energy of
22.7 kcalmol�1 and is found to be exergonic by 21.4 kcalmol�1


with respect to the ketone. The computed barrier is rather
high and indicates that a single water molecule is probably not
sufficient to catalyze the enolization reaction. The catalysis
carried out by two hydrogen bonding water molecules (Fig-
ure 8) considerably lowers the barrier down to 15.0 kcalmol�1.
From the energy values reported in Figure 8, it can be
concluded that two hydrogen bonding water molecules
present in the enzyme are able to catalyze the intermolecular
enolization of the ketone. Alternatively, an arrangement such
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as the one presented in Figure 7 still allows the tautomeriza-
tion catalyzed by only one water.


The aromatic hydroxylation of tryptophan by FeIV�O : Catal-
ysis in TrpH has been modeled with the HO�FeIV�O/indole
system, similar to the corresponding modeling for PAH. The
computed energy profile, which is summarized in Figure 9,
highly resembles the one found for phenylalanine. The
numbering used to refer to the different carbon atoms of
indole is also highlighted in this figure.


Figure 9. The energetics corresponding to the two-electron oxidation of
indole by HO�FeIV�O.


Hydroxylation of tryptophan starts with the one-electron
oxidation of the ring, leading to iron(���) and a radical in the
substrate. The geometrical arrangement and the spin distri-
bution of the transition state associated with the formation of
the new C�O bond (Figure 10a) are very similar to the
corresponding ones obtained for benzene, with iron evolving
toward the ferric oxidation state (the computed spin density
on iron is 3.98) and with a radical developing on the indole
(the computed spin density on the indole is �0.40). Also the
barrier for the one-electron oxidation of indole is found to be
identical to that for benzene, 16.2 kcalmol�1 for the PAH


model and 16.3 kcalmol�1 for the TrpH model. The C�O
bond formation is found to be endergonic by 7.1 kcalmol�1


and reversibly yields a ferric intermediate, whereby one
unpaired electron is delocalized in the arene and is antiferro-
magnetically coupled to the unpaired electrons of the metal.
As already noted, the energy profile of the one-electron
oxidation of benzene resembles very much that obtained for
indole. This can be related to the similar stability of the two
oxyarene radicals formed after FeIV�O reacts with indole or
benzene.
Once the new C5�O bond has been formed after the one-


electron oxidation of indole, a keto intermediate is obtained
through the NIH shift, which, a priori, could occur either
toward C4 or toward C6. Both directions were investigated
and were found to occur without any barrier with respect to
the ferric intermediate. It is worth mentioning that the
transition states for the two NIH shifts were indeed located
(Figure 10b reports the structure and the spin distribution for
one of the two transition states), but a rather big basis
correction of the order of �5 kcalmol�1 (i.e., the lacv3p**
correction added to the lacvp energies as described in the
computational details) together with the zero point and
thermal corrections of about �2 kcalmol�1 canceled out the
activation energy. As found for the benzene case, the NIH
shift is associated with the reduction of the metal from FeIII to
FeII, showing that the current chemical process can be viewed
as a reduction of iron immediately followed by a 1,2-hydride
shift of an arenium cation. The hydrogen shift leads to a
ketone, which, as in the benzene case, can dissociate from the
iron complex with an almost zero barrier. The redox catalytic
activity of the metal is completed when the keto intermediate
is obtained and iron is back to the ferrous oxidation state. The
energy profile reported in Figure 9 shows that the NIH shift is


an irreversible process occur-
ring with an exergonicity of
37.6 kcalmol�1 with respect to
the initial HO�FeIV�O species.
The final tautomerization re-


action of the ketone yielding
5-HO-indole has been explored
with two different models as
done for the PAH modeling.
The proton transfer catalyzed
by the water molecule, hydro-
gen bonding to Glu330 (W2) in
the keto intermediate, was
compared to the one catalyzed
by two hydrogen-bonding wa-
ter molecules, but without the
iron complex. An intramolecu-
lar enolization, or alternatively
an intermolecular proton trans-
fer assisted by only one water,
were estimated to require too
high activation energies. Ta-
ble 2 summarizes the energy
profiles of the tautomerization
reaction for the two investigat-
ed systems, the metal/indole


Figure 10. The structures for the transition state associated with the C�O bond formation (a) and the transition
state associated with the NIH shift toward C4 (b) in the TrpH modeling. The computed spin densities on iron, on
the oxo group (Ooxo), and in the aromatic ring (Intot) are shown. Bond lengths [in ä] are also shown.
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model and the two waters/indole model. The latter involves a
barrier of 15.9 kcalmol�1 and the former have a barrier of
18.0 kcalmol�1. From Table 2, it can also be noted that an
almost identical exergonicity has been evaluated for the
proton shuttle in the two different models.
At this stage the main features of the mechanism for


tryptophan hydroxylation can be summarized. The two-
electron oxidation of the aromatic substrate starts with the
formation of a new C�O bond, which requires a barrier
(16.3 kcalmol�1) very similar to the one previously computed
for the hydroxylation of the pterin cofactor (16.6 kcalmol�1).
Afterward, the reaction proceeds through an NIH shift,
leading to a ketone. The probabilities for the NIH shift to
occur in one or in the other direction are found to be identical.
The subsequent tautomerization of the ketone requires the
catalytic activity of two hydrogen-bonding water molecules or
of one water molecule assisted by a negatively charged metal
ligand. In both cases, the activation energy corresponding to
the enolization process is comparable to the C�O bond
formation.
A rather similar picture is obtained from the investigation


of indole hydroxylation for the [H2O�FeIV�O]� model. The
structural arrangements of the transition states corresponding
to the latter approach very much resemble the ones obtained
for the HO�FeIV�O/indole model and they are therefore not
reported here. Figure 11 summarizes the energy profile


Figure 11. he energetics corresponding to the two-electron oxidation of
indole by [H2O�FeIV�O]� .


provided by the study of the hydroxylation reaction with
[H2O�FeIV�O]� . As for the corresponding benzene case
illustrated above, the first C�O bond formation leads to an
arenium cation, implying a two-electron oxidation of the
aromatic substrate. However, this step is found to be
irreversible, in contrast to the corresponding reversible
reaction obtained for benzene and also in contrast to the
reversible reaction obtained for the C�O bond formation in
the HO�FeIV�O/indole model. This difference can be ascri-
bed to the capability of indole to stabilize a positive charge.
With a water molecule instead of the hydroxo ligand in the
FeIV�O complex, the formation of the C�O bond is easier,


requiring an activation energy of only 6.8 kcalmol�1 instead of
16.3 kcalmol�1. The arenium cation is converted to a ketone
by the NIH shift, whereby the activation energy (with respect
to the arenium cation) is still very small, although not zero as
in the previous HO�FeIV�O/indole model. The NIH shift is
again found to occur in both directions, since the computed
barriers toward C4 or C6 are small and very similar, 1.5 and
3.6 kcalmol�1 (with respect to the arenium cation) respec-
tively.
The calculated energy profiles for the HO�FeIV�O/indole


model give comparable activation energies for the hydrox-
ylation of tryptophan and the activation of dioxygen, 16.3 and
16.6 kcalmol�1, respectively. Considering a normal error of
the B3LYP method of a few kcalmol�1, this result does not
contradict the experimental interpretation that substrate
hydroxylation is likely to be rate-determining in TrpH. The
quite small error could also be related to an additional
structural parameter, which has been excluded from the
present modeling. For example, experiments suggest that the
nitrogen of the indole could play an important role for the
appropriate positioning of the amino acid through an essential
hydrogen bonding.[46] Experiments indicate an inverse secon-
dary kinetic isotope effect of 0.93 with 5-2H-tryptophan, but
no inverse isotope effect with 4-2H-tryptophan (the measured
isotope effect was in this case 1.03).[11] It was thus suggested
that the isotope effect could be ascribed to the C�O bond
formation during the substrate hydroxylation, which in turn
has to involve a higher barrier than the one of the cofactor
hydroxylation. By using transition-state theory, an inverse
isotope effect of 0.92 has indeed been computed for the
formation of the radical with deuterium in the 5-position (0.92
for the formation of the indole cation in the [H2O�FeIV�O]�
as well). When deuterium was substituted in the 4-position, an
isotope effect of 1.10 was found.
If the results for the HO�FeIV�O/indole model, as descri-


bed above, can be considered as in general agreement with
experiments, this can not be said about results for the
[H2O�FeIV�O]�/indole model. In this case, the calculated
barrier for substrate hydroxylation is only 6.8 kcalmol�1. This
value is much too low relative to the dioxygen activation of
16.3 kcalmol�1 to be considered in agreement with the
experimental interpretation that substrate hydroxylation is
rate-limiting. The conclusion from the results of these differ-
ent models is therefore that the model with an hydroxo group
on iron models the actual situation best, at least for
tryptophan hydroxylase but probably also for phenylalanine
hydroxylase.
As mentioned above, the NIH shift is experimentally found


to occur only from C5 to C4.[11] The present results with both
models show that the barriers for the NIH shifts are very
small. In the case of the [H2O�FeIV�O]�/indole a slight
preference for the shift toward C4 is actually computed, but
for the HO�FeIV�O/indole the NIH shift was found to occur
without any barrier in both directions. In this situation, with
very small or no barriers, the present type of model studies are
not sufficient for determining steric preferences. It appears
most likely that the preference for the NIH shift toward C4 is
determined by details of the dynamics, which are not well
described by transition-state theory but require a much more


Table 2. The energy profiles [kcalmol�1] describing the enolization
reaction yielding 5-HO-indole (see text). The barrier for the proton
transfer catalyzed by the water molecule hydrogen bonding to Glu300
(W2) in the ferric keto intermediate (metal/indole model) is compared to
that obtained with a simpler model including only indole and two
hydrogen-bonding waters (two waters/indole model).


Ketone Transition State 5-HO-Indole


metal/indole model 0.0 18.0 � 17.4
two waters/indole model 0.0 15.9 � 18.4
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sophisticated dynamical treatment. This is beyond the scope
of the present study.


The benzylic hydroxylation of 4-methylphenylalanine by
FeIV�O : In order to analyze the capability of pterin-depend-
ent hydroxylases to carry out benzylic hydroxylation,[22, 47]


methyl hydroxylation of toluene by HO�FeIV�O has been
investigated. The results are summarized in Figure 12, in


Figure 12. Energy diagram and corresponding structures for the rebound
mechanism of toluene and HO�FeIV�O. Bond lengths [in ä] are shown.


which the computed energy diagram is presented together
with the structures of the transition states and intermediates.
Oxidation of toluene by the high-valent iron ± oxo species


(in the quintet ground state) starts with hydrogen atom
abstraction from the methyl group, in agreement with the
widely accepted mechanism describing alkane hydroxylation
in cytochrome P450.[23] The process involves a barrier of
11.1 kcalmol�1, which includes a considerable correction of
about�5 kcalmol�1 due to zero-point effects. This correction,
which significantly lowers the activation energy, is typical for
hydrogen-atom abstraction; a similar value was found, for
example, in methane monooxygenase (MMO).[48] The spin
distribution (Table 3) associated with the transition states (TS
abstraction and TS rebound of Figure 12) and with the
intermediates (OH intermediate and FeII-OHR of Figure 12)
is indicative of the redox processes occurring during the
rebound mechanism. The computed spin of the TS-abstrac-


tion transition state (spin density of 3.88 on iron and �0.27
localized on the methyl carbon) reflects the reduction of iron
toward FeIII and the development of a radical on the substrate
during the hydrogen atom abstraction. The following inter-
mediate (OH intermediate of Figure 12) indeed contains a
ferric ion and an unpaired electron delocalized on the
substrate. As already explained above, the spin density of
4.12 found on iron of the OH intermediate is typical of the
high-spin iron(���). The unpaired electron of the radical
substrate is antiferromagnetically coupled to the five d
electrons of the metal and it generates a spin of �0.72 on
the methyl carbon and a delocalized spin of �0.26 in the
aromatic ring. It is interesting to note that the hydrogen-atom
abstraction from toluene is exergonic by 13.7 kcalmol�1, as
opposed to the corresponding intermediate following the
hydrogen-atom abstraction from methane by an oxo ± ferryl
species in P450.[49, 50] The computed exergonicity of this step is
connected with the stability of the radical intermediate with
the electron partially delocalized in the aromatic ring. The
rebound mechanism with the non-heme iron complex is also
different from the one in P450, whereby there is an additional
radical (on the porphyrin) in the reactant and in the
corresponding OH intermediate.
According to the rebound mechanism proposed for alkane


hydroxylation in P450, the next step in the benzylic hydrox-
ylation is the radical rebound, which involves the TS-rebound
transition state lying at 9.1 kcalmol�1 with respect to the
previous intermediate. From a thermodynamic point of view,
the rebound step occurs with a large exergonicity
(�36.8 kcalmol�1) and it leads to the final hydroxylated
product (FeII�OHR). It is important to note that during the
rebound step, iron is further reduced to FeII and is then ready
to carry out another catalytic cycle. The computed activation
energies for the hydrogen-atom abstraction and the radical
rebound indicates that the first step is rate-limiting for the
benzylic hydroxylation by the FeIV�O species. The barrier for
substrate hydroxylation is considerably lower than that
associated with the cofactor hydroxylation.
By examining different potential-energy surfaces, corre-


sponding to different spin states, it was found that the rebound
mechanism occurs along the quintet potential-energy surface.
It is interesting to remember that the septet and triplet states
of the iron(��) ± oxo species are energetically quite similar to
the quintet state (see Table 1). However, the activation energy
for the hydrogen-atom abstraction along the triplet potential-
energy surface, is about 10 kcalmol�1 higher than the corre-
sponding quintet transition state; also for the OH intermedi-
ate, the triplet state lies about 8 kcalmol�1 higher in energy


Table 3. The computed spin distribution for the reactant (FeIV�O), transition states
(TS-abstraction, TS-rebound), and intermediates (OH intermediate, FeII-OHR) in
the rebound mechanism (see text and Figure 12). Spin densities on iron (Fe), on the
oxo group (Ooxo), on the phenyl ring (Ph), and on the methyl carbon (C) are given.


FeIV�O TS abstraction OH intermediate TS rebound FeII-OHR


spin (Fe) 3.04 3.88 4.12 4.01 3.77
spin (Ooxo) 0.70 0 0.32 0.29 0
spin (Ph) 0 0 � 0.26 � 0.17 0
spin (C) 0 � 0.27 � 0.72 � 0.51 0
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than the corresponding quintet structure. Because of these
energy differences and since the ground state of the product is
a quintet, the triplet potential-energy surface has not been
further investigated. On the other hand, it is clear that the
septet state of the OH intermediate (the unpaired electrons
on the metal and on the substrate are ferromagnetically
coupled) is degenerate with the quintet state, whose spin
distribution is shown Table 3. Therefore it is not surprising
that also the septet TS-abstraction transition state is almost
degenerate with the corresponding quintet structure. The
rebound step, however, must still involve the quintet poten-
tial-energy surface, since the septet product is very high in
energy.
The rebound mechanism, which can explain how the


benzylic hydroxylation occurs, is feasible because of the
relatively weak methyl C�H bond in toluene. A similar
hydrogen-atom abstraction for benzene would not be possi-
ble. The computed benzylic C�H bond strength is
86 kcalmol�1 as compared to the 109 kcalmol�1 found for
benzene.


Conclusions


In the present study, quantum chemical calculations at the
B3LYP level of theory shows the capability of an activated
FeIV�O core to hydroxylate phenylalanine and tryptophan
during the second part of the catalytic cycle of tetrahydro-
biopterin-dependent hydroxylases.
Previous theoretical work has shown that an iron(��) ± oxo


hydroxylating intermediate can be generated during cofactor
hydroxylation, which involves O�O heterolysis and a proton
transfer from one of the waters ligated to the iron complex.[25]


Based on those findings, a model with a hydroxo group
coordinated to the metal center (HO�FeIV�O) was employed
to probe the reaction mechanism of aromatic hydroxylation.
Another model ([H2O�FeIV�O]�) with a water ligand in place
of the hydroxide was also explored in order to mimic other
possible reaction pathways. For both amino acids and for both
models the slow step in the two-electron oxidation of the
amino acid is the attack of the activated FeIV�O core on the
substrate with the subsequent formation of a new C�O bond.
The chemical transformations are found to occur along the
quintet potential-energy surface, which is also the ground
state for FeIV�O.
In the [H2O�FeIV�O]� model, the C�O bond formation is


associated with two-electron oxidation of the aromatic amino
acid, consequently generating an arenium cation as an
intermediate. This reaction step involves activation energies
for phenylalanine and tryptophan that are much lower than
that associated with dioxygen activation. In agreement with
experiments, which indicated a migration of the hydrogen
atom from the hydroxylated site to the adjacent one, it was
found that the arenium cation undergoes a 1,2-hydride shift
leading to a keto intermediate. With respect to the arenium
cation, the NIH shift requires very low activation energies,
almost zero for phenylalanine, a couple of kcalmol�1 for
tryptophan.


Higher activation energies for the C�O bond formation are
found for the HO�FeIV�O species, the other investigated
model. In this case the iron ± oxo species attacks phenyl-
alanine or tryptophan with a barrier of about 16 kcalmol�1, a
value that is almost identical to the energy barrier previously
found for dioxygen activation. When a hydroxo group
coordinates the metal, the C�O bond formation implies a
one-electron oxidation of the substrate, yielding a ferric ion
and a radical delocalized on the substrate. The two-electron
oxidation of the amino acid is completed in the next chemical
step, when iron becomes FeII and simultaneously a 1,2-hydride
shift leads to the keto intermediate. The calculated activation
energies show that for this model the rates for the two coupled
hydroxylations of the cofactor and the substrate are compa-
rable.
The findings acquired from the present quantum chemical


calculations agree with the various experimental data collect-
ed for phenylalanine hydroxylase. The computed barriers for
the hydroxylation of tryptophan is perhaps a bit too low with
respect to the information given by experiments. Hence, a
structural lack in the model for TrpH can possibly be invoked.
Nevertheless when the two models (HO�FeIV�O and
[H2O�FeIV�O]�) for PAH and TrpH are regarded as two
possible extremes of the true enzyme catalysis, an important
conclusion can be drawn from the computed energetics, and
this is the feasibility of aromatic hydroxylation by a high-
valent iron ± oxo species. This conclusion is additionally
supported by other calculations performed on benzylic
hydroxylation of 4-methylphenylalanine by FeIV�O. The
calculated energetics for the hydrogen-atom abstraction and
for the subsequent rebound step indicate that the high-valent
iron ± oxo species can carry out methyl hydroxylation, as
indeed is observed experimentally in the aromatic amino acid
hydroxylases.
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How Nucleophilic Are Diazo Compounds?


Thorsten Bug, Manfred Hartnagel, Clemens Schlierf, and Herbert Mayr*[a]


Dedicated to Professor Gernot Boche on the occasion of his 65th birthday


Abstract: The kinetics of the reactions of benzhydryl cations with eight diazo
compounds 1a ± g were investigated photometrically in dichloromethane. The
nucleophilicity parameters N and slope parameters s of these diazo compounds
were derived from the equation log k (20 �C)� s (E�N) and compared with the
nucleophilicities of other � systems (alkenes, arenes, silyl enol ethers, silyl ketene
acetals). It is shown that the nucleophilic reactivities of diazo compounds cover more
than ten orders of magnitude, being comparable to that of styrene on the low
reactivity end and to that of enamines on the high reactivity end. The rate-
determining step of these reactions is the electrophilic attack at the diazo-carbon
atom to yield diazonium ions, which rapidly lose nitrogen.


Keywords: carbocations ¥ C±C
coupling ¥ diazo compounds ¥ kinet-
ics ¥ structure ± activity relationships


Introduction


Diazo compounds are ambiphilic (ambivalent) reagents[1] and
their chemistry has been extensively reviewed.[2] While
electrophiles usually attack at the carbon atom,[3] the terminal
nitrogen atom is the preferred site of attack by nucleophiles.[4]


Their ambiphilic behavior is also observed in [3�2] cyclo-
additions with dipolarophiles (Huisgen reactions).[5] Methyl
diazoacetate, for example, reacts rapidly with strong nucleo-
philes (e.g., enamines) as well as with strong electrophiles
(e.g., unsaturated esters and nitriles), while its cycloadditions
with enol ethers and alkyl-substituted ethylenes proceed
rather slowly.[6] Perturbational molecular orbital theory has
been employed to rationalize this behavior.[6, 7, 8]


In 1994 we reported that absolute rate constants of
electrophile nucleophile combination reactions can be pre-
dicted by the three-parameter Equation (1), where s� nu-
cleophile-specific slope parameter, N� nucleophilicity pa-
rameter, and E� electrophilicity parameter, if only one new
bond is formed in the rate-determining step.[9]


log k (20 �C)� s (E�N) (1)


In the case of ionic cycloadditions, deviations from Equa-
tion (1) have been interpreted as a measure for the energy of
concert.[10]


Recently, we have recommended benzhydryl cations
Ar2CH� as reference electrophiles (Table 1) for the determi-
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rate constants of the individual runs of the kinetic experiments are
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Table 1. Abbreviations and electrophilicity parameters E of the employed
reference electrophiles in CH2Cl2 for determining the nucleophilicities of
diazo compounds.


Ar2CH� X Y E[a] �max [nm][a]


(ani)2CH� OMe OMe 0.00 512


(fur)2CH� � 1.36 533


fc(Ph)CH� � 2.64 410


(pfa)2CH� N(Ph)CH2CF3 N(Ph)CH2CF3 � 3.14 601
(mfa)2CH� N(CH3)CH2CF3 N(CH3)CH2CF3 � 3.85 593
(dpa)2CH� NPh2 NPh2 � 4.72 672
(mpa)2CH� N(Ph)CH3 N(Ph)CH3 � 5.89 622
(dma)2CH� N(CH3)2 N(CH3)2 � 7.02 613
(pyr)2CH� N(CH2)4 N(CH2)4 � 7.69 620


(thq)2CH� � 8.22 628


(jul)2CH� � 9.45 642


[a] From ref. [11].
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nation of the nucleophilic reactivities of aromatic and
aliphatic � systems,[11] carbanions,[12] hydride donors,[11, 13a]


and n-nucleophiles.[13b]


It was the goal of this work to determine the nucleophilicity
parameters N and s of the diazo compounds 1a ± g according


to Equation (1), in order to compare the nucleophilicities of
diazo compounds quantitatively with those of other �


nucleophiles and to predict possible reactions with one-bond
electrophiles. These data may subsequently be employed for
the analysis of the kinetics and mechanisms of diazo
compound cycloadditions.


Preparative Investigations


Reaction products : The reactions of the diazo compounds
1a ± g with the benzhydrylium salts Ar2CH�X� can be
assumed initially to produce the diazonium salts 2*, from
which the isolated products are derived (Scheme 1, Ta-
ble 2).[14]


Scheme 1. Reactions of benzhydrylium ions with diazo compounds.


Since the substitution pattern of the benzhydrylium ions
was found to have little influence on the types of reaction
products, product studies have not been performed for all
electrophile nucleophile combinations studied kinetically.
However, each diazo compound has been investigated with
at least one benzhydrylium ion.


When solutions of benzhydrylium tetrafluoroborates or
triflates in dichloromethane were combined with diazome-
thane (1a), phenyldiazomethane (1b), or (trimethylsilyl)dia-
zomethane (1c), only insoluble polymeric material was
produced, analogously to the BF3-catalyzed formation of
polymethylene from diazomethane (1a).[15] The trans-stil-
benes 3-Ar were formed, however, when the reactions of
benzhydrylium salts with 1a or 1c were carried out under
analogous conditions, but in the presence of 5 equivalents of
benzyltriethylammonium chloride (BnEt3N�Cl�), which acts
as a base (Scheme 2, Table 2).


Scheme 2. Reaction products from the reaction of benzhydrylium salts
with 1a or 1c.


Compound 3-dma[16b,c] was identical to a product that we
obtained from 4-(dimethylamino)benzaldehyde through a
McMurry reaction by a literature procedure.[16a] Analogous
spectral data were obtained for the trans-stilbenes 3-thq,[16d] 3-
jul,[16a] and 3-mpa. However, we were not able to isolate any
pure products from benzhydrylium salts with phenyldiazo-
methane (1b), though a GC/MS analysis indicated the
presence of a diarylphenylethene.


Diarylethenes 4*, in which the original benzhydryl frag-
ment is retained, were obtained from the reactions of
benzhydrylium salts with the two disubstituted diazo com-
pounds diphenyldiazomethane (1d) and diethyl diazomalo-
nate (1g) (Scheme 3). The observation of two 13C NMR
resonances for the olefinic carbon atoms is in accord with the
suggested structures 4*.


Scheme 3. Reaction products from the reaction of benzhydrylium salts
with 1d or 1g.


Abstract in German: Die Kinetik der Reaktionen von
Benzhydrylkationen mit acht Diazoverbindungen 1a ± g wur-
de photometrisch in Dichlormethan untersucht. Die Nucleo-
philieparameter N und die Steigungsparameter s dieser Diazo-
verbindungen wurden aus der Gleichung log k(20 �C)�
s (E�N) abgeleitet undmit der Nucleophilie anderer �-Systeme
verglichen. Wir zeigen, dass sich die nucleophilen Reaktivit‰ten
von Diazoverbindungen ¸ber mehr als zehn logarithmische
Einheiten erstrecken. Die wenig reaktiven Verbindungen
besitzen eine ‰hnliche Nucleophilie wie Styrol, w‰hrend die
nucleophilsten Diazoverbindungen Enaminen entsprechen.
Der geschwindigkeitsbestimmende Schritt ist der elektrophile
Angriff am Diazo-Kohlenstoff, wobei Diazonium-Ionen ent-
stehen, die rasch Stickstoff abspalten.


Table 2. Yields of the reactions of diazo compounds 1a and 1c ± g with
benzhydryl salts Ar2CH�X�.


Diazo compound 1 Ar2CH�X� Product[a] Yield [%]


diazomethane (1a) (dma)2CH�OTf� 3-dma 32[b]


(thq)2CH�BF4
� 3-thq 57[b]


(jul)2CH�BF4
� 3-jul 26[b]


(trimethylsilyl)diazomethane (1c) (dma)2CH�OTf� 3-dma 60[b]


(mpa)2CH�BF4
� 3-mpa 36[b]


diphenyldiazomethane (1d) (dma)2CH�OTf� 4d-dma 43
ethyl diazoacetate (1e) (dma)2CH�OTf� 5e-dma 37[c]


fc(Ph)CH�ZnCl3� 6e 76
(fur)2CH�OTf� 5e-fur 31


diazoacetone (1 f) (dma)2CH�OTf� 5 f-dma 26
diethyl diazomalonate (1g) (fur)2CH�OTf� 4g-fur 31


(ani)2CH�ZnCl3� 4g-ani 29


[a] Abbreviations see Table 1. [b] In the presence of five equivalents of
benzyltriethylammonium chloride. [c] 5e-dma is the main product in a 9:1
mixture of isomers.
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When the benzhydrylium tetrafluoroborates or triflates
were combined with 1 ± 2 equivalents of ethyl diazoacetate
(1e) or diazoacetone (1b), the compounds 5* were obtained.
(Scheme 4).


Scheme 4. Reaction products from the reaction of benzhydrylium salts
with 1e or 1 f.


In the reaction of fc(Ph)CH�ZnCl3� with ethyl diazoacetate
(1e), the chloro-substituted compound 6e was isolated
(Scheme 5). The 1H and 13C NMR signals of the compound


Scheme 5. Reaction product from 1e and 1-ferrocenylbenzyl chloride/
ZnCl3�.


obtained from (fur)2CH�OTf� and ethyl diazoacetate (1e)
indicate the formation of either 5e-fur, 7e-fur, or 8e-fur.


In the NOESY-NMR spectrum, weak cross-peaks were
obtained between the vinylic hydrogen and all protons of the
ethoxy group. Structure 7e-fur can therefore be excluded,
because of the large distance between these protons. Com-
pound 8e-fur is ruled out by the observation of 3J couplings
between the vinylic CH-carbon atom and some aromatic
protons (gHSQC and gHMBC methods). Structure 5e-fur is
thus derived. Simulation of the 1H NMR spectrum by the
ACD/LABS NMR Spectrum Generator gave chemical shifts
of �� 7.84, 7.02, and 6.39 ppm for the vinylic hydrogens of 5e-
fur, 7e-fur, and 8e-fur, respectively, close to those observed
experimentally for the corresponding diphenyl-substituted
ethyl acrylates (�� 7.79,[17] 7.02,[18] and 6.37 ppm[19]). The
structural assignment for 5e-fur is thus corroborated by the
observed chemical shift of the singlet at �� 7.72 ppm.


The structure of 5 f-dma was assigned analogously to that of
5e-fur (NOESY, gHSQC, gHMBC, NMR spectrum simula-
tion).


Reaction mechanism : Table 2 indicates that the products
obtained from diazomethane (1a) and the monosubstituted


diazomethanes (1c, 1e, 1 f) arise from a 1,2-aryl shift, while
the formation of compounds 4* from the disubstituted
diazomethanes 1d and 1g proceeds without aryl migration.
A rationalization of this behavior is given in Scheme 6,
Scheme 7, and Scheme 8.


Dediazoniation of the diazonium ion (2d-Ar) obtained
from diphenyldiazomethane (1d) and Ar2CH�X� yields the
diaryl-substituted carbenium ion 9d-Ar. This is deprotonated
prior to or after hydride migration (�10d-Ar) to give 4d-Ar
(Scheme 6).


Scheme 6. Dediazoniation of the diazonium ion 2d-Ar.


In all other cases, the loss of N2 is accompanied by
migration of hydride or an aryl group to yield more stabilized
carbocations. Although 1,2-hydride migration would give rise


to better stabilized carbocations
(11) than 1,2-aryl migration
(�12) (Scheme 7), the latter
process is usually kinetically
preferred, as indicated by the
formation of compounds 3*, 5*,
and 6e from benzhydrylium
ions Ar2CH�X� and 1a, 1c,
1e, and 1 f. Obviously, the tran-
sition state of the dediazonia-
tion step can be stabilized by a


bridging aryl group (phenonium ion)[20] in accord
with observations in solvolysis reactions of �-arylalkyl
systems.[21]


Scheme 7. Dediazoniation accompanied by 1,2-aryl migration.
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Why does 1,2-aryl migration not occur in the reactions of
benzhydrylium ions with diethyl diazomalonate (1g)?


The 1,2-aryl migration requires a conformation with the
aryl group anti to N2 (2� in Scheme 7). Since the corresponding
conformation 2g� (Scheme 8) suffers from conformational
strain, conformation 2g�� is preferred, and undergoes dedi-
azoniation accompanied by hydride migration, finally result-
ing in the formation of the tetrasubstituted alkene 4g-Ar.[22]


Scheme 8. Dediazoniation accompanied by 1,2-hydride migration.


Kinetic investigations : The rates of the reactions of the
benzhydrylium ions Ar2CH� with the diazo compounds 1a ± g
were followed photometrically. Colorless products arise from
the blue or red benzhydrylium ions. For slow reactions (�1/2�


10 s), the decrease in the absorbances of the benzhydrylium
ions was followed in a thermostated flask with an immersion
UV/Vis probe and a working station as described in ref. [23].
Faster reactions were followed with a stopped-flow spectro-
photometer system as described recently.[11] All reactions
reported in this article followed second-order kinetics, first
order with respect to the carbocation (Ar2CH�X�) concen-
tration and first order with respect to diazo compound 1a ± g
concentration. Since the diazo compounds were usually


employed in large excess over the carbocations (10 ± 120
equivalents), their concentrations can be considered to be
constant, and the second-order rate constants given in Table 3,
Table 4, and Table 5 were obtained by dividing the pseudo
first-order rate constants by the initial concentrations of the
diazo compounds.


Counterion effects : According to Table 3, (dma)2CH�OTf�


reacts twice as rapidly as (dma)2CH�BF4
� with ethyl diazo-


acetate (1e), probably because of a weak stabilizing Lewis
acid ± base interaction of the intermediate diazonium ion (2)
with the triflate anion, analogous to the nucleophilic solvation
of the diazonium ions discussed in the next section.


The identical reactivity of (mpa)2CH� tetrafluoroborate
and triflate with diphenyldiazomethane (1d), within exper-
imental error, is analogous to the counterion-independent
rate constants of the reactions of carbocations with alkenes
and enol ethers.[23, 24] Since the counterion effects are small in
comparison with the rate effects caused by variation in
structures, we have not investigated them in detail.


The minor importance of counterion effects in these
reactions is also reflected by the fact that all reaction series
depicted in Figure 1 include benzhydrylium salts with differ-
ent counterions.


Solvent effects : The variation of solvent has been reported to
have only a small influence on the rates of the reactions of


Table 3. Influence of the counterion on the reaction rates of the benzhydrylium
ions with diphenyldiazomethane (1d) or ethyl diazoacetate (1e) in CH2Cl2 at
20 �C.


Diazo compound Ar2CH� Counterion k [Lmol�1 s�1]


ethyl diazoacetate (1e) (dma)2CH� OTf� (2.88� 0.13)� 10�2


(dma)2CH� BF4
� (1.40� 0.03)� 10�2


diphenyldiazomethane (1d) (mpa)2CH� OTf� (3.16� 0.17)� 10�1


(mpa)2CH� BF4
� (2.88� 0.18)� 10�1


Figure 1. Correlations of the rate constants (log k, 20 �C, CH2Cl2) for the reactions of diazo compounds 1 with benzhydryl cations Ar2CH� versus their
electrophilic reactivities E.
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benzhydrylium ions with alkenes (C�C
bond formation) and trialkylsilanes
(hydride abstractions). While the rate
for the reaction of (ani)2CH�BCl4�


with 2-methyl-1-pentene increased by
less than a factor of 5 with increas-
ing solvent polarity (CHCl3�
CH2Cl2� (CH2Cl)2�CH3CH2NO2�
CH3NO2),[23] the rate of hydride ab-
straction from dimethylphenylsilane
by the same carbocation (ani)2-
CH�OTf� increased by a factor of only
1.5 in a similar series of solvents
(CH2Cl2�CH3CN�CH3NO2).[25]


In contrast, a significant solvent
effect was found in the reactions of
(dma)2CH� with ethyl diazoacetate
(1e) (Table 4).


The observation that the reaction
was noticeably faster in ethyl acetate
and tetrahydrofuran than in dichloro-
methane and acetonitrile indicates that
solvent polarity as measured by ET


cannot be responsible for the observed
reactivity order. The moderate corre-
lation between log k and Gutmann×s
donor numbers (DNs) suggests a sta-
bilization of the intermediate diazoni-
um ion 2 by interaction with donor
solvents.


In accord with this interpretation,
the reverse relationship between rate
constants and Gutmann×s donor numbers of the solvents was
found for azo couplings, because there the interaction
between diazonium ions and donor solvents stabilizes the
reactants.[27] Because of the small number of entries in
Table 4, a more detailed discussion of solvent effects does
not appear appropriate.


Structure-reactivity relationships : Depending on the nucleo-
philicities of the diazo compounds, different benzhydrylium
ions have been employed for the kinetic investigations
(Table 5).


When the rate constants (log k) for the reactions of diazo
compounds 1a ± g with Ar2CH� are plotted against the
E parameters of the benzhydryl cations (from Table 1), linear
correlations are obtained (Figure 1), from which N and s can
be determined according to Equation (1).


Discussion


Br˘nsted acid catalyzed decompositions of diazo compounds
have been reported to proceed through different mechan-
isms.[2a, 28, 29] Protonation of the diazo compounds can either be
rate-determining (kz� k�p) or occur in a rapid pre-equilibrium
(Scheme 9), followed by rate-determining dediazoniation
(k�p� kz).


Scheme 9. Br˘nsted acid-catalyzed decompositions of diazo compounds
1a ± g.


Analogously, the reactions described in this article may
proceed either with rate-determining C�C bond formation or
by fast reversible C�C bond formation and consecutive slow
cleavage of the C�N2 bond.


The absence of breaking points in the linearity of the
correlations depicted in Figure 1 indicates that in none of
these reaction series does a change in the mechanism take
place (i.e., each of these diazo compounds reacts with all
benzhydrylium ions either with rate-determining C�C bond
formation or with rate-determining dediazoniation).


Table 4. Rate constants of the reactions of (dma)2CH�OTf� with ethyl
diazoacetate (1e) in different solvents.


Solvent DN[a,b] ET(30)[a,b] k [Lmol�1 s�1]


dichloromethane 0.0 40.7 2.88� 10�2


acetonitrile 14.1 45.6 4.98� 10�2


ethyl acetate 17.1 38.1 9.92� 10�1


tetrahydrofuran 20.0 37.4 4.55� 10�1


[a] From ref. [26]. [b] Gutmann×s donor number.


Table 5. Second-order rate constants and activation parameters for the reaction of diazo compounds (1)
with benzhydrylium ions in CH2Cl2.


Diazo compound Ar2CH�X� k (20 �C) �H� �S�


[Lmol�1 s�1] [kJmol�1] [JK�1mol�1]


diazomethane (1a) (jul)2CH� BF4
� 6.64 ± ±


(thq)2CH� BF4
� 5.57� 101 35.9 � 88.9


(dma)2CH� OTf� 3.59� 102 28.1 � 100.1
(mpa)2CH� BF4


� 5.88� 103 ± ±
(dpa)2CH� BF4


� 2.43� 104 ± ±
phenyldiazomethane (1b) (jul)2CH� BF4


� 7.56� 10�1 ± ±
(dma)2CH� OTf� 1.19� 102 34.6 � 87.0
(mpa)2CH� BF4


� 5.80� 102 ± ±
(dpa)2CH� BF4


� 6.85� 103 ± ±
(pfa)2CH� BF4


� 1.45� 105 ± ±
(trimethylsilyl)diazomethane (1c) (jul)2CH� BF4


� 4.50� 10�1 ± ±
(pyr)2CH� BF4


� 8.72 40.3 � 89.2
(dma)2CH� OTf� 3.10� 101 35.7 � 94.4
(dpa)2CH� BF4


� 1.62� 103 ± ±
diphenyldiazomethane (1d) (dma)2CH� OTf� 2.71� 10�2 ± ±


(mpa)2CH� BF4
� 2.88� 10�1 ± ±


(dpa)2CH� BF4
� 2.93 ± ±


(mfa)2CH� BF4
� 2.30� 101 ± ±


ethyl diazoacetate (1e) (dma)2CH� OTf� 1.40� 10�2 ± ±
(dpa)2CH� BF4


� 8.46� 10�1 ± ±
(mfa)2CH� BF4


� 8.56 ± ±
fc(Ph)CH� OTf� 1.80� 102 33.1 � 88.7
(fur)2CH� OTf� 2.72� 103 21.7 � 105.0


diazoacetone (1f) (mpa)2CH� BF4
� 1.21� 10�2 ± ±


(dpa)2CH� BF4
� 3.25� 10�1 ± ±


(mfa)2CH� BF4
� 1.30 ± ±


(fur)2CH� OTf� 1.98� 102 19.9 � 133.1
(ani)2CH� OTf� 4.06� 103 ± ±


diethyl diazomalonate (1g) (fur)2CH� OTf� 2.63� 10�2 ± ±
(ani)2CH� OTf� 4.77� 10�1 ± ±







Nucleophilicity of Diazo Compounds 4068±4076


Chem. Eur. J. 2003, 9, 4068 ± 4076 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4073


The slopes of the correlation lines, which are comparable to
those of enol ethers[11] and enamines,[30] indicate rate-deter-
mining formation of the carbon�carbon bonds. If the reac-
tions were to proceed with rapid reversible formation of
diazonium ions followed by slow dediazoniation (k�p� kz),
slopes of s� 1.33 would be expected,[31] since in this case
transition states with essentially uncharged benzhydryl car-
bons would be involved.


Since the slopes s do not differ widely (0.75� s� 0.95), the
N parameters can be used for a direct comparison of the
nucleophilicities of the diazo compounds 1a ± g with one
another as well as with those of other nucleophiles.


More than 80 years ago, Staudinger observed different
decomposition rates of diazo compounds in the presence of
unsubstituted and halogenated acetic acids.[32] The reported
reactivity order 1a� 1b� 1d� 1e� 1g corresponds to the
nucleophilic reactivities of these diazo compounds shown in
Figure 2.


Variation of the substituents has a large influence on the
nucleophilicity of diazo compounds, and the reactivities of
1a ± g cover more than 10 orders of magnitude. Diazomethane
(1a) is the most reactive compound in this series.


As previously observed for furans and thiophenes, the
presence of a trimethylsilyl group at the position of electro-
philic attack affects the nucleophilicity of the �-system only
slightly.[33] Phenyldiazomethane (1b) is only one order of
magnitude less nucleophilic than diazomethane (1a). Con-
siderably stronger deactivation is caused by the second phenyl
group, as demonstrated by the N value of diphenyldiazo-


methane (1d), which is 5 logarithmic units smaller than N of
diazomethane (1a), probably due to steric shielding.


The retarding effect of the inductively and mesomerically
electron-withdrawing ethoxycarbonyl group is demonstrated
by the comparison of diazomethane (1a) (N� 10.48) with
ethyl diazoacetate (1e) (N� 4.91) and diethyl diazomalonate
(1g) (N��0.35), which indicates a rate decrease of approx-
imately 105 for each ester group.


In accord with the larger Hammett substituent constant of
the acetyl group (�p


�� 0.82)[34] in relation to ethoxycarbonyl
(�p


�� 0.74),[34] diazoacetone (1 f) is one order of magnitude
less nucleophilic than ethyl diazoacetate (1e).


Figure 2 furthermore shows that diazomethane (1a), phe-
nyldiazomethane (1b), and (trimethylsilyl)diazomethane (1c)
are comparable in reactivity to ketene acetals. The less
reactive compounds diphenyldiazomethane (1d), ethyl diazo-
acetate (1e), and diazoacetone (1 f), with N parameters of
around 4 ± 5, are comparable to typical silyl enol ethers and
activated allylsilanes. Two ester groups deactivate so strongly
that the nucleophilicity of diethyl diazomalonate (1g) corre-
sponds to that of 1,1-dialkylethylenes or styrenes.


Consequences : In previous work,[9] we derived the rule of
thumb that electrophile nucleophile combinations can be
expected to be observable at 20 �C if E � N�� 5 (i.e., if the
nucleophile is located below the electrophile in an arrange-
ment as shown in Figure 3).


The applicability of this rule to reactions of diazo com-
pounds with electrophiles results from the fact that all diazo


compounds investigated in this
work are characterized by slope
parameters close to the average
value of s� 0.87, from which
one derives a combination rate
constant of log k��5� 0.87�
�4.35 for electrophiles and nu-
cleophiles at equal levels in
Figure 3 (E� N��5). Assum-
ing equal initial concentrations
of 0.1� for both reactants, one
calculates a half-life of �1/2� 1/
(kc0)� 3 days: a slow reaction
at 20 �C.


In accord with the location of
13 and 14 above 1a in Figure 3,
Whitlock reported that diazo-
methane (1a) reacted with xan-
thylium perchlorate (13) to give
15 and with N-methylacridini-
um iodide (14) to give a mixture
of 16 and 17 (Scheme 10).[35]


Though Equation (1) is not
recommended for application
to reactions of tritylium ions
with �-nucleophiles (steric ef-
fects),[13, 36] the position of
Ph3C� (18) far above ethyl di-
azoacetate (1e) (E� N� 5.42),
diphenyldiazomethane (1d) (E


Figure 2. Nucleophilicity and slope parameters N/s of diazo compounds 1a ± g in comparison with other �-
systems (N parameters from ref. [11]).
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� N� 5.80), and diazomethane (1a) (E � N� 11.0) is in
accord with reports by Whitlock[37] and Olah[20] (Scheme 11).


The reaction of Ph3C�ClO4
� with phenyldiazomethane (1b)


gave a mixture of compounds, including 10% of trans-stilbene


Scheme 10. Reactions of diazomethane (1a) with heteroaromatic cati-
ons.[35]


Scheme 11. Reactions of the tritylium ion (18) with diazo compounds.[20, 37]


and 6% of tetraphenylethy-
lene.[37] Accordingly, in the re-
action of phenyldiazomethane
(1b) with (dma)2CH�OTf�, we
observed a complex mixture of
products, from which individual
compounds could not be isolat-
ed. In agreement with Equa-
tion (1), Regitz and co-workers
observed that the reaction of
tropylium bromide (19) with
ethyl diazoacetate (1e) (E �
N� 1.19) in the presence of
triethylamine yielded ethyl (cy-
cloheptatrienyl)diazoacetate
(20) (Scheme 12).[38] To achieve
reactions with weaker electro-
philes such as 2,4,6-trialkyl-
pyrylium ions, metallated diazo
compounds have been em-
ployed.[3]


Because of the reported sol-
vent dependence of the electro-
philicities of diazonium ions,[27]


only a qualitative comparison
with the results of azo couplings
can be made. The reactions of
aryldiazonium chlorides (21a ±
d) with ethyl diazoacetate (1e)
in methanol show a remarkable
agreement with the expecta-
tions from Figure 3.[39] Huisgen


Scheme 12. Reaction of tropylium bromide (19) with ethyl diazoacetate
(1e).[38]


and Koch reported that 1e reacts with p-nitrobenzene
diazonium chloride (21a) within a few minutes at 0 �C to give
a 64% yield of 22a (Scheme 13). After 24 h at room temper-
ature, a 62% yield of coupling product 22b could be isolated
from 1e and 21b, whereas 14 h at 15 �C were needed for the
reaction of 1e with 21c to obtain a yield of 16%, whilst the
least electrophilic p-methoxybenzenediazonium chloride
(21d) did not react at all with 1e.


Scheme 13. Reactions of diazonium ions 21a ± d with ethyl diazoacetate
(1e).[39]


Figure 3. Analysis of literature reports on reactions of diazo compounds with electrophiles on the basis of
Equation (1). E parameters (in parentheses) from reference [13b] (13 and 18), reference [9b] (14 and 19), and
reference [27b] (21a ± d).
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On the assumption that the nucleophilicity of dibenzoyl-
diazomethane resembles that of diethyl diazomalonate (1g),
Figure 3 explains why this compound does not even react with
the p-nitrobenzenediazonium ion (21a).[39] Since the 2,4-
dichlorobenzenediazonium ion can be expected to have an
electrophilicity parameter similar to that of the p-nitro-
benzenediazonium ion (based on Hammett×s �), its reported
azo coupling with diazoacetone[39] is also in agreement with
Figure 3.


The higher nucleophilicity of diphenyldiazomethane (1d)
than of ethyl diazoacetate (1e) is in agreement with the report
that the benzenediazonium ions 21a ± c react with 1d within a
few minutes to give the �-phenylazobenzhydryl ethers 23a ± c
in 54 ± 70% yield[39] (Scheme 14).


Scheme 14. Reactions of the diazonium ions 21a ± c with diphenyldiazo-
methane (1d).[39]


As predicted by Figure 3, the p-nitrobenzenediazonium ion
(21a) reacts rapidly with phenyldiazomethane (1b), but as in
reactions with tritylium and benzhydrylium ions, identifica-
tion of the products was not possible.[39]


The highly nucleophilic diazomethane (1a) (see Figure 3)
was found to react both with p-nitro- and with the unsub-
stituted benzenediazonium ion.[39] Since product studies
indicated a different type of mechanism in these reactions
([3�2] cycloadditions), application of Equation (1) is not
possible. In future work, the rates of 1,3-dipolar cycloaddition
reactions will be compared with the rates predicted by
Equation (1), in order to gain further insight in the mecha-
nisms of these reactions.


Experimental Section


The benzhydryl salts Ar2CH� (see Table 1) were prepared as described.[11]


(Trimethylsilyl)diazomethane (1c, 2� in hexane) and ethyl diazoacetate
(1e, 	10% in CH2Cl2) were purchased from Fluka. Diazomethane (1a)
was prepared from N-methyl-N-nitroso-p-toluenesulfonamide with KOH
in CH2Cl2/n-butanol instead of by using ether and ethanol as solvents as
described.[40] The reaction flask was kept at 60 �C and diazomethane
distilled off immediately after formation. For the preparative investiga-
tions, diazomethane was distilled directly into the solution of the
benzhydrylium salts through a condenser, which keeps back the refluxing
solvent. For the kinetic experiments, 1a was used as a solution in CH2Cl2.
The concentrations of the solutions of 1a, 1c, and 1e were determined
directly before use by titration as described.[41]


Phenyldiazomethane (1b)[42] (from benzaldehyde p-toluenesulfonylhydra-
zone[42]) diphenyldiazomethane (1d)[43] (from commercially available
benzhydrylidene hydrazine), diazoacetone (1 f)[44] (from acetyl chloride
and diazomethane), and diethyl diazomalonate (1g)[45] (from diethyl
malonate and tosyl azide[46]) were prepared as described in the literature.


Products of the reactions of the diazo compounds 1with the benzhydrylium
salts Ar2CH�X� were synthesized by addition of the diazo compounds to


stirred solutions of the benzhydrylium salts in dry CH2Cl2. After fading of
the color, the reaction mixture was stirred with water or NH3, the layers
were separated, and the organic solvent was removed in vacuo. The residue
was purified by crystallization or column chromatography.


For details and characterization of the products see the Supporting
Information.


Concentrations and rate constants for the individual kinetic experiments
for the reactions of diazo compounds with benzhydryl cations are given in
the Supporting Information.
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Tetrameric, Trititanium(��)-Substituted Polyoxotungstates with an �-Dawson
Substructure as Soluble Metal-Oxide Analogues: Molecular Structure of the
Giant ™Tetrapod∫ [(�-1,2,3-P2W15Ti3O62)4{�3-Ti(OH)3}4Cl]45�


Yoshitaka Sakai,[a] Kenji Yoza,[b] Chika Nozaki Kato,[a] and Kenji Nomiya*[a]


Abstract: The preparation and structur-
al characterization of the novel poly-
oxoanion [(�-1,2,3-P2W15Ti3O62)4{�3-Ti-
(OH)3}4Cl]45� (1a ; abbreviated to
{TiO6}16; FW �16000) which consists
of four tri-TiIV-1,2,3-substituted �-Daw-
son substructures, four Ti(OH)3 bridging
groups, and one encapsulated Cl� ion,
are described. A water-soluble, all-inor-
ganic composition compound of the
tetrameric Ti-O-Ti-bridged anhydride
form, NaxH45�x[1a] ¥ yH2O (1; x� 16 ±
19, y� 60 ± 70), which was afforded by
the reaction of the tri-lacunary Dawson
polyoxotungstate Na12[B-�-P2W15O56] ¥
19H2O with an excess of TiCl4 in aque-
ous solution, was obtained as analyti-


cally pure, homogeneous colorless crys-
tals. Single-crystal X-ray structure anal-
ysis revealed that 1a was an inorganic,
giant ™tetrapod∫-shaped molecule (in-
scribed to a sphere with a diameter of
�32 ä) with approximately Td symme-
try, in which the 16 edge- and/or corner-
shared TiO6 octahedra were contained.
This number of TiO6 octahedra was
larger than that found in other titan-
ium(��)-substituted polyoxotungstates.
Complex 1 was characterized by com-


plete elemental analysis, TG/DTA,
FTIR, UV/Vis absorption, and solution
(31P and 183W) NMR spectroscopy. The
longest wavelength band in the UV/Vis
absorption spectra of 1 in water was
attributed to the O�TiIV ligand-to-
metal charge-transfer (LMCT) transi-
tion: the wavelength of the LMCT band
increased linearly as the number of TiO6


octahedra contained in the Keggin and
Dawson polyoxoanions increased. The
Tin chromophores formed in the Keggin
and Dawson polyoxotungstates are wa-
ter-soluble analogues of solid TiO2 or
SrTiO3 as light-semiconductors and pho-
tocatalysts.


Keywords: titanium ¥ polyoxo-
metalates ¥ UV/Vis spectroscopy ¥
X-ray diffraction


Introduction


Polyoxoanions are molecular metal-oxide clusters that are of
current interest as soluble analogues of heterogeneous metal
oxides and because of their applications in catalysis, medicine,
and material sciences.[1] Site-selective substitution of WVI


atoms in polyoxoanions by TiIV atoms is particularly interest-
ing because of the multicenter active sites formed with corner-
or edge-sharing TiO6 octahedra, and because of the water-
soluble molecular modeling of titanium oxides as high-


semiconductors and photocatalysts; TiO2
[2a±c] consists of


edge-sharing TiO6 octahedra, and perovskite SrTiO3
[2d±f]


consists of corner-sharing TiO6 octahedra.
The ionic radius of TiIV (0.75 ä) is close to that of WVI


(0.74 ä), suggesting that TiIV should fit nicely into the
polyoxotungstate framework. However, there is the signifi-
cant issue of the formation of oligomeric Ti-O-Ti anhydrides
resulting from substitution by several TiIV atoms, whereas the
monomeric, mono- and di-TiIV-substituted Keggin polyoxo-
tungstates have been realized in [�-1,5-PW10Ti2O40]7�[3a,b] and
[�-PW11TiO40]5�.[3c,d] In fact, the tri-TiIV-1,2,3-substituted Keg-
gin polyoxotungstates heretofore prepared are dimeric,
Ti-O-Ti-bridged anhydride forms, for example, [�,�-
Si2W18Ti6O77]14�,[3e] [�,�-Ge2W18Ti6O77]14�,[3f] and the recently
found [�,�-P2W18Ti6O77]12� (all abbreviated to {Ti6}).[3g] The
dimeric, Ti-O-Ti-bridged anhydride form of the di-TiIV-1,2-
substituted �-Keggin polyoxotungstate, [�,�-P2W20Ti4O78]10�,
has also recently been elucidated.[3h] The nature of the
bonding of the TiO6 octahedra in these Keggin polyoxoanions
is corner-sharing, and thus resembles that in perovskite
SrTiO3 rather than that in TiO2. Among the titanium(��)-
substituted Keggin polyoxometalates, the largest number of
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titanium(��) octahedra contained in one molecule is six, as
found in the dimeric, tri-TiIV-substituted polyoxometalates
described above.


The oligomeric Ti-O-Ti anhydride forms are very stable
and, therefore, isolation of the monomeric forms from these
TiIV-substituted polyoxotungstates is very difficult. Thus, the
ease of oligomerization observed for the TiIV-substituted
polyoxotungstates, in contrast to that for other d0 metal (VV


and NbV) substituted polyoxotungstates, will be employed for
the synthesis of large polyoxotungstate-based inorganic
molecules with higher nuclearity and higher molecular
weights.


The two tri-TiIV-substituted Dawson polyoxotungstates
recently found, that is K28H8[P2W15Ti3O60.5]4 ¥ 0.8KCl ¥ 56H2O
and K28H8[P2W15Ti3O60.5]4 ¥ 46H2O, have been suggested to be
tetrameric, Ti-O-Ti anhydride forms on the basis of complete
elemental analysis, ultracentrifugation molecular weight
measurements, and solution (183W and 31P) NMR spectro-
scopy.[4] The former, which was prepared in aqueous solution
in the reaction of the tri-lacunary Dawson polyoxoanion
[P2W15O56]12� with Ti(SO4)2 in a 1:3 molar ratio, was obtained
as a powder sample containing KCl, whereas the latter was
obtained as a crystalline compound without KCl derived from
the KCl-adduct, although the crystals of the KCl-free com-
pound were not suitable for X-ray structure analysis. Very
recently, we successfully determined the molecular structure
of the KCl-adduct, NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥ yH2O
(x� 21 ± 26, y� 60 ± 70, {Ti12}), which contained an inorganic,
giant ™tetrapod∫ molecule composed of four tri-TiIV-1,2,3-
substituted �-Dawson substructures and one encapsulated
chloride ion.[5] Separately, Kortz et al. have very recently
determined the molecular structure of the ammonium potas-
sium salt of the KCl-free compound, K4(NH4)20-
[(P2W15Ti3O57.5(OH)3)4] ¥ 77H2O ({Ti12}), which was prepared
in aqueous solution by the reaction of [P2W15O56]12� with
TiO(SO4) in a 1:3 molar ratio.[6] The molecular structure was a
giant ™tetrapod∫ without an encapsulated chloride ion.


In this work, we have unexpectedly found a novel
™tetrapod∫-shaped polyoxotungstate, NaxH45�x[(�-1,2,3-
P2W15Ti3O62)4{�3-Ti(OH)3}4Cl] ¥ yH2O (1: x� 16 ± 19, y� 60 ±
70)�NaxH45�x[1a] ¥ yH2O, which was prepared by the reac-
tion of [P2W15O56]12� with an excess amount of TiCl4 in
aqueous solution. The polyoxoanion unit, [(�-1,2,3-
P2W15Ti3O62)4{�3-Ti(OH)3}4Cl]45� (1a ; {Ti16}), was revealed to
be an inorganic, giant ™tetrapod∫ molecule composed of four
tri-TiIV-1,2,3-substituted �-Dawson substructures, four
Ti(OH)3 bridging groups, and one encapsulated chloride
ion; thus overall the structure contains 16 titanium atoms.
Herein, we report full details of the synthesis and character-
ization of 1 and the molecular structure of 1a.


Results and Discussion


Reaction of Na12[B-P2W15O56] ¥ 19H2O (5.0 g, 1.15 mmol) with
an excess of TiCl4 (ca. 1 mL, ca. 9.10 mmol) in aqueous
solution in a water bath at about 80 �C for 30 min afforded the
water-soluble sodium salt 1. Analytically pure, colorless
crystals of 1 were obtained in 5.61 ± 5.69% (0.29 g scale) yield


by slow evaporation of the crude product in water at room
temperature. Compound 1 was characterized by elemental
analysis, TG/DTA, FTIR, 31P and 183W NMR, UV/Vis
absorption measurements, and single-crystal X-ray analysis.
The ionic balance for the formation of 1a is shown in
Equation (1).


16Ti4� � Cl� � 4[P2W15O56]12� � 36H2O�
[(P2W15Ti3O62)4{�3-Ti(OH)3}4Cl]45� (1a) � 60H� (1)


The FTIR spectrum of 1 (�� � 1090, 954, 914, 828, 656, 561,
531, 418 cm�1), measured as a KBr disk, showed the character-
istic vibrational bands of the Dawson-type ™P2W18O62


6�∫
polyoxotungstate framework (Figure 1d).[7] The positions of


Figure 1. FTIR spectra in the polyoxoanion region (1200 ± 400 cm�1),
measured as KBr disks, of a) NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥ yH2O (x�
21 ± 26, y� 60 ± 70) , b) K28H8[P2W15Ti3O60.5]4 ¥ 0.8 KCl ¥ 56H2O,
c) K28H8[P2W15Ti3O60.5]4 ¥ 46H2O, and d) NaxH45�x[(�-1,2,3-
P2W15Ti3O62)4{�3-Ti(OH)3}4Cl] ¥ yH2O (x� 16 ± 19, y� 60 ± 70) (1).


all bands in the polyoxoanion region in 1 were very similar to
those of the recently reported, three tetrameric polyoxotung-
states, that is, NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥ yH2O (x� 21 ±
26, y� 60 ± 70) (Figure 1a: �� � 1090, 952, 918, 832, 692,
663 cm�1), K28H8[P2W15Ti3O60.5]4 ¥ 0.8 KCl ¥ 56H2O (Figure 1b:
�� � 1089, 950, 917, 833, 692, 661 cm�1) and
K28H8[P2W15Ti3O60.5]4 ¥ 46H2O (Figure 1c: ��� 1088, 948, 916,
830, 693, 661 cm�1).


The 183W NMR spectrum of 1 measured in D2O at 23.3 �C
showed a three-line spectrum with signals at ���145.0,
�181.5, and �201.4 ppm with integrated intensities of 1:2:2
(Figure 2d). This spectrum is in accord with the presence of
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two tungsten belts consisting of six WO6 octahedra and a
tungsten cap of three WO6 octahedra (W3 cap). Thus, the
three TiIV octahedra are edge-shared within the �-Dawson
polyoxoanion, which leads to the formation of the Ti3 cap site.


Figure 2. 183W NMR spectra in D2O of a) NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥
yH2O (x� 21 ± 26, y� 60 ± 70), b) K28H8[P2W15Ti3O60.5]4 ¥ 0.8 KCl ¥ 56H2O,
c) K28H8[P2W15Ti3O60.5]4 ¥ 46H2O, and d) NaxH45�x[(�-1,2,3-P2W15Ti3O62)4-
{�3-Ti(OH)3}4Cl] ¥ yH2O (x� 16 ± 19, y� 60 ± 70) (1). The resonance at 0.0
ppm is due to the external reference: saturated Na2WO4 ±D2O solution.


The 31P NMR spectrum of 1 in D2O at 21.3 �C showed a clean
two-line spectrum with signals at ���7.04 and �13.77 ppm,
confirming its purity and single-product nature (Figure 3d).
The downfield resonance is assigned to the phosphorus atom
closest to the Ti3 cap, whereas the upfield resonance is due to
the phosphorus atom closer to the W3 cap. The 183W and 31P
NMR spectra are consistent with the results of the X-ray
structure analysis and are comparable to those of the recently
reported, tetrameric TiIV-substituted Dawson polyoxotung-
states; NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥ yH2O (x� 21 ± 26,
y� 60 ± 70) (183W NMR in D2O at 19.7 �C (Figure 2a): ��
�148.3(3W� 4), �185.8 (6W� 4), �211.2 ppm (6W� 4);
31P NMR in D2O at 25 �C (Figure 3a): ���7.6, �14.0 ppm);
K28H8[P2W15Ti3O60.5]4 ¥ 0.8 KCl ¥ 56H2O (183W NMR in D2O at
25 �C (Figure 2b): ���147.6 (3W� 4), �183.5 (6W� 4),
�210.8 ppm (6W� 4); 31P NMR in D2O at 25 �C (Figure 3b):
���7.7, �14.0 ppm); and K28H8[P2W15Ti3O60.5]4 ¥ 46H2O
(183W NMR in D2O at 25 �C (Figure 2c): ���149.1 (3W�
4), �183.9 (6W� 4),� -213.4 ppm (6W� 4); 31P NMR in
D2O at 25 �C (Figure 3c): ���7.4, �13.9 ppm).


Figure 3. 31P NMR spectra in D2O of a) NaxH33�xK4[(P2W15Ti3O60.5)4Cl] ¥
yH2O (x� 21 ± 26, y� 60 ± 70), b) K28H8[P2W15Ti3O60.5]4 ¥ 0.8 KCl ¥ 56H2O,
c) K28H8[P2W15Ti3O60.5]4 ¥ 46H2O, and d) NaxH45�x[(�-1,2,3-
P2W15Ti3O62)4{�3-Ti(OH)3}4Cl] ¥ yH2O (x� 16 ± 19, y� 60 ± 70) (1). The
resonance at 0.0 ppm is due to the external reference: 25% H3PO4 in
H2O. In each case a very high level of purity is indicated (that is, with
respect to any other P-containing polyoxoanions or other materials).


The structure analysis of 1a revealed that the molecular
structure was based on four Dawson units linked through Ti-
O-Ti bonds and bridging �3-Ti(OH)3 groups such that 1a
displayed Td symmetry (Figure 4a). The partial structure
containing one Dawson unit to which three Ti(OH)3 groups
are linked is depicted in Figure 4b. The molecular structure of
1a was composed of one encapsulated Cl� ion and four
™P2W15Ti3O62∫ Dawson-polyoxoanion units (designated as A,
B, C, and D) linked to four bridging �3-Ti(OH)3 groups
(designated asW, X, Y, and Z), each Dawson unit of which has
the same �-Dawson structure [�-1,2,3-P2W15Ti3O62]12�. As
expected, the three TiO6 octahedra (Ti3 cap) in each
™P2W15Ti3∫ Dawson unit substituted the three edge-sharing
WO6 octahedra (W3 cap) of [�-P2W18O62]6�. The three
terminal oxygen atoms of the Ti3 cap were linked to three
different Ti(OH)3 groups through Ti-O-Ti bonds, that is
Dawson unit A is connected to Ti(OH)3 (X, Y, and Z),
Dawson unit B is connected to Ti(OH)3 (Y, Z, and W),
Dawson unit C is connected to Ti(OH)3 (Y, X, and W), and
Dawson unit D is connected to Ti(OH)3 (W, X, and Z). The
four Ti(OH)3 groups occupy the corners of a large tetrahedron
in which one Cl� ion is encapsulated. Thus, the giant
™tetrapod∫ molecule 1a has approximately Td symmetry and
this molecule was inscribed to a sphere with a diameter of
�32 ä (the longitudinal distance of one Dawson unit is
�12.7 ä). The three Ti atoms and fifteen W atoms in each
Dawson unit, as well as the bridging Ti(OH)3 group all
exhibited conventional octahedral coordination polyhedra.
The polyhedral representation of 1a is shown in Figure 4c.
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With respect to Dawson unit A (Figure 4d), in the W3 cap,
the W�Ot (Ot: terminal oxygen) [1.69(2) ± 1.74(2) ä], W�Oe
(Oe: edge-sharing oxygen) [1.92(2) ± 1.99(2) ä], W�Oc (W
belt) (Oc: corner-sharing oxygen) [1.86(2) ± 1.91(2) ä], and
W�Oa (Oa: oxygen coordinated to P atom) [2.35(2) ±
2.39(2) ä] distances are in the normal range.[1b] In the belt
W(4 ± 9), the W�O bond lengths were as follows: W�Ot
[1.66(2) ± 1.75(2) ä], W�Oe [1.89(2) ± 1.95(2) ä], W�Oc (M
cap) [1.91(2) ± 1.97(2) ä], W�Oc in the same belt [1.87(2) ±
1.92(2) ä], W�Oc between the belts [1.84(2) ± 1.90(2) ä], and
W�Oa [2.32(2) ± 2.38(2) ä]. In the belt W(10 ± 15), the W�O
bond lengths were as follows: W�Ot [1.69(2) ± 1.73(2) ä],
W�Oe [1.88(2) ± 1.97(2) ä], W�Oc (M cap) [1.81(2) ±


1.88(2) ä], W�Oc in the same belt [1.88(2) ± 1.95(2) ä],
W�Oc between the belts [1.91(2) ± 1.98(2) ä], and W�Oa
[2.34(2) ± 2.39(2) ä].


In the Ti3 cap, the Ti�O bond lengths were as follows:
Ti�Ot [1.77(2) ± 1.79(2) ä], Ti�Oe [1.98(2) ± 2.05(2) ä], Ti-
�Oc (W belt) [1.87(2) ± 1.94(2) ä], and Ti�Oa [2.27(2) ±
2.30(2) ä]. The Ti�O bond lengths between the three
terminal oxygen atoms (O49A, O51A, O53A) of the Ti3 cap
and the bridging Ti(OH)3 group were Ti1X�O49 1.81(2),
Ti1Y�O51A 1.81(2), and Ti1Z�O53A 1.84(2) ä. The Ti-O-Ti
angles between the Ti3 cap and the three bridging Ti(OH)3
groups were Ti1A-O49A-Ti1X 158.2(14), Ti2A-O51A-Ti1Y
152.0(14), and Ti3A-O53A-Ti1Z 160.0(14)�. Dawson unit A


Figure 4. a) Molecular structure with 50% probability ellipsoids of the tetrameric, Ti-O-Ti-bridged anhydride form [(�-1,2,3-P2W15Ti3O62)4{�3-
Ti(OH)3}4Cl]45� (1a) containing one Cl� ion encapsulated in the central cavity, b) the partial structure containing one Dawson unit to which the three
Ti(OH)3 groups are linked, c) the polyhedral representation of 1a, and d) the partial structure of Dawson unit A and the atom numbering.
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contains two central P atoms which reside in almost regular
PO4 tetrahedral environments: the PO4 tetrahedron closest to
the Ti3 cap has P�O distances of 1.51(2) ± 1.59(2) ä and O-P-
O angles of 106.4(13) ± 112.3(13)�, and the PO4 tetrahedron
closer to the W3 cap has P�O distances of 1.51(2) ± 1.60(2) ä
and O-P-O angles of 105.9(13) ± 113.3(13)�.


The bond valence sums (BVS),[8] calculated based on the
observed bond lengths for Dawson units A, B, C, and D,
corresponded reasonably to the formal valences of Ti4�, W6�,
and P5�, respectively. The BVS for Dawson unit Awere in the
range of 3.955 ± 4.100 for the three Ti atoms, 5.649 ± 6.455 for
the fifteen W atoms, and 4.826 ± 4.928 for the two P atoms,
those of Dawson unit B were in the range of 4.052 ± 4.129 for
the three Ti atoms, 5.796 ± 6.480 for the fifteen W atoms, and
4.780 ± 4.902 for the two P atoms, those of Dawson unit C
were in the range of 3.914 ± 4.130 for the three Ti atoms,
5.639 ± 6.566 for the fifteen Watoms, and 4.867 ± 4.869 for the
two P atoms, and those for Dawson unit D were in the range
of 3.881 ± 4.131 for the three Ti atoms, 5.733 ± 6.599 for the
fifteen W atoms, and 4.814 ± 4.994 for the two P atoms. The
BVS for the Ti atoms of the four bridging Ti(OH)3 groups
were in the range of 3.999 ± 4.164.


The molecular weight of 1, which contains 76 metal atoms
(W60Ti16 nuclei), was more than 16000 and thus of the
same order as those of the recently reported polyoxo-
molybdate-based giant molecules, [HxPMo12�O40CH4MoV


I72-
FeIII30(CH3COO)15O254(H2O)98] ¥ ca.60H2O (FW �17000),[9a]


[Mo72Fe30O252(CH3COO)12{Mo2O7(H2O)}2{H2Mo2O8(H2O)}-
(H2O)91] ¥ ca.150H2O (FW �15900), and [H4Mo72Fe30O254-
(CH3COO)10{Mo2O7(H2O)}{H2Mo2O8(H2O)}3(H2O)87] ¥ ca.
80H2O (FW �16000),[9b] but is much smaller than those of
O40CH4Na16[MoVI


124MoV
28O429(�3-O)28H14(H2O)66.5] ¥ca. 300H2O


(FW �23474.6)[9c] and [(MoO3)176(H2O)80H32] (FW�
26800).[9d] Complex 1 is different from the recently reported
anhydride tetramers with tri-TiIV-substituted Dawson struc-
tures [(P2W15Ti3O60.5)4Cl]37� (FW: 15700),[4, 5] and
[{P2W15O57.5Ti3(OH)3}4]24�,[6] which do not contain bridging
Ti(OH)3 groups. Thus at present there are at least two types of
analytically pure polyoxotungstate-based giant ™tetrapod∫
molecules that are based on tetrameric Ti-O-Ti-bridged
anhydride forms of the tri-TiIV-substituted Dawson polyox-
otungstate (if the encapsulated Cl� ion is not taken into
account), namely, one with and one without bridging Ti(OH)3
groups.


The number of titanium atoms and the structures of the
titanium centers have a remarkable influence on the UV
absorption properties in both solution and the solid state. For
example, the positions of the adsorption edge energies for
low-energy charge-transfer transitions in DR-UV spectra of
various transition-metal oxides have been shown to correlate
with the domain size of semiconductors and insulators.[10] The
individual adsorption edge energies of anatase and rutile TiO2


and SrTiO3 have also been determined and the values are
3.2 eV (corresponding wavelength: 384 nm),[2c] 3.0 eV
(410 nm),[2c] and 3.4 eV (364 nm),[2f] respectively. However,
the correlation between the number of titanium atoms present
in corner- or edge-sharing TiO6 octahedra and the UV
absorption properties at atomic/molecular levels has not
hitherto been reported.


The UV/Vis absorption spectrum of 1 in water diplays an
absorption at 289 nm (�� 4.13 ± 4.19� 105 mol�1 dm3cm�1


based on the formula weight with x� 16 ± 19, y� 60 ± 70),
which is ascribed to the O�TiIV LMCT band. This absorp-
tion band is shifted to a longer wavelength than that measured
in water for the previously reported Na26H7K4[(P2W15-


Ti3O60.5)4Cl] ¥ 70H2O (269 nm; �� 4.28� 105mol�1dm3cm�1).
The wavelength of the LMCT band of 1 was also much longer
than those of the Keggin-type dimeric Ti-O-Ti anhydride
forms K10H2[�,�-P2W18Ti6O77] ¥ 17H2O (�max� 257 nm, ��
1.11� 105mol�1dm3cm�1) and K10[�,�-P2W20Ti4O78] ¥ 12H2O
(�max� 259 nm, �� 1.48� 105mol�1dm3cm�1). Notably, the
increased number of titanium(��) octahedra in the polyoxo-
anion correlates linearly to the longer wavelength absorption
in the UV/Vis absorption spectrum (Figure 5). The isolated
TiO6 octrahedra, which are surrounded by many WO6


octahedra, construct Ti2, Ti4, and Ti6 chromophores with
corner-shared TiO6 octahedra for the monomeric di-TiIV-
substituted Keggin polyoxoanion [1,5-PW10Ti2O40]7�,[3a,b] di-
meric di- and tri-TiIV-substituted Keggin polyoxoanions [�,�-
P2W20Ti4O78]10�[3h] and [�,�-P2W18Ti6O77]12�,[3g] respectively. In
addition, a Ti6 chromophore with edge-shared TiO6 octahedra
with two Ti(C2O4)2 bridging groups is constructed in the di-
TiIV-substituted Dawson polyoxoanion [P4Ti6W32O132]28�,[11] a
Ti12 chromophore with the edge-shared Ti3 caps, and corner-
sharing aggregation among the four Dawson units is present
in the tri-TiIV-substituted Dawson polyoxoanion
[(P2W15Ti3O60.5)4Cl]37�,[4, 5] and a Ti16 chromophore with
edge-shared Ti3 caps and corner-sharing aggregation among
the Dawson units and the bridging Ti(OH)3 groups occurs in
1a.


In conclusion, the water-soluble sodium salt 1 of a giant
™tetrapod∫ inorganic molecule with approximately Td sym-
metry, [(�-1,2,3-P2W15Ti3O62)4{�3-Ti(OH)3}4Cl]45� (1a), which
contains 76 metal atoms (W60Ti16 nuclei) and has a molecular
weight of more than 16000, was prepared and the molecular
structure of 1a was determined. Interestingly, UV/Vis ab-
sorption spectra suggest that the Ti16 center in complex 1
shows the longest wavelength to date for the O�TiIV LMCT
band in titanium-containing polyoxometalate-based mole-
cules, and the wavelength of the LMCT band increased
linearly with the increase in the number of titanium atoms in
one molecule. These facts suggest that the Tin chromophores
formed in the Keggin and Dawson polyoxotungstates might
be water-soluble, molecular models of solid TiO2 or SrTiO3 as
light-semiconductor and/or photocatalysts.


Experimental Section


Synthesis of 1: In a fume hood, TiCl4 (ca. 1 mL, ca. 9.10 mmol) was added to
water (50 mL) in an ice bath, and the white suspension was filtered through
a folded filter paper (Whatman No. 5). Solid Na12[B-�-P2W15O56] ¥
19H2O[12] (5.0 g 1.15 mmol) was added to the clear colorless filtrate. The
clear pale yellow solution was stirred for 30 min on a water bath at about
80 �C. After the pale yellow solution had been cooled to room temperature,
the solvent was removed by using a rotary evaporator at 40 �C, until a
powder began to form (ca. 10 mL volume). The volume was further
concentrated to about 7 mL on a water bath at about 90 �C. The resulting
clear yellow solution was left to stand at room temperature overnight.
White crystalline solids that formed were collected on a medium glass frit
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(G3) and dried in vacuo for 2 h. The crude product was obtained as a white
powder (2.2 ± 2.8 g).


Crystallization of 1: The crude product (5.5 g) was dissolved in water
(4 mL) by warming on a water bath at 90 �C. The clear pale yellow solution
was evaporated to about 3 mL by using a water bath at 90 �C. The solution
was divided into two portions, which were slowly evaporated at room
temperature. After about 24 h, clear colorless granular crystals formed; one
portion was used for X-ray diffraction measurements, and the other portion
was used for the characterization as described below. The white powder was
obtained in 5.61 ± 5.69% yield (0.29 g scale). Elemental analysis (%):
found: H 0.18, Na 2.51, P 1.48, W 67.0, Ti 4.61, O 23.5, Cl 0.27; total 99.6%.
Calculated values were fitted within allowed errors for all x� 16 ± 19 in
NaxH45�x[(�-1,2,3-P2W15Ti3O62)4{�3-TiO3}4Cl]. Calcd for x� 19 or
H38Na19P8W60Ti16O260Cl: H 0.23, Na 2.61, P 1.48, W 66.0, Ti 4.58, O 24.9,
Cl, 0.21; calcd for x� 16 or H41Na16P8W60Ti16O260Cl: H 0.25, Na 2.21, P 1.49,
W 66.3, Ti 4.60, O 25.0, Cl 0.21}. A weight loss of 6.39% was observed
during the course of drying at room temperature at 10�3 ± 10�4 Torr
overnight before analysis, suggesting the presence of 63 ± 64 water
molecules weakly solvated or adsorbed. TG/DTA under atmospheric
conditions: a weight loss of 7.38% was observed below 433 �C with
endothermic points at 93 and 135 �C; calcd 7.39% for y� 74 in Na19H26[(�-
1,2,3-P2W15Ti3O62)4{�3-Ti(OH)3}4Cl] ¥ yH2O; IR (KBr disk) (polyoxometa-
late region): �� � 1090vs, 954vs, 914s, 828vs, 656vs (br), 561s, 531s, 418wcm�1;
31P NMR (21.3 �C, D2O): ���7.04, �13.77; 183W NMR (23.3 �C, D2O): ��
�145.0 (3W� 4), �181.5 (6W� 4), �201.4 (6W� 4); UV/Vis absorption
(water): �max� 289 nm (� 4.13 ± 4.19� 105 mol�1dm3 cm�1 based on the
formula weight with x� 16 ± 19, y� 60 ± 70).


X-ray crystallography for 1: A colorless granular crystal of 1 (0.49� 0.40�
0.37 mm) was picked up with a cryo loop TM (from Hampton Research).
The crystal was coated with liquid paraffin to prevent its degradation. Data
were collected on a Bruker SMARTAPEX CCD diffractometer at 90 K in
the range 4.7� 2	� 43.9�. The intensity data were automatically corrected
for Lorentz and polarization effects during integration. The structure was
solved by direct methods (SHELXS-97, G. M. Sheldrick, 1990) followed by
subsequent difference Fourier calculations and refined by full-matrix least-


squares procedure (SHELXS-97, G. M. Sheldrick, 1997) (both programs
from G. M. Sheldrick, University Gˆttingen, 1997). The site occupancy
factor of the oxygen as solvent water was refined. The site occupancy factor
of the sodium was fixed at 0.5. Crystal data for ClNa14.50O369.12P8Ti16W60,
Mr� 18319.88, monoclinic, space group P2(1)/c (no. 14), a� 26.785(3), b�
50.471(5), c� 27.721(3) ä, �� 94.525(2)�, V� 37359(7) ä3, Z� 4, 
calcd�
3.253 gcm�3, �(MoK�)� 18.88mm�1. Rint� 0.2301, R1� 0.0804, wR2�
0.1995, GOF� 0.992 (189346 total reflections, 45560 unique reflections
were I� 2�(I)). The maximum and minimum residual density (14.12 and
�6.77, respectively) holes were located at 0.85 ä from W2B and 0.54 ä
from W2B, respectively. Further details on the crystal structure inves-
tigation may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germeny (fax: (�49)7247-808-666);
e-mail crysdata@fiz-karlsruhe.de, on quoting the depository number CSD-
3912214.
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A Combined Spectroscopic and Theoretical Study of a Series of
Conformationally Restricted Hexapeptides Carrying a Rigid
Binaphthyl ± Nitroxide Donor ± Acceptor Pair
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Abstract: The structural features of a
series of linear hexapeptides of general
formula Boc-B-Ar-T-Am-OtBu, where A
is �-Ala or Aib (�-aminoisobutyric
acid), B is (R)-Bin, a binaphthyl-based
C�,�-disubstituted Gly residue, T is Toac,
a nitroxide spin-labeled C�,�-disubstitut-
ed Gly, and r�m� 4, were investigated
in methanol solution by fluorescence,
transient absorption, IR and CD spec-
troscopic studies, and by molecular me-
chanics calculations. These peptides are
denoted as B-T/r-m, to emphasize the
different position of Toac with respect to
that of the Bin fluorophore in the amino
acid sequence. The rigidity of the B-T
donor ± acceptor pair and of the Aib-rich
backbone allowed us to investigate the
influence of the interchromophoric dis-
tance and orientation on the photophy-
sics of the peptides examined. The


excited state relaxation processes of
binaphthyl were investigated by time-
resolved fluorescence and transient ab-
sorption experiments. Dynamic quench-
ing of the excited singlet state of bi-
naphthyl by Toac was successfully inter-
preted by the Fˆrster energy transfer
model, provided that the mutual orien-
tation of the chromophores is taken into
account. This implies that interconver-
sion among conformational substates,
which involves puckering of the Toac
piperidine ring, is slow on the time scale
of the transfer process, that is slower
than 5 ns. By comparison of the exper-


imental and theoretical data, the type of
secondary structure (right-handed 310
helix) from the B-T/r-m peptides in
solution was determined; this would
not have been achievable by using the
CD and NMR data only, as the data are
not diagnostic in this case. Static
quenching was observed in all peptides
examined but B-T/1-3, where the effect
can be ascribed to a non-fluorescent
complex. Among the computed low-
energy conformers of these peptides,
there is one structure exhibiting a NO. ±
naphthalene center-to-center distance
�6 ä, which might be assigned to this
complex. The overall results emphasize
the versatility of fluorescence experi-
ments in 3D-structural studies in solu-
tion.


Keywords: amino acids ¥
atropisomerism ¥ conformation
analysis ¥ molecular dynamics ¥
time-resolved spectroscopy


Introduction


Protein ± protein and protein ± nucleic acid interactions are
important naturally occurring processes,[1] which involve
helical structural segments of both partners. This explains
the current remarkable interest in both model peptides


containing amino acids with a high helix propensity, such as
C�,�-disubstituted Gly residues,[2] and conformational equili-
bria involved. A rapid identification of the most relevant 3D-
structural features of the peptides in solution is thus a
significant aspect of their investigation and of their intermo-
lecular interactions in general. Time-resolved fluorescence
spectroscopy represents a valuable tool in tackling this
problem, provided that the compounds under investigation
carry appropriate chromophores. Nitroxyl radicals are there-
fore widely employed to probe the structural and dynamical
features of biological materials, such as membranes, proteins
and micelles;[3±6] they are also employed to test the reactivity
of hemo- and iron-sulfur proteins.[7] Despite the wide interest
in nitroxyl radicals, the mechanism by which excited states of
aromatic molecules are quenched by paramagnetic species
still remains to be solved. Electron exchange interactions,
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which enhance internal conversion to the ground state, were
invoked to explain the photophysics of a series of covalently
linked nitroxide/fluorophore compounds, with interchromo-
phoric distances in the range of 6 ± 9 ä.[8] Exchange inter-
actions were reported to predominate in the intermolecular
quenching of freely diffusing donor ± acceptor systems com-
prising a nitroxide quencher,[4] because a strong electronic
coupling and overlap of electronic distributions are required
for such short-range mechanism. By contrast, in covalently
linked donor ± acceptor systems, particularly where the photo-
physical probes are separated by rigid spacers, long-range
electron transfer[3c] and Fˆrster energy transfer[3b, 9] were
found to be important. Spectral measurements showed that
Fˆrster transfer mechanism extends the nitroxide quenching
radius to as much as 10 ä.[10]


On the other hand, the relevant charge-transfer character
of the binaphthyl excited states and the strong exciton
coupling between the two naphthyl moieties have been
extensively investigated.[9, 11] In addition, 1,1�-binaphthyl de-
rivatives were employed as rigid fluorophores in photophys-
ical studies,[11] and as homogeneous catalysts in asymmetric
reactions.[12a] They were also used for tailoring new materi-
als,[12b] such as chiral hosts in molecular recognition processes.


We present here a structural study, based on spectroscopic
and theoretical data, on a series of conformationally restricted
hexapeptides carrying both a nitroxide derivative and a
binaphthyl group. The presence of Aib (�-aminoisobutyric
acid) residues in the main chain leads to ordered secondary
structures because of its high helix-forming propensity, as a
result of the steric constraints of the gem-dimethyl
group.[2c,d, 13] The general formula of these peptides is Boc-B-
Ar-T-Am-OtBu (Boc: tert-butyloxycarbonyl, OtBu: tert-bu-
toxy, A: �-Ala or Aib, B: (R)-Bin, i.e., 4,5-dihydro-4-amino-
3H-cyclohepta[2,1-a :3,4-a�]}dinaphthalene-4-carboxylic acid,
T: Toac, i.e., 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-
4-carboxylic acid; r�m� 4) as shown below. The peptides are
here denoted as B-T/r-m, that is B-T/0-4, B-T/1-3, B-T/2-2 and
B-T/3-1, thus emphasizing the length of the spacer between
the chromophores in the backbone chain.


NH3C
H3C CH3


CH3


CH3H3C


HN CO


O


HN CO


(R)-Bin  (B)Toac  (T)


HN CO
Aib


Boc - B - Ar - T - Am - Ot Bu:


Boc-B-T-Ala-Aib-Aib-Ala-OtBu:   B-T/0-4


Boc-B-Aib-T-Ala-Aib-Ala-OtBu:   B-T/1-3


Boc-B-Aib-Ala-T-Aib-Ala-OtBu:   B-T/2-2


Boc-B-Aib-Aib-Ala-T-Ala-OtBu:   B-T/3-1


The aim of the work was two-fold. First, to clarify the
conformational features of these sterically restricted peptides.


Second, to study the influence of the fixed spatial orientation
and distance of the chromophores on the photophysics of
these compounds, for gaining a better insight into the
relaxation process within the D ±A pair. In fact, the rigidity
of the overall structure makes it easier to compare the
experimental parameters with those theoretically obtained by
molecular mechanics.


A preliminary account of this research has already been
reported,[14] but we now present a thorough investigation
based on the combination of fluorescence and computational
data. In addition, the findings indicate that the secondary
structure attained by the B-T/r-m peptides in solution is a
right-handed 310 helix, a result not easily achievable when as in
the present case the CD and NMR spectra are not informa-
tive.[15, 16] Finally, we also discuss the origin of the observed
static quenching in all peptides examined, but B-T/1-3,
suggesting that a non-fluorescent complex forms, in which
an instantaneous process between the active chromophores
takes place.


Results and Discussion


UV, CD and IR Spectra : The UV absorption spectra of both
the reference Boc-(R)-Bin-OtBu, containing only the bi-
naphthyl moiety, and the B-T/r-m hexapeptides in methanol
solution exhibit a shift to 305 nm of the naphthalene 1La


transition band, usually observed at around 280 nm, while
the band at around 225 nm (1Bb) is split, the absorption
maxima falling at 218 and 230 (sh) nm. This finding indicates a
strong electronic coupling between the two 1Bb transitions,
located on the different naphthalene rings, through intra-
molecular exciton interaction. This leads to a reduction of the
HOMO±LUMO energy gap, in agreement with the bath-
ochromic shift of the lowest energy absorption band. Accord-
ingly, the CD spectra in the far-UV region, characteristic of
the R configuration of binaphthyl,[17] exhibits an exciton
splitting clearly ascribable to the aforementioned coupling
regime, as shown in Figure 1. Within the same wavelength


Figure 1. CD spectra of the reference Boc-(R)-Bin-OtBu (a), B-T/0-4 (b)
in methanol solution; peptide concentration 10�3�.
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region (190 ± 250 nm), the contributions of the Bin[17] and
Toac[18] chromophores to the overall ellipticity strongly over-
lap with that of the peptide chromophore,[19] so that no useful
information about the kind of secondary structure of the
hexapeptides could be obtained with this technique.


FT-IR absorption spectra of the hexapeptides in CDCl3
were carried out in a concentration range of 10�2 ± 10�4�
(Figure 2). Helical peptides exhibit two characteristic absorp-
tion bands in the NH stretching region, one around 3430 cm�1,


Figure 2. FT-IR absorption spectra in the NH stretching region of B-T/0-4
(a), B-T/1-3 (b), B-T/2-2 (c) and B-T/3-1 (d) in CDCl3. Peptide concen-
tration �10�3�.


associated to the NH groups not involved in hydrogen-bond
interactions, and the other at around 3330 cm�1, typical of
hydrogen-bonded NH groups.[20, 21] We measured the ratio of
the integrated intensities of the transitions of hydrogen-
bonded (Ab) and free (Af) NH groups, normalized for the
appropriate extinction coefficients according to the expres-
sion nb/nf� (Ab/Af)/(�b/�f),[22] where n is the number of peptide
units, and � the integrated molar extinction coefficient,
subscripts b and f denoting hydrogen-bonded and free NH
groups, respectively. The value of the nb/nf ratio is, on the
average, 1.8� 0.3 for all peptides examined but B-T/0-4; this
value is in good agreement with the theoretical value of 2,
calculated for a hexapeptide in 310-helical conformation with a
i�3� i (C10) hydrogen-bonding scheme.


The IR absorption of B-T/0-4 shows a doublet within the
frequency region of 3410 ± 3440 cm�1 (Figure 2a), which
implies the presence of two free NH groups in a different
environment. Noteworthy the molecular mechanics results
account for this finding, such that the deepest energy
minimum structure of this peptide exhibits two hydrogen-
bond free NH groups, differently exposed to the environ-
ments.


The IR results described above suggest that the hexapep-
tides investigated largely populate a 310 helix in solution. This
conclusion agrees with earlier results on a related hexapep-
tide, but with (S)-Bin and Toac as the donor± acceptor pair,
for which the structural features were fully characterized by
X-ray diffraction in the crystal state.[11]


Steady-state and time-resolved fluorescence : Steady-state
fluorescence experiments of the hexapeptides in methanol


solution show a substantial quenching of the Bin emission by
Toac, as illustrated in Figure 3. The fluorescence quantum
yields (�) are reported in Table 1, together with the efficien-
cies of the quenching process, E, as given by [1� (�/�0)],
where �0 is the quantum yield of the reference derivative


Figure 3. Steady-state fluorescence spectra of the reference Boc-(R)-Bin-
OtBu (a), B-T/1-3 (b), B-T/0-4 (c), B-T/3-1 (d) and B-T/2-2 (e) in methanol.


Boc-(R)-Bin-OtBu. No evidence for exciplex emission could
be obtained, even upon decreasing the solvent polarity
(dioxane).


We next investigated the time-resolved fluorescence (�ex�
305, �em� 360 nm). The time decay curve of the reference is
well described by a single lifetime (�0� 4.8 ns), while the time
decays of all B-T/r-m peptides are fitted by a multiexponential
function [Eq. (1)],[23]


I (t)��i�i exp(� t/�i) (1)


as shown in Figure 4, where the fluorescence decays of B-T/1-
3 and B-T/2-2 in methanol are reported. Table 2 lists the
lifetimes, preexponents and quenching efficiencies of B-T/
r-m, these latter being given by Equation (2):


Ei� 1� (�i/�0) (2)


In Table 2 the same parameters from the distribution analysis
of the experimental decays are also reported. This analysis
does not include any specific decay model, but only gives the
relative weights of a continuum of lifetimes.[23] From the
results, it appears that all peptides exhibit narrow distribu-
tions, the average lifetimes and relative weights being fully
consistent with those of the discrete model. An unfolded
peptide, which is characterized by a random distribution of
donor ± acceptor distances, would have led to a broad
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Table 1. Quantum yields and steady-state quenching efficiencies of B-T/
r-m hexapeptides in methanol.[a]


Peptide � E


B-T/0-4 0.23 0.68
B-T/1-3 0.47 0.34
B-T/2-2 0.02 0.97
B-T/3-1 0.18 0.74


[a] �ex� 305 nm.
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Figure 4. Typical example of fluorescence decay curves: Boc-(R)-Bin-
OtBu (a), B-T/1-3 (b) and B-T/2-2 (c) in methanol (�ex� 305, �em� 360 nm).
The full lines represent the best fit to the experimental data. The lamp
profile and the residuals are also shown.


distribution of lifetimes. Therefore, the data reported in
Table 2 strongly suggest that all peptides in the series
considered are highly organized in a structure supporting
solvent such as methanol, in agreement with the IR results. In
addition, it is reasonable to assign each decay component to
one single conformer.[22, 23]


The observation that ���/�0��/�0 for all peptides exam-
ined, except for B-T/1-3, where �����i�i�i suggests that static
quenching does occur; the effect arises from an instantaneous
process within a complex between the active chromophores.
For instance, ���/�0� 0.30� 0.06 and 0.62� 0.06, compared
with �/�0� 0.03� 0.01 and 0.26� 0.02 for B-T/2-2 and B-T/
3-1, respectively. By contrast, for B-T/1-3 ���/�0� 0.67 and �/
�0� 0.66. It is worth anticipating that in this latter case the
steric arrangement of Toac and Bin in the low-energy
conformers is such as to prevent any instantaneous process
between the chromophores, because they are lying on the
opposite side of the 310 helix.


To summarize, fluorescence measurements made it possible
to experimentally establish the presence of non-fluorescent
conformers in solution. The complexity of the UV/Vis
absorption spectra is such as to veil any relatively small
perturbation ascribable to these non-fluorescent complexes.


Transient absorption measurements : To further investigate
the nature of the Bin ±Toac interaction we performed
transient absorption experiments within the 300 ± 500 nm
wavelength region with nanosecond time resolution. For all
peptides examined, only signals ascribable to the binaphthyl
triplet ± triplet absorption are observed (�max �415 nm in
methanol). The lack of signals from transient radical species
rules out the occurrence of an electron transfer process
involving the binaphthyl and the nitroxide chromophores
in the ns ± �s time range. In Figure 5, a typical transient


Figure 5. A) Typical nanosecond transient absorption spectra of binaphth-
yl triplet (t� 2.4 �s after excitation): Boc-(R)-Bin-OtBu (a) and B-T/0 ± 4
(c). B) Transient absorption decays (�� 410 nm) of Boc-(R)-Bin-OtBu (a),
B-T/1-3 (b), B-T/0-4 (c), B-T/3-1 (d) and B-T/2-2 (e). The solid lines
represent the exponential fit to the experimental data.
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Table 2. Time decay parameters of excited Bin in the (R)-Bin/Toac
peptides in methanol from both exponential (ex) and lifetimes distribution
(ld).[a]


Peptide Data �1 �1 E1 �2 �2 E2 �2


analysis [ns] [ns]


B-T/0-4 ex 0.65 0.74 0.84 0.35 4.83 0.00 1.03
ld 0.61 0.71 0.85 0.39 4.73 0.01 1.00


B-T/1-3 ex 0.12 1.81 0.62 0.88 3.43 0.28 1.10
ld 0.06 1.93 0.60 0.94 3.35 0.30 0.93


B-T/2-2 ex 0.74 0.47 0.90 0.26 4.36 0.09 1.13
ld 0.69 0.43 0.91 0.31 4.16 0.13 1.17


B-T/3-1 ex 0.70 2.55 0.47 0.30 4.02 0.16 1.02
ld 0.88 2.80 0.41 0.12 4.56 0.04 1.09


[a] �ex� 305 nm, �em� 360 nm. The uncertainty in lifetimes is around 5%
for the long component and around 10% for the short one. The uncertainty
in the pre-exponents is around 10%.
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absorption spectrum of the hexapeptides in methanol is
reported, together with that of the reference. In the same
Figure, the T±T absorption time decays, normalized for the
absorption at the laser pump excitation wavelength, [�A (t)/
A(266)], are shown. From the results, both the normalized
differential absorption at t� 0, �A(0)/A, which is propor-
tional to the triplet state population, and the rate constant of
the triplet state depletion, kT, were obtained, as reported in
Table 3. With the only exception of B-T/2-2, the �A(0)/A


values qualitatively follow the same trend of the singlet state
quenching efficiency, probably because of the competition
between the energy transfer (ET) and the singlet ± triplet
intersystem crossing (ISC) processes. However, the values of
�A(0)/A are higher than those expected for a pure ET/ISC
competition from the excited singlet state. This is particularly
true for the B-T/2-2 peptide, for which the �A(0)/A value
exceeds even that of the reference. This finding suggests that
an enhanced intersystem crossing (EISC) process does take
place, very likely ascribable to the instantaneous interaction
within a complex in which a mechanism primarily controlled
by short-range exchange interactions occurs. This hypothesis
is consistent with both the occurrence of the observed static
fluorescence quenching and the results previously reported
for the interaction between aromatic molecules and stable
free radicals.[24] The reason why the EISC effect is larger in
B-T/2-2 than in the other peptides is that its fraction of non-
fluorescent complex is the largest among all compounds
examined (see below).


As far as the kT rate constants are concerned, they are
directly related to the photophysical processes depleting the
triplet excited states population. We can therefore introduce
the triplet quenching efficiency ET as in Equation (3):


ET� 1� (k 0
T/kT) (3)


where k 0
T is the decay rate constant of the reference. The


values of ET nicely parallel the singlet state quenching
efficiencies, that is, B-T/2-2 � B-T/3-1 � B-T/0-4 � B-T/1-
3, confirming the idea that stable free radicals are able to
quench both singlet and triplet states of aromatic mole-
cules.[25] Therefore, both long range dipole ± dipole and short-
range exchange interactions not only contribute to the overall
singlet state quenching, but also control the triplet state decay.


Very recently,[26] the triplet state relaxation of a series of
functionalized peptides, carrying several aromatic moieties


(binaphthyl, benzophenone, trypthophan) and a nitroxide
quencher as donor± acceptor pairs, were studied by time-
resolved EPR experiments. Electron-exchange interactions
were reported to be primarily responsible for the triplet state
quenching of the aromatic molecules (EISC to the ground
state) and for the generation of Toac spin polarization,
induced by spin selective mixing of doublet and quartet. In
addition, exchange interactions were thought to affect the
singlet state relaxation, even though it was impossible to
discriminate between energy transfer and electron-exchange
contributions of the singlet state quenching. According to our
results described above, the combined approach of flash
photolysis and time-resolved fluorescence experiments allows
us to characterize both processes and the way in which they
affect both the singlet and triplet excited states decay
mechanisms.


Computational results and molecular modeling : We now
address specific questions regarding the 3D-structural fea-
tures of the hexapeptides examined in methanol solution, that
is i) which type of secondary structure they populate, ii) which
conformational equilibria predominate in the time scale
region of our measurements, and iii) which geometric and
steric constraints control the distance and orientation of the
Bin/Toac pair. To answer these questions, molecular mechan-
ics calculations[27, 28] were carried out, starting by putting the
backbone chain in both left-handed (l.h.) and right-handed
(r.h.) 310 and � helices. This approach was used for two
reasons, namely i) because the handedness of the secondary
structure could not be determined by CD measurements (see
above), and ii) because earlier X-ray diffraction results on an
analogous hexapeptide, but carrying (S)-Bin, showed that it
attains a left-handed, not a right-handed 310 helix, as one
would have expected from the presence of �-Ala residues in
the backbone.[11]


For each peptide the total potential energy of electrostatic
(COUL), nonbonding (NB), hydrogen-bond (HB) and tor-
sional (TOR) interactions was calculated by using standard
bond angles and bond lengths.[29] Nonbonded interatomic
interactions were evaluated by a 6-12 Lennard-Jones potential
function, and hydrogen-bond interactions by a dipole ± dipole
function, D/r 3, where D��230.1 kJmol�1 ä3.[27a] Coulombic
interactions were assessed by assigning partial atomic charges
for each atom in the peptides and using a distance-dependent
dielectric constant. Finally, a threefold torsional potential
function, with barriers V0� 5.0 and 11.7 kJmol�1 for rotation
around the N�C and C�C bonds, was adopted. Energy
minimization refinement was eventually performed by relax-
ing the fixed geometry for all internal degrees of freedom,
including those of the ordered backbone chain, by making use
of Equation (4), also comprising stretching and bending terms
(STR and BEN).[22, 27b]


Um�COUL�HB�NB�TOR�STR�BEN (4)


The answer to the first question is that all low-energy
conformers of B-T/r-m peptides populate a right-handed 310
helix, as shown in Table 4 for B-T/2-2, where the value of Um


for the right-handed 310-helical conformers appears to be
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Table 3. Triplet state amplitude and rate constants from transient absorp-
tion experiments in methanol.


Peptide �A(0)/A[a] [�A(0)/A]/ 10�5kT
[b] ET


[c]


[�A(0)/A]Bin [s�1]


Bin 0.091 ± 0.71 ±
BT/0-4 0.072 0.70 2.8 0.75
BT/1-3 0.087 0.95 1.1 0.33
BT/2-2 0.108 1.18 83.0 0.99
BT/3-1 0.036 0.40 3.0 0.77


[a] Differential absorption at t� 0, normalized for the absorption at ��
266 nm. [b] Rate constant of triplet decay. [c] From Equation (3).
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lower by more than 3 kcalmol�1 than that of the left-handed
310 helix, and by more than 1.5 kcalmol�1 than that of right- or
left-handed � helix. This finding is validated by the very good
agreement between experimental and calculated quenching
efficiencies observed only with the right-handed 310-helical
conformers. The calculated efficiency was obtained by apply-
ing the Fˆrster model of energy transfer.[27] Noteworthy the
correlation between calculated and experimental efficiency is
highly demanding in terms of structural features, because the
quenching efficiency depends on the sixth power of the
interprobe distance and on the mutual orientation of the
probes, besides the spectroscopic parameter R0, as shown
below.


According to the Fˆrster model,[30] the quenching efficiency
is given by Equation (5):


Em� {1 �[2/(3� 2
m] (Rm/R0)6}�1 (5)


where Rm is the distance between the probes in the mth
conformer, � 2


m a dimensionless geometric factor, which is
written as[31, 32] Equation (6):


�2� cos 2�(3cos 2	� 1) (6)


The two angles � and 	 determine the relative orientation of
the donor and acceptor transition dipoles, and R0 the Fˆrster
radius, that is the distance at which 50% transfer of excitation
energy occurs [Eq. (7)].[23]


R0� 9.79	 103[(2³3�0JF)/n 4]1/6 (7)


In Equation (7)�0 is the quantum yield of the reference, n the
refractive index of the solvent, and JF (cm2mol�1) the overlap
integral [Eq. (8)]:


JF�


�



0


FD ��
��� ��
� �
�� ��



�



0


FD ��
� ��

(8)


where FD(
�) is the fluorescence intensity of the donor (Bin)
and �A(
�) the extinction coefficient of the acceptor (Toac) at
wavenumber 
�.


From the spectral patterns and Equation (7), R0� 9.7 ä in
methanol. Despite this relatively low value, the Fˆrster model
is adequate to describe the quenching process in the peptides
examined, as suggested by the good agreement between


theoretical and experimental quenching efficiencies reported
in Table 5. Furthermore, it has been demonstrated that for a
separation longer than 9 ä the rate takes the form expected
for a pure dipole ± dipole mechanism, while the exchange
mechanism makes only a 5% contribution at 5 ä separa-
tion.[33] Several other papers support this conclusion,[11, 34] and
recently the Dexter mechanism[35] has been shown to apply
only to compounds exhibiting R0� 5 ä.[31] Therefore, in our
case deviations from the Fˆrster model should be definitely
minor, if any.


The computational results are summarized in Table 5,
where the molecular parameters of the sterically most
favoured right-handed 310-helical B-T/r-m peptides are listed.
Besides the interprobe center-to-center distance, the distance
between the NO. group of Toac and the center of the �


electron density in the closest naphthalene ring of Bin is
reported in the same Table, together with both the theoretical
and experimental transfer efficiencies.


The main inferences to be drawn from Table 5 are the
following. First, in all cases the agreement between the
calculated [Em, Eq. (5)] and experimental [Ei , Eq. (2)]
quenching efficiencies is very good only when the � 2


orientation factor [Eq. (6)] is taken into account. This finding
implies that the interconversion among conformational sub-
states is definitely longer than the fluorescence decay, that is
longer than 5 ns. Secondly, according to computational data,
the conformational equilibria primarily involve the puckering
of the Toac pyrrolidine moiety, where each substate is
characterized by a different ring conformation. Thirdly,
among the low-energy conformers there is one for each
peptide, but B-T/1-3, exhibiting a NO.-naphthalene center-to-
center distance �6 ä, thus being a good candidate for the
non-fluorescent complex responsible for the observed static
quenching. Fourthly, the deepest energy minimum conformer
of B-T/0-4 exhibits a peculiar and remarkably rigid geometry,
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Table 4. Relative energy of the sterically most favored conformers of B-T/
2-2 with different secondary structure and quenching efficiencies.


Type of helix Um
[a] Rm


[b] Em
[c] Ei


[d]


r.h. 310 helix 0.00 6.32 0.83
0.19 7.23 0.87 0.90, 0.09
0.50 7.26 0.14


l.h. 310 helix 3.1 9.60 0.40
4.5 8.52 0.62


r.h. � helix 1.7 6.91 0.82
l.h. � helix 2.3 6.01 0.78


[a] kcalmol�1, from Eq. (4). [b] Interchromophoric center-to-center dis-
tance [ä]. [c] Calculated quenching efficiency, from Eq. (5). [d] Exper-
imental quenching efficiency, from Eq. (2).


Table 5. Molecular parameters of the low-energy B-T/r-m conformers and
calculated and experimental quenching efficiencies in methanol.[a]


Peptide Rm
[b] Rm� [c] � 2


m
[d] Um


[e] %theor. Em
[g] Ei


[h]


popul.[f]


B-T/0-4 8.5 8.0 1.686 0.00 0.74 0.85 0.84
8.5 8.1 0.009 0.63 0.25 0.03 � 0
6.8 5.8 0.027 4.12 0.01 0.26


B-T/1-3 9.7 9.2 0.300 0.00 0.89 0.31 0.28
9.5 8.9 0.765 1.26 0.11 0.56 0.62


B-T/2-2 6.3 4.2 0.244 0.00 0.46 0.83


7.2 5.9 0.765 0.19 0.34 0.87 0.90
7.3 6.0 0.019 0.50 0.20 0.14 0.09


B-T/3-1 7.2 5.2 0.685 0.00 0.56 0.86


9.2 8.0 0.479 0.40 0.29 0.50 0.47
10.8 9.1 0.358 0.77 0.15 0.22 0.16


[a] The rows underlined refer to the hypothetical non-fluorescent ground-
state complexes (see Figures 5 and 6). [b] Center-to-center distance [ä] in
the mth conformer. [c] Center-to center distance between the NO. group of
Toac and � electron density of the closest naphthalene ring of Bin.
[d] Orientation factor, from Eq. (6). [e] Relative energy [kcalmol�1].
[f] Boltzmann weighted population. [g] Theoretical transfer efficiency,
from Eq. (5). [h] Experimental transfer efficiency, from Eq. (2).
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owing to the close proximity of Bin and Toac C�,�-disubsti-
tuted Gly residues in the backbone chain. This allows the
protons of the two free NH groups to experience a different
environment, which is very likely responsible for the doublet
observed in the NH stretching vibration region above
3400 cm�1 (Figure 2a). The proton of one of these groups,
denoted as H�free, is observed to be exposed to the solvent,
while the other proton, denoted as H��free, is buried in the
peptide matrix, thus experiencing different van der Waals
interactions, as illustrated in Figure 6.


Figure 6. Molecular model of the deepest energy minimum conformer of
B-T/0-4, viewed perpendicularly to the 310 helix axis. The two NH protons,
denoted as H�free and H��free, give rise to two IR absorption peaks within the
3410 ± 3440 cm�1 wavenumber region, typical of the H-bond free NH
stretching vibration (see Figure 2). The intramolecular hydrogen bonds are
indicated by dashed lines. Nitrogen atoms are in black, oxygen atoms are
dotted and hydrogen atoms are omitted for clarity.


Non-fluorescent and fluorescent low-energy conformers : The
question now to address is how to theoretically identify the
non-fluorescent complex, and which basic structural charac-
teristics it does exhibit. One would expect a short interprobe
separation distance, possibly shorter than anyone among the
sterically most favoured structures of a given peptide, as
required for electronic exchange interactions to occur.[33] In
addition, the theoretical population of the non-fluorescent
complex should be significantly lower than that experimen-
tally evaluated,[36] because molecular mechanics underesti-
mate electronic effects, which, on the contrary, are of para-
mount importance in the stabilization of this type of complex.
These requirements are matched by only one low-energy
conformer for each peptide examined, but B-T/1-3, as shown
in Table 5, where the underlined rows refer to the molecular
parameters of these hypothetical complexes. Interestingly
enough, the negligibly small population of this complex of
B-T/0-4 may be ascribed to the aforementioned conforma-
tional rigidity of this peptide, because a close approach of the
chromophores can be only achieved by a partial twist of the


helical backbone, which requires a high cost of energy (see
Table 5).


Figures 7 and 8 illustrate the steric arrangement of the
probes in the three sterically most favoured conformers of
B-T/2-2 and B-T/3-1, respectively. In the case of B-T/2-2, the
geometric arrangement of the probes in two conformers is
such that a methyl group of Toac is found in between NO. and
the closest naphthalene moiety of Bin (Figure 7a and b); this
prevents static quenching despite the relatively short NO. ±
naphthalene center-to-center distance (Rm�� 5.9 ä). By con-
trast, the other low-energy conformer (Figure 7c) exhibits the
shortest NO. ± naphthalene center-to-center distance (Rm��
4.2 ä) and, at the same time, a free space in between these
chromophores. The conditions for the occurrence of an


Figure 7. Steric arrangement of the chromophores in the deepest energy
minimum conformer of B-T/2-2 (a) and in the next deepest one (b), along
with the arrangement of the chromophores in the hypothetical non-
fluorescent ground-state complex (c). In (a) and (b) a methyl group of Toac
lies in between the two chromophores, while in (c) the close approach of
the NO. moiety to one naphthalene ring of Bin can be easily envisaged. In
the latter case, the very short center-to-center distance (Rm�� 4.2 ä, see
Table 4) makes the occurrence of an instantaneous process between the
active chromophores feasible. The 310-helical backbone chain is omitted for
clarity. Nitrogen atoms are in black and oxygen atoms are dotted.
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Figure 8. Steric arrangement of the chromophores in the deepest energy
minimum conformer of B-T/3-1 (a) and in the next deepest one (b), along
with the arrangement of the chromophores in the hypothetical non-
fluorescent ground-state complex (c). The closest center-to-center distance
between the naphthalene moiety of Bin and the NO. group of Toac is
reported (R�m; see also Table 4). The 310-helical backbone chain is omitted
for clarity. Nitrogen atoms are in black and oxygen atoms are dotted.


instantaneous quenching process involving the chromophores
are thus fulfilled. In the case of B-T/3-1, two low-energy
conformers exhibit a relatively large NO.-naphthalene center-
to-center distance (Figure 8a and b; Rm�� 8.0 and 9.1 ä),
while the steric arrangement of the probes in the third
conformer (Figure 8c) is such as to envisage it as the non-
fluorescent complex (Rm�� 5.3 ä). On the basis of the differ-
ent Rm� values, one would also expect a different population of
the hypothetical non-fluorescent complexes of B-T/2-2 and
B-T/3-1. This is indeed the case, the experimental popula-
tion[33] is 85 and 59%, respectively, which, on the other hand,
is predictably higher than the calculated population of the
computed structures (around
15%).


Finally, as far as the sterically
most favored conformers of
B-T/1-3 are concerned, Figure 9
illustrates their molecular mod-
els, from which it clearly ap-
pears on a purely stereochemi-
cal ground that the non-fluores-
cent complex can not form,
because in both conformers
the chromophores are lying on
the opposite side of the helix.


Conclusion


Combination of spectroscopic
techniques (UV, CD, IR, nano-
second transient absorption,
steady-state and time-resolved


fluorescence) with molecular mechanics calculations allowed
us to determine the most relevant structural features in
solution of a set of conformationally restricted hexapeptides,
carrying a rigid donor± acceptor pair. The compounds inves-
tigated populate very few conformers, all having the backbone
chain in the right-handed 310 helix. The analysis of time-
resolved fluorescence measurements, based on the Fˆrster
energy transfer mechanism, suggests that the dynamics of
interconversion among conformational substates is definitely
slower than 5 ns. According to the molecular mechanics
results, the substates equilibrium primarily involves the
puckering of Toac piperidine ring, which controls the interp-
robe distance and hence the photophysical data. The photo-
physical behaviour of the conformations exhibiting a center-to
center distance Rcc �6 ä is determined by long-range dipolar
interactions, leading to singlet ± singlet energy transfer. By
contrast, short-range exchange interactions are primarily
involved in the conformers with Rcc� 6 ä, which leads to
both non-fluorescent species and highly populated triplet
states via EISC. Steric and electronic effects are thus
responsible for the formation of the non-fluorescent com-
plexes in the peptides investigated. In addition, exchange
interactions are probably the main contributors to the T1S0


relaxation, as measured by the T-T absorption time decays.
The overall findings made it possible to gain a better insight


into the role played by steric constraints in the stabilization of
ordered peptide conformations. These helical peptides are
also good candidates as building blocks for a bottom-up
generation of nanomolecular complex architectures with a
well-defined structural organization.


Experimental Section


Materials : The Boc/OtBu terminally protected, Bin/Toac hexapeptides
were synthesized by solution methods and fully characterized. All peptide
bond formations were achieved using the 1-[3-(dimethylamino)propyl]-3-
ethyl-carbodiimide/7-aza-1-hydroxy-benzotriazole (EDC/HOAt) meth-
od.[37] All N �-deprotection steps following Toac incorporation were carried
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Figure 9. Theoretical model of the deepest energy minimum conformer of B-T/1-3 (a), and of the next deepest
one (b), viewed perpendicularly to the right-handed 310 helix axis. In both cases, the Bin and Toac chromophores
are lying on the opposite side of the ordered backbone chain, thus preventing the formation of a non-fluorescent
ground-state complex (see text). The intramolecular hydrogen bonds are indicated by dashed lines. Nitrogen
atoms are in black, oxygen atoms are dotted and hydrogen atoms are omitted for clarity.
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out on the fluoren-9-ylmethoxycarbonyl group. All intermediate and final
compounds were obtained in a chromatographically homogeneous state.
The physical properties and analytical data for the four hexapeptides are
listed in Table 6. The reference derivative Boc-(R)-Bin-OtBu was prepared
from Boc-(R)-Bin-OH, resulting from N protection and successive
saponification of H-(R)-Bin-OMe, previuosly obtained by resolution,[38a]


as described in ref.[38b] for its S enantiomer. Spectrograde solvents (Fluka)
were used, the deuterochloroform for IR spectra being 99.8% D.


Methods : Steady-state fluorescence spectra were recorded on a SPEX
Fluoromax spectrofluorimeter, operating in SPC (single photon counting)
mode. Quantum yields were obtained by using naphthalene in cyclohexane
as reference (�0� 0.22). Fluorescence decays were measured by a CD900
SPC apparatus from Edinburgh Instruments. Excitation in the UV region
was achieved by using ultrapure hydrogen as filling gas. At the exper-
imental conditions (300 mmHg gas pressure. 30 kHz repetition rate) the
FWHM (full width half maximum) of the excitation profile was 1.2 ns. The
decay curves were fitted by a non-linear least-squares analysis to
exponential functions by an iterative deconvolution method. All experi-
ments were carried out in quartz cells using solutions previously bubbled
for 20 min with ultrapure nitrogen.


Nanosecond transient absorption experiments were performed with an
LKS.60 apparatus (Applied Photophysics, U.K.), using a Brilliant B
Nd:YAG Q-switched laser (Quantel, France) equipped with a fourth
harmonic generator module to obtain 266 nm excitation light with a pulse
duration of 4 ns (FWHM) and an energy of about 10 mJ. Monochromatic
probe light was obtained by filtering the output of a 150 W pulsed Xe lamp
through two consecutive monochromators, positioned one before and the
other behind the sample (bandpass 3 and 1 nm, respectively).


IR absorption spectra were recorded on a Perkin ±Elmer model 1720X FT-
IR spectrophotometer, nitrogen-flushed, equipped with a sample-shuttle
device, at 2 cm�1 nominal resolution, averaging 100 scans.


Circular dichroism (CD) measurements were performed on a Jasco J-600
instrument with appropriate quartz cells.


Other apparatus were already described.[9, 39]
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Synthesis and Characterization of New Five-Coordinate Platinum Nitrosyl
Derivatives: Density Functional Theory Study of Their Electronic Structure
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Abstract: The neutral, five-coordinate
platinum nitrosyl compounds
[Pt(C6F5)3(L)(NO)] (2) [L�CNtBu
(2 a), NC5H4Me-4 (2 b), PPhMe2 (2 c),
PPh3 (2 d) and tht (2 e)] have
been prepared by the reaction of
[NBu4][Pt(C6F5)3(L)] (1) with NOClO4


in CH2Cl2. The ionic compound
[N(PPh3)2][Pt(C6F5)4(NO)] (4) has been
prepared in a similar way starting from
the homoleptic species [N(PPh3)2]2-
[Pt(C6F5)4] (3). Compounds 2 and 4 are
all diamagnetic with {PtNO}8 electronic
configuration and show �(NO) stretch-
ing frequencies at around 1800 cm�1.
The crystal and molecular structures of
2 c and 4 have been established by X-ray
diffraction methods. The coordination
environment for the Pt center in both


compounds can be described as square
pyramidal (SPY-5). Bent nitrosyl coor-
dination is observed in both cases with
Pt-N-O angles of 120.1(6) and 130.2(7)�
for 2 c and 4, respectively. The bonding
mechanism of the nitrosyl ligand coor-
dinated to various model [PtIIR4]2� (R�
H, Me, Cl, CN, C6F5 or C6Cl5) and
[Pt(C6F5)3(L)]� (L�CNMe, PH3) sys-
tems has been studied by density func-
tional calculations at the B3LYP level of
theory, using the SDD basis set. The
R4Pt±NO and (C6F5)3(L)Pt±NO interac-


tions generally involve two components:
i) a direct Pt ±NO bonding interaction
and ii) multicenter-bonding interactions
between the N atom of the NO ligand
and the donor atoms of the R and L
ligands. Moreover, with the more com-
plex R groups, C6F5 or C6Cl5, a third
component has been found to arise,
which involves multicenter electrostatic
interactions between the positively
charged NO ligand and the negatively
charged halo-substituents in the ortho-
position of the C6X5 groups (X�F, Cl).
The contribution of each component to
the Pt�NO bonding in R4Pt�NO and
(C6F5)3(L)Pt�NO compounds seems to
be modulated by the electronic and
steric effects of the R and L ligands.
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Introduction


The chemistry of transition metal coordination compounds
containing the nitrosyl (NO) ligand has seen a tremendous
revival since the discovery[1] of NO as an essential biological
molecule.[2] More recent focus has been drawn to nitrosyl
complexes as drugs that release the neurotransmitter and
mammalian bioregulator NO,[3] as model complexes for metal
enzymes such as the nitrile hydrase,[4] cytochrome oxidase,[5]


and nitrogenase,[6] and as potential waste gas purification
catalysts.[7] Catalytic cycles involving alkali[8] and alkaline
earth[9] metals have been proposed for the destruction of NO
in combustion exhaust gases. The NO ligand can act as
diamagnetic, strongly �-accepting NO�, as the equally dia-
magnetic NO�, or as the paramagnetic, neutral NO. As a
consequence the specific electronic, structural, and reactivity
features of the transition metal nitrosyl complexes have
aroused interest since the early days of coordination chem-
istry. A variety of [M]±NO, or [M]±NO� type of complexes,
where [M] is a metal fragment, have recently been studied,
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using density functional theory (DFT) at various levels,[10] but
surprisingly enough, the number of ab initio studies is very
limited[11] and not sufficiently systematic. Timely and impor-
tant areas of NO chemistry from physical and computational
studies to the biological role in living systems have been
covered in a recent issue of Chemical Reviews.[12] One of the
goals of this work is to understand all possible bonding modes
of the terminal nitrosyl ligand coordinated to Pt-metal centers
in various mononuclear platinum nitrosyl systems and the role
of the stabilizing coligands. A salient feature of terminal metal
nitrosyl complexes is the geometry of the [M]±NO unit
ranging from bent (ca. 120�) to linear (ca. 180�). We had found
that the pentachlorophenyl group is a well-behaved ligand
allowing a convenient entry to platinum nitrosyl systems.With
the synthesis of [NBu4][Pt(C6Cl5)4(NO)][13] and [NBu4]-
[Pt(C6Cl5)2Cl2(NO)][14] we obtained examples of both linear
and bent platinum nitrosyl species for a same {PtNO}8


electronic configuration. We report now a combined compu-
tational and experimental study of perhalophenyl-nitrosyl
derivatives of platinum in order to understand the role of
the stabilizing coligands in the bonding mode of the [Pt]±NO
unit.


Results and Discussion


Synthesis and characterization of the precursors : The series of
tris(pentafluorophenyl)platinate(��) derivatives [NBu4]-
[Pt(C6F5)3(L)] (1) [L�CNtBu (1 a), NC5H4Me-4 (1 b),
PPhMe2 (1 c), PPh3 (1 d) and tht (1 e)], was found appropriate
to allow a systematic study of their behaviour against NO�.
Compounds 1 d and 1 e were prepared according to a
published method.[15] The new species 1 a, 1 b and 1 c were
prepared in good yield as white solids by room temperature
reaction of [NBu4]2[Pt(C6F5)3Cl] with an equimolar amount of
AgClO4 in the presence of the corresponding ligand L
[Eq. (1)].


[NBu4]2[Pt(C6F5)3Cl]�L ���AgClO4
�AgCl� ��NBu4 �ClO4


[NBu4][Pt(C6F5)3(L)] (1) (1)


Compounds 1 a ± c have been characterized by analytical and
spectroscopic methods. The IR spectra (Table 1)[16] show three
absorptions assignable to the so-called X-sensitive vibration


modes,[17] as expected for a square-planar [MX3L] species
(C2v, IR active �M-C fundamentals: 2A1�B1). Each of the 19F
NMR spectra (Table 2) shows two sets of C6F5 signals
corresponding to the chemically inequivalent trans- and
trans-to-L C6F5 groups. These signals are easily assignable to
each kind of C6F5 group because of their 2:1 relative
integrated ratio with the exception of the m-F and p-F signals
of 1 c, which appear so intermingled that a reliable assignment
is not possible in this case. The 3J(195Pt,F) values lie between
342 and 535 Hz. The CNtBu ligand in 1 a gives rise to an IR
absorption at 2187 cm�1 assignable to �(C�N) and to a low-
frequency singlet in the 1H NMR spectrum (�� 1.31, Me).
The 1H NMR spectrum of 1 b shows a singlet in the aliphatic
region (�� 2.15) due to the p-Me group of the NC5H4Me-4
ligand together with two signals in the aromatic region (��
8.48 and 6.86) which can be assigned to the o-H and m-H,
respectively, because of the presence of not completely
resolved 195Pt satellites in the high-frequency signal
[3J(195Pt,H)� 25 Hz]. The 31P NMR spectrum of 1 c shows a
single signal at ���14.7 with 195Pt satellites [1J(195Pt,P)�
2568 Hz] due to the PPhMe2 ligand.


Synthesis and characterization of the new five-coordinate Pt-
nitrosyl complexes : When the precursors [NBu4]-
[Pt(C6F5)3(L)] (1), L being a typical representative for C-,
N-, P- and S-donor ligands, react with an equimolar amount of
NOClO4, the colour of the solutions turns reddish brown.
From these solutions, the neutral platinum nitrosyl com-
pounds with formula [Pt(C6F5)3(L)(NO)] (2) [L�CNtBu
(2 a), NC5H4Me-4 (2 b), PPhMe2 (2 c), PPh3 (2 d) and tht
(2 e)] can be isolated as brown solids in moderate yield
[Eq. (2)].


[NBu4][Pt(C6F5)(L)] ���NOClO4
��NBu4 �ClO4


[Pt(C6F5)3(L)(NO)] (2) (2)


The ionic compound [N(PPh3)2][Pt(C6F5)4(NO)] (4) has also
been obtained as a brown solid by 1:1 reaction of the
homoleptic species [N(PPh3)2]2[Pt(C6F5)4] (3) with NOClO4


under similar conditions [Eq. (3)]. Better yields are obtained
if the reactions leading to 2 or 4 are carried out under a NO
atmosphere.


[N(PPh3)2][Pt(C6F5)4] ���NOClO4
��N�PPh3 	2 �ClO4


[N(PPh3)2][Pt(C6F5)4(NO)] (4) (3)


Table 1. IR data [cm�1].[a]


Compound �(NO)[b] �(NO) �(C±F) X-sensitive[c] Other


[NBu4][Pt(C6F5)3(CNtBu)] (1a) ± ± 953 798, 785, 772 2187 (C�N), 1633, 1607, 1054, 530, 462
[NBu4][Pt(C6F5)3(NC5H4Me-4)] (1 b) ± ± 953 801, 786, 771 1628, 1606, 1525, 1055, 500
[NBu4][Pt(C6F5)3(PPhMe2)] (1c) ± ± 955 801, 794, 772 1672, 1634, 1109, 1056, 909, 839, 696, 494
[Pt(C6F5)3(CNtBu)(NO)] (2a) 1820 1832 971 804, 784 2213 (C�N),[d] 2183 (C�N),[d] 1639, 1613, 1510, 1065, 533
[Pt(C6F5)3(NC5H4Me-4)(NO)] (2b) 1829 1824, 1812 967 811, 786 1634, 1511, 1068, 556
[Pt(C6F5)3(PPhMe2)(NO)] (2 c) 1800 1825, 1802 967 795, 782 1639, 1611, 1511, 1109, 1062, 839, 696, 492
[Pt(C6F5)3(PPh3)(NO)] (2 d) 1805 1835, 1803 965[e] 802, 786 1639, 1612, 1504, 1069, 756, 740, 699, 531, 511, 498
[Pt(C6F5)3(tht)(NO)] (2 e) 1801 1842, 1822 964[f] 800, 782 1611, 1540, 1510, 1264, 1062
[N(PPh3)2][Pt(C6F5)4(NO)] (4) 1808 1820 960[g] 789 1639, 1610, 1502, 1058


[a] Unless otherwise stated IR data were obtained from Nujol mulls. [b] In Et2O solution. [c] Ref. [17]. [d] A single band is observed at 2197 cm�1 in CH2Cl2
solution. [e] v(C±F)� 950 cm�1 in the parent species 1d (see ref. [16]). [f] v(C±F)� 950 cm�1 in the parent species 1e (see ref. [16]). [g] v(C±F)� 953 cm�1 in
the parent species 3.
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The synthetic procedure can be considered as a Lewis
neutralization process in which the platinate moiety acts as
the base and the NO� cation as the acid. The behaviour of
anionic poly(perhalophenyl)platinate derivatives as Lewis
bases has been well documented, especially against a variety
of metal acidic species such as AgI, HgII, TlI, TlII, SnII and
PbII.[18]


Compounds 2 and 4 have been characterized by analytical
and spectroscopic methods. The IR spectra of 2 a and 4 show
single absorptions at 
1820 cm�1 both in solution and in the
solid state (Table 1), assignable to �(NO). The fact that 2 b ± e
show two close absorptions in the same region in the solid
state can be attributed to lattice effects since, in CH2Cl2
solution, single absorptions are also observed. Lattice effects
may also be responsible for the two absorptions assignable to
�(C�N) observed in the IR spectrum of solid 2 a, since they
convert into a single band in CH2Cl2 solution. High-frequency
shifts are observed for the �(C�F) values in all cases.
Although such noticeable shifts in pentafluorophenyl-palla-
dium and -platinum compounds have been associated to
changes in the metal oxidation state,[17a] it is also known that
ascribing a precise oxidation state to a given metal nitrosyl
species is, at least, controversial. It is therefore, that we make
no assumption about the oxidation state of the Pt center in
compounds 2 and 4 and define them as {PtNO}8 species, thus
adhering the Enemark and Feltham formalism.[19] On coordi-
nation of NO� to the square-planar [Pt(C6F5)3(L)]� units, a
lowering in the metal-center local symmetry would be
expected (C2v�Cs or C2v�C1). Regardless of the precise
final geometry of 2, three X-sensitive vibrations would
therefore predicted to be IR active as observed in the
corresponding parent compounds 1. However, the IR spectra
of 2 show only two such absorptions. From the good quality of
the NMR spectra of 2 and 4, diamagnetism of the samples can
be inferred. The 1H NMR spectra of compounds 2 are similar
to those of the corresponding parent species 1with only minor
differences in the chemical shifts and the coupling constants.
Thus, for instance, the resonance assigned to the o-H atoms of
the NC5H4Me-4 ligand in 2 b (�� 8.52) shows no 195Pt
satellites, while in 1 b (�� 8.48) were clearly observable
[3J(195Pt,H)� 25 Hz]. The 31P NMR spectra of compounds 2 c


and 2 d show single resonances at ���18.4 [1J(195Pt,P)�
2960 Hz] and 4.9 [1J(195Pt,P)� 2027 Hz], respectively. The
19F NMR spectra of compounds 2 and 4 registered at different
temperatures denote the existence of some dynamic processes
and will be discussed later.
The molecular structures of 2 c and 4 were determined by


single-crystal X-ray diffraction methods (crystallographic
data given in Table 3). The structure of the neutral species
[Pt(C6F5)3(PPhMe2)(NO)] (2 c) is depicted in Figure 1. Se-
lected interatomic distances and angles are given in Table 4.
The Pt atom is located in a nearly square pyramidal (SPY-5)
environment as evidenced by the very small value of the


Table 3. Crystal data and structure refinement for 2 c and 4 ¥ 0.5CH2Cl2.


2 c 4 ¥ 0.5CH2Cl2


formula C26H11F15NOPPt C60.5H31ClF20N2OP2Pt
Mr 864.42 1474.34
T [K] 293(2) 200(2)
� [ä] 0.71073 0.71073
crystal system monoclinic triclinic
space group P21/n P1≈


a [ä] 10.394(2) 12.117(3)
b [ä] 18.754(2) 13.101(3)
c [ä] 14.759(3) 20.187(5)
� [�] 90 85.76(2)
� [�] 108.21(1) 74.64(2)
� [�] 90 78.14(2)
V [ä3] 2732.9(8) 3023.5(13)
Z 4 2
� [g cm�3] 2.101 1.618
� [mm�1] 5.319 2.521
F(000) 1640 1440
diffractometer Siemens-STOE/AED-2
2	 range [�] 4 ± 50 (�h, �k, � l) 4 ± 50 (�h, �k, � l)
refinement method full-matrix least-squares on F 2


final R indices [I � 2�(I)][a]


R1 0.0268 0.0294
wR2 0.0485 0.0762
R indices (all data)
R1 0.0450 0.0375
wR2 0.0535 0.0787
goodness-of-fit on F 2 [b] 1.034 1.002


[a] R1��(�Fo �� �Fc � )/� �Fo � ; wR2� [�w(F 2o �F 2c 	2/�w(F 2c 	2]1/2 ; w�
[
2(F 2o 	�(g1P)2�g2P]�1 ; P� (1³3) ¥ [max{F 2o,0}� 2F 2o ]. [b] Goodness-of-
fit� [�w(F 2o �F 2c 	2/(nobs�nparam)]1/2.


Table 2. 19F NMR data in solution (� values in ppm referred to CFCl3).[a]


Compound trans C6F5 groups trans-to-L C6F5 group


o-F[b] m-F p-F o-F[b] m-F p-F


[NBu4][Pt(C6F5)3(CNtBu)] (1a) � 116.90 (342) � 166.42 � 165.36 � 117.46 (439) � 167.16 � 166.02
[NBu4][Pt(C6F5)3(NC5H4Me-4)] (1 b) � 119.07 (412) � 166.05 � 168.12[c] � 117.41 (535) � 168.20[c] � 165.85
[NBu4][Pt(C6F5)3(PPhMe2)] (1c) � 116.25 (412) � 166.0 to �166.6[d] � 116.76 (367)[e] � 166.0 to �166.6[d]
[Pt(C6F5)3(CNtBu)(NO)] (2a)[f] � 116.17 (145), � 162.2, �162.8 � 156.54 � 119.71 (372) � 160.98 � 158.27


� 134.32
[Pt(C6F5)3(NC5H4Me-4)(NO)] (2b)[f] � 118.57, �126.06 � 160.56 � 156.62 � 116.29 (170), � 162.56 � 158.30


� 130.27
[Pt(C6F5)3(PPhMe2)(NO)] (2 c)[f] � 112.04, �124.65 � 159.8, �160.6 � 156.65 � 115.42, �130.31 � 161.65 � 157.81
[Pt(C6F5)3(PPh3)(NO)] (2 d)[f] � 108.83, �123.95 � 161 to �163[d] � 158.18 � 114.74, �132.83 � 161 to �163[d] � 158.74
[Pt(C6F5)3(tht)(NO)] (2 e)[f] � 114.25, �126.34 � 159.66, �160.48 � 155.85 � 116.43, �132.49 � 161.70 � 157.66
[N(PPh3)2][Pt(C6F5)4(NO)] (4)[f] � 114.5, �128.3 � 164.6 � 162.2 ±[g] ±[g] ±[g]


[N(PPh3)2][Pt(C6F5)4(NO)] (4)[h] � 121.4 � 165.5 � 163.2 ±[g] ±[g] ±[g]


[a] Room temperature measurements, unless otherwise stated. [b] Where observed and sufficiently resolved, 3J(195Pt,F) values are given in Hz in parenthesis.
[c] These signals appear intermingled with each other. [d] Severe superposition of the signals precludes a reliable assignment. [e] Broad signal. [f] Recorded
at �60 �C. [g] N.A. [h] Recorded at 45 �C.
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Figure 1. Perspective drawing of 2 c (50% probability ellipsoids).


angular structural parameter[20] �� 0.072. The NO ligand is
located in the apex of the pyramid and the remaining
coordinated ligands define the basal plane. The C6F5 groups


are tilted with respect to the basal plane with angles between
66� and 78�. The three Pt�C6F5 bond lengths in 2 c are virtually
identical [between 2.092(6) and 2.106(6) ä] and close to the
longest distance found in the related heterodimetallic SPY-5
species [NBu4][Pt(C6F5)3(tht){Ag(PPh3)}] [Pt�C range:
2.00(1) ± 2.10(1) ä].[21] Slightly shorter Pt�C6F5 distances
were found in the mononuclear square planar derivative
[NBu4][Pt(C6F5)3(PPh3)] [Pt�C range: 2.04(1) ± 2.07(1) ä].[22]
The Pt�P bond length in the latter compound [Pt�PPh3
2.279(3) ä] is also slightly shorter than observed in 2 c
[Pt�PPhMe2 2.359(2) ä]. The Pt-N-O unit is clearly bent
[120.1(6)�] towards the PPhMe2 ligand [torsion angle O(1)-
N(1)-Pt-P(1) 4�]. This is in agreement with previous theoret-
ical calculations, which predict a bent M-N-O unit for apical
SPY-5 metal nitrosyl compounds with {MNO}8 configura-
tion.[19, 23] Furthermore, bending has been predicted to occur
in the plane containing the poorer donors.[23] The most
significant structural features related to the Pt-NO coordina-
tion in the structurally characterized terminal Pt-nitrosyl
complexes are given in Table 5 for comparison.[24, 25]


An ellipsoid drawing of the anion of [N(PPh3)2]-
[Pt(C6F5)4(NO)] (4) appears in Figure 2. Selected interatomic
distances[26] and angles are given in Table 6. The geometry
around Pt is best described as SPY-5 with the basal plane
defined by the four C6F5 groups and the apex occupied by the
NO ligand (�� 0.072).[20] All four C6F5 groups are tilted (tilt
angles between 55 and 79�) and arranged helically around the


Figure 2. Perspective drawing of the anion of 4 (� conformation, 50%
probability ellipsoids). The displacement parameters of O(1) are typical for
this atom suffering a librational motion. The corresponding N(1) ±O(1)
distance has been corrected for this effect.[26]


Table 4. Selected bond lengths [ä] and angles [�] and their estimated
standard deviations for 2c.


Bond lengths


Pt(1)�N(1) 2.068(7) C(10)�C(15) 1.372(8)
Pt(1)�C(1) 2.100(6) C(11)�F(11) 1.358(6)
Pt(1)�C(10) 2.092(6) C(15)�F(15) 1.366(7)
Pt(1)�C(20) 2.106(6) C(20)�C(21) 1.382(9)
Pt(1)�P(1) 2.359(2) C(20)�C(25) 1.376(9)
N(1)�O(1) 1.086(7) C(21)�F(21) 1.343(8)
C(1)�C(2) 1.373(8) C(25)�F(25) 1.347(8)
C(1)�C(6) 1.373(8) P(1)�C(30) 1.808(6)
C(2)�F(2) 1.355(7) P(1)�C(40) 1.811(6)
C(6)�F(6) 1.366(7) P(1)�C(50) 1.809(6)
C(10)�C(11) 1.389(8)


Bond angles


Pt(1)-N(1)-O(1) 120.1(6) C(6)-C(1)-C(2) 114.7(6)
N(1)-Pt(1)-C(1) 98.4(2) Pt(1)-C(10)-C(11) 118.2(4)
N(1)-Pt(1)-C(10) 94.6(2) Pt(1)-C(10)-C(15) 128.6(5)
N(1)-Pt(1)-C(20) 91.3(3) C(15)-C(10)-C(11) 113.0(6)
N(1)-Pt(1)-P(1) 97.2(2) Pt(1)-C(20)-C(21) 125.2(5)
C(1)-Pt(1)-C(10) 166.8(2) Pt(1)-C(20)-C(25) 119.6(5)
C(1)-Pt(1)-C(20) 85.8(2) C(25)-C(20)-C(21) 115.1(7)
C(1)-Pt(1)-P(1) 90.3(2) Pt(1)-P(1)-C(30) 113.0(2)
C(10)-Pt(1)-C(20) 91.3(2) Pt(1)-P(1)-C(40) 110.2(2)
C(10)-Pt(1)-P(1) 90.7(2) Pt(1)-P(1)-C(50) 115.0(2)
C(20)-Pt(1)-P(1) 171.1(2) C(30)-P(1)-C(40) 107.8(3)
Pt(1)-C(1)-C(2) 127.5(5) C(30)-P(1)-C(50) 106.0(3)
Pt(1)-C(1)-C(6) 117.7(5) C(40)-P(1)-C(50) 104.3(3)


Table 5. Important data relative to the structurally characterized terminal Pt-nitrosyl compounds.


Compound �(NO) Pt coordination Pt ±N N±O Pt-N-O Ref.
[cm�1] environment [ä] [ä] [�]


[NEt4]2[{PtCl3(NO)}(�-Cl)(�-NO){PtCl2}] OC-6 1.98(6) 1.05(6) 122(5) [24a]


[HNC9H7]2[{PtCl3(NO)}2(�-Cl)2] 1750 OC-6 2.15[a] 1.18(6) 112.0[a] [24b]


[NBu4][PtCl2(C6Cl5)2(NO)] 1797[b] SPY-5 2.054(9) 1.141(14) 119.5(8) [14]


[Pt(C6F5)3(PPhMe2)(NO)] (2 c) 1800[c] SPY-5 2.068(7) 1.086(7) 120.1(6) this work
[N(PPh3)2][Pt(C6F5)4(NO)] (4) 1808[c] SPY-5 2.035(4) 1.027(7) 130.2(6) this work
[NBu4][Pt(C6Cl5)4(NO)] 1791[b] SPY-5 2.22(6) 1.04(9) 180 [13]


NO(g) 1876 ± ± 1.15 ± [25]


NO�(g) 2345 ± ± 1.06 ± [25]


[a] Estimated standard deviation not reported. [b] In CH2Cl2 solution. [c] In Et2O solution.
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Pt ±N axis with both � and � conformations present in the
crystal measured (centrosymmetric space group). The
Pt�C6F5 bond lengths in 4 are very similar [between
2.086(4) and 2.097(4) ä] and are in keeping with the values
found in related species of formula [Pt(C6F5)4(MLx)]n� for
which the X-ray crystal structure is known, namely
[NBu4][Pt(C6F5)4{Ag(tht)}] [Pt ±C range: 2.03(2) ±
2.09(2) ä],[27] [NBu4]2[{Pt(C6F5)4}2(�-Pb)] [Pt ±C range:
2.05(2) ± 2.10(2) ä][28] and [NBu4]2[{Pt(C6F5)4}2(�-Tl)] [Pt ±C
range: 2.03(2) ± 2.09(3) ä].[29] The PtNO unit is clearly bent
[Pt-N-O 130.2(7)�] and the Pt�N bond length [2.043(5) ä] is
similar to that found in 2 c [2.068(7) ä] and in
[NBu4]2[PtCl2(C6Cl5)2(NO)] [2.054(9) ä] (Table 5). The
N�O bond length [1.027(3) ä] is comparable with that found
in ionic [N�O]� (1.06 ä).[25] A
comparison between the struc-
tures of [N(PPh3)2][Pt(C6F5)4-
(NO)] (4) and of the pentachlor-
ophenyl derivative [NBu4][Pt-
(C6Cl5)4(NO)] reveals the exis-
tence of remarkable differences
in the corresponding Pt-N-O
units (Table 5) which could not
be easily anticipated, especially
considering the similar electronic
effects traditionally assigned to
the C6F5 and C6Cl5 groups.[30]


Thus, bent versus linear NO
coordination is observed despite
the fact that both species have
SPY-5 global geometry. They
also show noticeably different


Pt�N bond lengths [2.043(5) versus 2.22(6) ä]. These struc-
tural differences are likely to be related to some differences in
the Pt ±NO bonding mechanism. In order to ascertain this
latter point, we considered it appropriate to undertake a DFT
study on various model [PtR4(NO)]� (R�H, Me, Cl, CN, C6F5
or C6Cl5) and [Pt(C6F5)3(L)(NO)] (L�CNMe, PH3) systems.
The 19F NMR spectrum of 4 at various temperatures


(Table 2) is in keeping with a SPY-5 geometry for the anion as
found in the solid state with at least two different dynamic
processes operating in solution. A single p-F signal is observed
over the whole temperature range studied, meaning that all
four C6F5 groups are equivalent over that range. Assuming a
bent Pt-N-O unit also in solution, this equivalency could be
easily achieved by rapid (on the NMR time scale) rotation
about the Pt�N axis. In contrast, rotation of the C6F5 groups
about the correspondingM�Cipso bonds is frequently hindered
because of the existence of d�(M) ± p�(C6F5) interaction,
which implies some multiple bond character. The presence
of two o-F signals in the low temperature spectrum (Figure 3),
which coalesce at higher temperatures and eventually merge
into a single one at mean frequency, is consistent with the
model of hindered rotation of the C6F5 groups. The 19F NMR
spectra of compounds 2 at different temperatures can be
equally well rationalized assuming a dynamic SPY-5 structure
in solution (Table 2).


Equilibrium geometry, electronic structure and bonding
mechanism of the NO ligand in [R4Pt(NO)]� (R�H,
Me, Cl, CN, C6F5, C6Cl5), [Cl2(C6Cl5)2Pt(NO)]� , and
[(C6F5)3(L)Pt(NO)] (L�CNMe or PH3) compounds : The
next goal of this work is to determine the details of the
electronic structure and, in particular, the nature of the
bonding of the nitrosyl ligand in a series of [R4Pt(NO)]� (R�
H (5), Me (6), Cl (7), CN (8), C6F5 (9), C6Cl5 (10)) complexes
as well as in the mixed-ligand [Cl2(C6Cl5)2Pt(NO)]� (11), and
[(C6F5)3(L)Pt(NO)] (L�CNMe (12) or PH3 (13)) com-
pounds. To accomplish this we thought it would be advisable
to explore first the effect of the stabilizing co-ligands on the
bonding mode of the NO ligand in five-coordinate
[R4Pt(NO)]� (R�H, Me, Cl or CN) complexes. We selected
four ligands exerting different electronic effects, two from the


Table 6. Selected bond lengths [ä] and angles [�] and their estimated
standard deviations for the anion of 4 ¥ 0.5CH2Cl2.


Bond lengths


Pt(1)�N(1) 2.035(4) C(8)�F(8) 1.360(5)
Pt(1)�C(1) 2.088(4) C(12)�F(12) 1.355(5)
Pt(1)�C(7) 2.088(4) C(13)�C(14) 1.389(6)
Pt(1)�C(13) 2.094(4) C(13)�C(18) 1.378(6)
Pt(1)�C(19) 2.086(4) C(14)�F(14) 1.359(5)
C(1)�C(2) 1.380(5) C(18)�F(18) 1.365(5)
C(1)�C(6) 1.386(6) C(19)�C(20) 1.376(5)
C(2)�F(2) 1.354(5) C(19)�C(24) 1.389(6)
C(6)�F(6) 1.355(5) C(20)�F(20) 1.356(4)
C(7)�C(8) 1.374(6) C(24)�F(24) 1.364(5)
C(7)�C(12) 1.382(6) N(1)�O(1) 1.027(7)[a]


Bond angles


Pt(1)-N(1)-O(1) 130.2(6) Pt(1)-C(1)-C(6) 126.7(3)
C(1)-Pt(1)-C(7) 168.47(15) C(2)-C(1)-C(6) 113.1(4)
C(1)-Pt(1)-C(13) 90.03(15) Pt(1)-C(7)-C(8) 119.6(3)
C(1)-Pt(1)-C(19) 89.58(15) Pt(1)-C(7)-C(12) 126.7(3)
C(1)-Pt(1)-N(1) 97.10(17) C(8)-C(7)-C(12) 113.8(4)
C(7)-Pt(1)-C(13) 90.66(15) Pt(1)-C(13)-C(14) 120.0(3)
C(7)-Pt(1)-C(19) 88.28(15) Pt(1)-C(13)-C(18) 126.9(3)
C(19)-Pt(1)-N(1) 94.40(18) C(14)-C(13)-C(18) 113.1(4)
C(13)-Pt(1)-C(19) 172.73(15) Pt(1)-C(19)-C(20) 121.8(3)
C(13)-Pt(1)-N(1) 90.74(18) Pt(1)-C(19)-C(24) 124.8(3)
C(7)-Pt(1)-N(1) 96.52(18) C(20)-C(19)-C(24) 113.4(4)
Pt(1)-C(1)-C(2) 119.9(3)


[a] The N(1) ±O(1) distance given has been corrected for libration.[26]


Figure 3. 19F NMR spectrum of 4 (o-F region only) registered at various temperatures in [2H]chloroform.







Pt ±Nitrosyl Derivatives 4094±4105


Chem. Eur. J. 2003, 9, 4094 ± 4105 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4099


left, one from the middle and one from the right site of the
spectrochemical series. Thus, hydride and methyl are pure

 donors, chloride is a 
 donor/� donor, and cyanide a

 donor/� acceptor ligand. In addition, hydride, methyl and
cyanide ligands are soft bases, while the chloride ligand is a
hard base. Selected geometric parameters for the model
[R4Pt(NO)]� (R�H,Me, Cl, CN) complexes computed at the
B3LYP/SDD level of theory are shown in Figure 4. Interest-
ingly, 5 adopts a distorted TBPY-5 structure involving a


Figure 4. B3LYP-optimized structures of the model [R4Pt(NO)]� (R�H,
Me, Cl, CN) complexes. For the [Me4Pt(NO)]� compound both the apical
(a) and basal (b) isomers are given. Bond lengths are in angstroms, and
bond angles in degrees.


linearly coordinated NO ligand in the equatorial plane. The
H-Pt-H bond angle of the axial Pt�Hax bonds is equal to
162.7�. On the other hand, 6, 7 and 8 adopt a SPY-5 structure
with the NO ligand in the apical position coordinated to the Pt
central atom in a bent fashion and pointed in the direction of
the bisector of one of the R-Pt-R bond angles. The O(3)-N(2)-
Pt(1)-C(4), O(3)-N(2)-Pt(1)-Cl(4) and O(3)-N(2)-Pt(1)-C(4)
torsion angles in 6, 7 and 8 are 47.6, 45.5 and 48.5�,
respectively. The extent of the bending in 7 and 8 is calculated
at similar values of about 120�, whereas in 6 the bending angle
is slightly larger (128.9�). The Pt central atom is found 0.15,
0.08, and 0.05 ä above the basal plane of the square


pyramidal structures of 6, 7 and 8, respectively. The Pt�N
bond in 5 is shorter by 0.065, 0.134 and 0.186 ä with respect to
the corresponding bond in 6, 7 and 8. The N�O bond lengths
in 5 and 6 are nearly the same (1.245 versus 1.248 ä), but
differ slightly from the N�O bond length in 7 and 8, being
longer by about 0.05 ä. The formation of the [R4Pt(NO)]�


complexes, viewed as the interaction of NO� ligand with the
square planar [R4Pt]2� species are predicted to be exothermic,
the computed interaction energies being equal to 353.3, 346.3,
270.7 and 236.3 kcal mol�1 for 5, 6, 7 and 8, respectively, at the
B3LYP/SDD level of theory. Both the computed interaction
energies and the Pt�N bond lengths mirror the different
mechanism of bonding of the NO ligand in the linear and bent
bonding modes. In the linear bonding mode the Pt�N bond
exhibits both a 
 and � component (actually it is a partially
double Pt�N bond), whereas in the bent bonding mode it is a
pure 
 bond, in line with the qualitative molecular orbital
picture of the bonding modes of the NO ligand. This is further
substantiated by the N�O bond length of the coordinated NO
ligand, being longer in the linearly than in the bent
coordinated NO ligand. Moreover, the observed structural
changes of the MNO moiety could be accounted by the
electronic effects of the stabilizing co-ligands. Thus, the �


acceptor ability of the CN� ligand is responsible for the
withdrawing of electron density from the coordinated NO
ligand towards the Pt central atom, thus resulting in the
weakening of the Pt�N bond followed by concomitant
strengthening of the N�O bond as compared to the 
- and
� donor Cl� ligand. The computed N±O stretching mode for
5, 6, 7 and 8 found at 1580, 1507, 1641 and 1686 cm�1,
respectively, correlate with the general trend in the N�O bond
lengths; this reflects the relative strength of the respective
bonds as well as the extent of �-back-donation. Although 6
involves the coordinated NO ligand in a bent-bonding mode
similar to that of 7 and 8, the structural and electronic features
of the PtNO moiety are similar to that of 5 as a result of the
analogous electronic effects of the methyl and hydride ligands.
Looking for an isomer of 6 with a linearly coordinated NO
ligand analogous to that found in 5 we located on the PES of 6
another local minimum at almost the same energy corre-
sponding to a square-pyramidal [Me4Pt(NO)]� isomer (6 b)
involving the NO ligand in the basal plane of the square-
pyramidal structure coordinated again in a bent bonding
mode (Figure 4b). In the isomer with the NO ligand in the
basal position the bending angle is about 6� larger than the
isomer with the NO ligand in the apical position, while both
the Pt�N and N�O bonds are longer by 0.022 and 0.034 ä,
respectively. It is worth noting that, in spite of the structural
differences the computed bond overlap population (bop)
values of the Pt�N and N�O bonds in the two isomers are
identical. A search for structures involving the linear bonding
mode of the NO ligand in a trigonal pyramidal coordination
environment of the PtII center, using the appropriate starting
geometries of the optimization process for all [R4Pt(NO)]�


species revealed the existence of only one minimum corre-
sponding to the aforementioned geometries; both calculations
converged to the same geometry.
According to the natural bond orbital (NBO) and Mulliken


population analysis (Supporting Information, Table S1) upon
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coordination of the NO ligand to Pt central atom there is a
strong charge transfer from the Pt central atom to the
coordinated NO ligand amounted to 0.97, 0.67, 0.62, 0.44 and
0.49 charge unit of natural charge in 5, 6 a (apical), 6 b, 7 and 8,
respectively. Note that the computed natural charges on the Pt
central atom in [H4Pt]2�, [Me4Pt]2�, [Cl4Pt]2�, and [(CN)4Pt]2�


are �0.59, 0.24, 0.38, and 0.31, respectively. In 5 the linearly
bonded NO ligand acquires negative charge, which produces
an increase of the N�O bond length with respect to that in
free NOmolecule. These negative charges are similar to those
of the linearly coordinated NO ligand in the square pyramidal
[(CN)4Fe(NO)]� complex computed at the DFT level of
theory.[31] Negatively charged is also the coordinated NO
ligand in 6 a and 6 b, isomers as a result of the analogous
electronic effects of the hydride and methyl ligands (pure

 donors). On the other hand, the bent coordinated NO ligand
in 7 and 8 has a slight positive charge and therefore the N�O
bond length is similar to that of the free NO ligand. Generally,
the computed bop values follow the trend of the computed
Pt�N bond lengths. Surprisingly, though 8 was predicted to be
unbound with respect to [(CN)4Pt]2� and NO asymptotes, the
bop value indicates the formation of a weak Pt�NO bond.
Interestingly, in all complexes there are two inequivalent
Pt�R bond lengths, being more pronounced in the 5 molecule,
with the bent PtNO moiety pointed in the direction of the
shorter Pt�R bond (Figure 4). To explain the different Pt�R
bond lengths we looked for possible bonding multicenter
interactions between the N atom of the coordinated NO
ligand and the donor atoms of the R ligands. The bop values of
0.024, 0.033 and 0.005 for the N ¥ ¥ ¥R interactions for the bonds
pointed in the direction of the bent PtNO moiety in 6 a, 6 b
and 8, respectively, strongly suggest the existence of weak
interactions. The N ¥ ¥ ¥R interactions exist even in the linearly
bonded NO ligand in 5 (bop value of 0.008). The interaction of
the N atom of the coordinated NO ligand with the other two C
donor atoms in 6 a and 6 b isomers is much weaker as it is
reflected on the computed bop values of 0.003 and 0.007,
respectively. The same is also true for the interaction of the N
atom of the coordinated NO ligand with the other two CN�


ligands in 8, the bop value being only 0.002. However, the bop
values of �0.002 and �0.005 for the N ¥ ¥ ¥R interactions in 7
are indicative of antibonding N ¥ ¥ ¥R interactions. This is
substantiated by the nature of the respective molecular
orbitals describing the multicenter N ¥ ¥ ¥R interactions in the
[R4Pt(NO)]� compounds. These molecular orbitals, along
with the HOMO and LUMO of [R4Pt(NO)]� compounds are
depicted schematically in Figure 5. Notice the multicenter
N ¥ ¥ ¥R bonding interactions in HOMO, HOMO-1 and
HOMO-2 of 5, 6 a and 6 b and HOMO-1 and HOMO-2 of
8 and the antibonding orbitals in HOMO-1 and HOMO-2
of 7.
The LUMO of 5, 6 a, 6 b, 7, and 8 at 2.33, 1.96, 2.27, �0.96,


and �2.11 eV, respectively, correspond to a �* MO resulted
from the antibonding interaction of an out-of-plane d� orbital
of the Pt atom with the out-of-plane NO �* orbital. On the
other hand, the HOMO of 5, 6 a, 6 b and 8 at �0.76, �1.41,
�0.53 and �5.32 eV, respectively correspond to �* MO
resulted from the antibonding interaction of an in-plane d�
orbital of the Pt atom with the in-plane NO �* orbital. The


Figure 5. The LUMO, HOMO, HOMO-1 and HOMO-2 of
a) [H4Pt(NO)]� ; b) [Me4Pt(NO)]� (apical); c) [Me4Pt(NO)]� (basal);
d) [Cl4Pt(NO)]� ; and e) [(CN)4Pt(NO)]� .


HOMO of 7 at �3.70 is a non-bonding ligand group orbital
resulted from the antibonding interactions of the in-plane p
AOs of the four chloride ligands. The HOMO±LUMO
energy gaps amounted to 3.09, 3.37, 2.80, 3.21 and 2.74 eV for
the 5, 6 a, 6 b, 7 and 8, respectively, reflect the relative stability
of the compounds. Along this line, the multicenter bonding
interactions play a critical role in stabilizing the five-coor-
dinate transition metal nitrosyl complexes. Such interactions
were also identified previously[32] in the case of 19 valence
electron square pyramidal nitrosyl complex [Fe(pyS4)NO]
[pyS42�� 2,6-bis-(2-mercaptophenylthiomethyl)pyridine(2�)]
with the coordinated NO ligand in a bent bonding mode,
respectively, computed at the B3LYP level.
Considering the effect of the electronic properties of the


stabilizing co-ligands on the bonding mechanism of the NO
ligand in the square pyramidal [R4Pt(NO)]� compounds, one
would expect, for 9, 10, 11, 12 and 13 involving the more bulky,
but electronically equivalent C6F5 and C6Cl5 ligands, a similar
bonding mechanism to that observed in 7 and 8. The C6F5 and
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C6Cl5 ligands exhibit 
 donor, � donor and � acceptor capacity
and with respect to electronic effects are closer to the CN�


ligand. In effect in all these complexes the NO ligand is
coordinated to the central Pt atom in a bending mode with the
extent of the bending calculated at similar values ranging from
118 to 123�. The equilibrium geometries of 9 ± 13 fully
optimized at the B3LYP/SDD level of theory along with the
atom-labeling are shown in the Supporting Information
(Figures S1 ± S5). Selected bond lengths and angles are also
listed in the Supporting Information (Tables S2 ± S4). In
general terms the computed structures resemble the exper-
imentally determined structures by X-ray crystallography.
However, in the case of 10, the calculations predicted a bent
coordination mode of the NO ligand in contrast to the
experimentally determined linear coordination mode, a fact,
which will be discussed latter on. In contrast to the square
pyramidal [R4Pt(NO)]� compounds where the coordinated
NO ligand is aligned in the direction of the bisector of one of
the R-Pt-R bond angles, in 9 and 10 it is aligned in the
direction of one of the Pt�C bonds. The computed �(O-N-Pt-
C) torsion angles in 9 and 10 are 7.8 and �0.3�, respectively,
with the experimental values being equal to 15.3 and 0.0�. The
same is also true for 12 and 13 with the NO ligand aligned in
the direction of the Pt�CN and Pt�P bond. The computed
�(O-N-Pt-C) and �(O-N-Pt-P) torsion angles are equal to
�13.0 and �14.9�. In complex 11 the NO ligand is aligned
over the Cl-Pt-C bond angle, the computed �(O-N-Pt-Cl) and
�(O-N-Pt-C) torsion angles being �29.5 and 64.0, respective-
ly, in excellent agreement with the experimental values of
�27.6 and 64.7�. The computed Pt�N bond length of 9, was
found to be longer than the experimentally determined one by
0.024 ä. In contrast, the computed Pt�N bond lengths of 11,
12 and 13 were found to be shorter than the experimentally
determined by 0.008, 0.009, and 0.155 ä, respectively. Sur-
prisingly, the experimentally observed elongation of the
Pt�NO bond in the linear bonding mode of the NO ligand
could not be understood. The experimental value of 2.22(6) ä
of the Pt�NO bond length in 10 is too long to correspond even
to a very weak Pt ±NO bond. Moreover, the computed bop
value of �0.041 is indicative of antibonding Pt ±NO inter-
actions in 10 with a linearly coordinated NO� ligand. We will
try to throw light on the bonding mechanism of the NO ligand
in these nitrosyl complexes, after discussing first some other
structural features of the complexes. The computed Pt�NO
bond lengths of 9, 10, 11, 12 and 13 are close to that of model 8
and therefore the Pt ±NO interaction is expected to be very
weak. This is substantiated by the computed bop values for
the Pt�N bond (Table S1, Supporting Information) found in
the range of 0.052 ± 0.106; these values are lower than that of
8. The weak Pt ±NO interaction, mainly arising from electro-
static interactions, is also reflected on the computed N±O
bond lengths of 1.187 ± 1.198 ä, which are very close to that of
the free NO ligand (1.199 ä). The experimentally determined
N±O bond lengths of 9, 10, 11 and 2 c are found to be shorter
than the computed N±O bond lengths by 0.160, 0.143, 0.057,
and 0.104 ä, respectively. Surprisingly, for 9 and 10 the
experimental values of the N ±O bond lengths seem to be too
short, even shorter than the N±O bond length of the free
NO� species. This strongly suggests that covalent interactions


between the NO� ligand and the positively charged PtII


central atom are very weak in these complexes thereby a
different bonding mechanism might be responsible for the
stabilization of the Pt-NO interaction. In effect, the inter-
actions of the NO� ligand with the square planar [(C6F5)4Pt]2�,
[(C6Cl5)4Pt]2�, [Cl2(C6Cl5)2Pt]2�, [(C6F5)3-
(CNMe)Pt]� and [(C6F5)3(PPhMe2)Pt]� fragments is probably
stabilized through electrostatic multicenter interactions be-
tween the positively charged NO� ligand and the negatively
charged halo-substituents in the ortho-position of the C6X5
(X�F, Cl) ligands. The electrostatic nature of the multicenter
N ¥ ¥ ¥R interactions is verified by the absence of appropriate
MOs corresponding to bonding interactions between the
respective atoms as in the case of the 5 and 8 model
compounds, and by the very small negative bop values
indicative of antibonding interactions as well. The interatomic
distances for the multicenter electrostatic interactions in 9, 10,
11 and 13 are depicted schematically in Figure 6. It can be
seen that for all complexes some of the interatomic distances
are smaller than the sum of the van der Waals radii of the
respective atoms. Notice that the van der Waals radii of N, O,
(F)F�, (Cl)Cl� and P are 1.392, 1.349, (1.293)1.396,
(1.688)1.912, and 1.784 ä, respectively. It should be noted
that very recently a series of charge transfer complexes of
NO� ligand with various aromatic donors involving strong
donor/acceptor interactions have been studied experimental-
ly.[33]


Interestingly, as in the case of 6, 7 and 8, in 9, 10, 11, 12 and
13 there are also inequivalent Pt ±R bond lengths, with the
PtNO moiety pointed in the direction of the shorter Pt�R
bond. This is due to possible bonding multicenter interactions
between the N atom of the coordinated NO ligand and the
donor atoms of the R ligands, being substantiated by the
computed bop values. Thus, the computed bop values for the
N ±Cipso interactions are: 0.018, 0.030 and 0.022 in 9 ; 0.030 and
0.022 in 10 ; 0.020 and 0.030 in 11; 0.019 and 0.030 in 12 ; 0.019
and 0.029 in 13. Such multicenter bonding interactions exist
also in 10 involving a linearly coordinated NO� ligand, the
computed bop values for the N ±Cipso interactions being 0.016.
The interatomic distances in 10 involving the NO ligand in a
linear bonding mode, depicted schematically in the Support-
ing Information (Figure S6), are also in support of the
multicenter bonding interactions.
Upon coordination of the NO� ligand to [(C6F5)4Pt]2�,


[(C6Cl5)4Pt]2�, [Cl2(C6Cl5)2Pt]2�, [(C6F5)3(CNMe)Pt]� and
[(C6F5)3(PH3)Pt]� moieties there is a charge transfer from
the Pt central atom to the coordinated NO ligand amounted
to 0.85, 0.90, 0.97 and 0.88 charge units of natural charge,
respectively. The bent coordinated NO ligand in all complexes
has a slightly positive charge and therefore the N±O bond
length is similar to that of the free NO ligand.
The LUMO of 9, 10, 11, 12, and 13 at �1.87, �2.10, �1.14,


5.17, and �5.19 eV, respectively, correspond to a �* MO
resulted from the antibonding interaction of an out-of-plane
d� orbital of the Pt atom with the out-of-plane NO �* orbital
(Figure 7a). The HOMO of 9 and 10 at �5.17 and �3.54 eV,
respectively, correspond to �* MO resulted from the anti-
bonding interaction of an in-plane d� orbital of the Pt atom
with the in-plane NO �* orbital (Figure 7a). The HOMO±
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LUMO energy gap amounted to 3.30 and 1.44 eV for 9 and 10
indicates a lower stability of 10. The HOMOof 11 at�4.28 eV
corresponds to an antibonding combination of the dyz AO of
the central Pt atomwith the pyAOs of the two chloride ligands
(Figure 7b), while the HOMO of 13 at �7.80 and �7.97 eV,
respectively, is a �* MO located on the aromatic ring of the
C6F5 ligand in trans-position to the isocyanide and phosphine
ligands (Figure 7c). The HOMO±LUMO energy gap
amounts to 3.14, 2.63 and 2.78 eV the 11, 12 and 13,
respectively.


Figure 7. The LUMO and HOMO of a) [(C6F5)4Pt(NO)]� and the HOMO
of b) [Cl2(C6Cl5)2Pt(NO)]� and c) [(C6F5)3(PH3)Pt(NO)] complexes.


Conclusion


A square pyramidal structure has been found for the five-
coordinate anions [Pt(C6X5)4(NO)]� (X�F or Cl). However,
the {MNO}8 unit seems to be very sensitive to the surrounding
ligands. Thus, a linear geometry has been found for X�Cl
(Pt-N-O 180�), while for X�F it is clearly bent (Pt-N-O 130�).
The bonding mechanism of the nitrosyl ligand coordinated


to Pt metal centers in various five-coordinate [R4Pt(NO)]�


and [(C6F5)3(L)Pt(NO)] complexes has been studied using
DFT calculations at the B3LYP level of theory. It was found
that the interaction of the NO ligand with the Pt metal centers
in these complexes involves three components: i) a direct
bonding interaction of the NO ligand with the Pt central atom,
ii) multicenter bonding interactions between the N atom of
the coordinated NO ligand and the donor atoms of the R or L
ligands and iii) multicenter electrostatic interactions between
the positively charged NO ligand and the negatively charged
halo-substituents in the ortho-position of the C6X5 (X�F, Cl)
ligands. The contribution of each component to the bonding
mechanism of the NO ligand with the Pt central atom seems
to be modulated by the electronic and steric effects of the
ligands R. It can be concluded that the electronic effects of the
stabilizing co-ligands in the five-coordinate [R4Pt(NO)]�


(R�H, Me, Cl, CN, C6F5, C6Cl5) and [Pt(C6F5)3(L)(NO)]
(L�CNMe, PH3) complexes tune mainly the structural
features of the PtNO moiety, but have no effect on the
coordination mode (linear versus bent) of the NO ligand.
These results point to the possibly important role of the
second sphere coordination environment in the stability and
chemical behaviour of metal nitrosyls.


Figure 6. The structural features of the molecular framework describing the multicenter interactions of the NO ligand in a) [(C6F5)4Pt(NO)]� ,
b) [(C6Cl5)4Pt(NO)]� c) [Cl2(C6Cl5)2Pt(NO)]� , d) [(C6F5)3(CNMe)Pt(NO)], e) [(C6F5)3(PH3)Pt(NO)] and f) [(C6Cl5)4Pt(NO)]� involving the coordinated
NO ligand in a linear bonding mode (experimental structure).
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Experimental Section


General procedures and materials : Unless otherwise stated, the reactions
and manipulations were carried out under purified argon using Schlenk
techniques. Solvents were dried by standard methods and distilled prior to
use. The starting materials NO,[34] NOClO4,[35] AgClO4,[36] [N(PPh3)2]Cl,[37]


[NBu4]2[Pt(C6F5)3Cl],[15] [NBu4][Pt(C6F5)3(PPh3)],[38] [NBu4][Pt-
(C6F5)3(tht)],[38] and [NBu4]2[Pt(C6F5)4],[38] were prepared as described
elsewhere. Elemental analyses were carried out with a Perkin ±Elmer 2400-
Series II microanalyzer. IR spectra of Nujol mulls or CH2Cl2 solutions were
recorded on a Perkin-Elmer 883 spectrophotometer (4000 ± 200 cm�1).
Unless otherwise stated, NMR spectra were recorded at room temperature
on [2H]chloroform solutions using a Varian Unity-300 spectrometer: 1H
(300 MHz), 31P (121.442 MHz) and 19F (282.231 MHz) chemical shifts are
referred to SiMe4, CFCl3 and 85% H3PO4 zero values respectively. NMR
signals due to the cation are not given. Mass spectra were recorded on a
VG-Autospec spectrometer with the standard Cs-ion FAB (acceleration
voltage: 35 kV).


Caution : Some of the following synthetic procedures involve working with
perchlorate salts. Although in our experience AgClO4, [N(PPh3)2]ClO4 and
NBu4ClO4 are well-behaved materials, it would be advisable to proceed
with caution when attempting to repeat those experiments in which these
salts are involved because of their potentially explosive nature.[39] NOClO4


is, in turn, known to react violently with, for instance, Me2CO, Et2O and
EtOH[40] and hence it is advisable not to attempt the reactions involving
this material in organic solvents other than CH2Cl2 or CHCl3.


Synthesis of [NBu4][Pt(C6F5)3(CNtBu)] (1 a): CNtBu (47 �L, 0.41 mmol)
and AgClO4 (85 mg, 0.41 mmol) were added to a THF (20 mL) solution of
[NBu4]2[Pt(C6F5)3Cl] (0.50 g, 0.41 mmol) and the mixture was stirred for 1 h
in the dark. A white precipitate formed (AgCl), which was removed by
filtration. The filtrate was evaporated to dryness and the resulting residue
was treated with Et2O (20 mL) to give a suspension from which the white
solid (NBu4ClO4) was removed by filtration. The new filtrate was
evaporated to dryness and the residue was extracted in iPrOH (5 mL).
The addition of a layer of n-hexane (20 mL) followed by slow diffusion at
�30 �C caused the crystallization of 1 a as a white solid, which was filtered
and vacuum dried (0.20 g, 48%). 1H NMR: �� 1.31 (s; Me); MS (FAB� ):
m/z : 779 [Pt(C6F5)3(CNtBu)]� , 696 [Pt(C6F5)3]� , 510 [Pt(C6F5)(C6F4)]� ;
elemental analysis calcd (%) for C39H45F15N2Pt (1021.86): C 45.85, H 4.4, N
2.7; found C 45.5, H 4.3, N 2.7.


Synthesis of [NBu4][Pt(C6F5)3(NC5H4Me-4)] (1 b): �-Picoline (40 �L,
0.41 mmol) and AgClO4 (85 mg, 0.41 mmol) were added to a THF
(20 mL) solution of [NBu4]2[Pt(C6F5)3Cl] (0.50 g, 0.41 mmol) and the
mixture was stirred for 1 h in the dark. Awhite precipitate formed (AgCl),
which was removed by filtration. The filtrate was evaporated to dryness and
the resulting residue was treated with iPrOH (10 mL) giving 1 b as a white
solid, which was filtered, washed with n-hexane (2 5 mL) and vacuum
dried (0.21 g, 50%). 1H NMR: �� 8.48 [d, 3J(H,H)� 6.5 Hz, 3J(195Pt,H)�
25 Hz, 2H; o-H], 6.86 (d, 2H; m-H), 2.15 (s, 3H; Me); MS (FAB� ): m/z :
789 [Pt(C6F5)3(NC5H4Me-4)]� , 696 [Pt(C6F5)3]� , 510 [Pt(C6F5)(C6F4)]� ;
elemental analysis calcd (%) for C40H43F15N2Pt (1031.86): C 46.6, H 4.2, N
2.7; found C 46.7, H 4.4, N 2.5.


Synthesis of [NBu4][Pt(C6F5)3(PPhMe2)] (1 c): Using the procedure just
described for synthesizing 1 b, 1c was prepared starting from
[NBu4]2[Pt(C6F5)3Cl] (0.50 g, 0.41 mmol), AgClO4 (85 mg, 0.41 mmol) and
PPhMe2 (60 �L, 0.41 mmol). Complex 1c was obtained as a white solid
(0.31 g, 70%). 31P NMR: ���14.7 [1J(195Pt,P)� 2568 Hz]; elemental
analysis calcd (%) for C42H47F15NPPt (1076.87): C 46.8, H 4.4, N 1.3; found
C 46.65, H 4.4, N 1.4.


Synthesis of [Pt(C6F5)3(CNtBu)(NO)] (2 a): The addition of NOClO4


(25 mg, 0.20 mmol) to a CH2Cl2 (20 mL) solution of 1 a (0.21, 0.20 mmol)
caused this colourless solution to immediately turn reddish brown. After
30 min stirring, the solution was evaporated to dryness and the resulting
residue was treated with Et2O (40 mL) to give a suspension from which the
white solid (NBu4ClO4) was removed by filtration. The new filtrate was
evaporated to dryness and treating the residue with n-hexane (20 mL) gave
2a as a brown solid, which was filtered and vacuum dried (0.10 g, 60%).
1H NMR: �� 1.46 (s); MS (FAB� ): m/z : 779 [Pt(C6F5)3(CNtBu)]� , 696
[Pt(C6F5)3]� , 529 [Pt(C6F5)2]� ; elemental analysis calcd (%) for
C23H9F15N2OPt (809.40): C 34.1, H 1.1, N 3.45; found C 34.8, H 1.5, N 3.3.


Synthesis of [Pt(C6F5)3(NC5H4Me-4)(NO)] (2 b): Using the procedure just
described for synthesizing 2a, 2b was prepared starting from 1b (0.20 g,
0.19 mmol) and NOClO4 (25 mg, 0.19 mmol). Complex 2b is obtained as a
reddish brown solid (42 mg, 27%). When the synthesis was carried out in
an NO atmosphere, the final yield rose up to 53%. 1H NMR: �� 8.52 [d,
3J(H,H)� 4.6 Hz, 3J(195Pt,H) not observed, 2H; o-H], 7.46 (d, 2H;m-H), 2.
57 (s, 3H; Me); MS (FAB� ): m/z : 789 [Pt(C6F5)3(NC5H4Me-4)]� , 696
[Pt(C6F5)3]� ; elemental analysis calcd (%) for C24H7F15N2OPt (819.40): C
35.2, H 0.9, N 3.4; found C 33.05, H 1.1, N 3.0.


Synthesis of [Pt(C6F5)3(PPhMe2)(NO)] (2 c): Using the procedure just
described for synthesizing 2 a, 2c was prepared starting from 1c (0.27 g,
0.25 mmol) and NOClO4 (32 mg, 0.25 mmol). Complex 2c is obtained as a
brown solid (65 mg, 30%). 1H NMR: �� 7.5 ± 7.1 (m, 5H; Ph), 1.9 [d,
3J(H,H)� 10.8 Hz, 6H; Me]; 31P NMR: ���18.4 [1J(195Pt,P)� 2960 Hz];
MS (FAB� ): m/z 834 [Pt(C6F5)3(PPhMe2)]� , 696 [Pt(C6F5)3]� , 529
[Pt(C6F5)2]� ; elemental analysis calcd (%) for C26H11F15NOPPt (864.42):
C 36.1, H 1.3, N 1.6; found C 36.3, H 1.4, N 1.5.


Synthesis of [Pt(C6F5)3(PPh3)(NO)] (2 d): Using the procedure just
described for synthesizing 2a, 2d was prepared starting from 1d (0.41 g,
0.34 mmol) and NOClO4 (44 mg, 0.34 mmol). Complex 2d is obtained as a
brown solid (0.23 g, 68%). 1H NMR: �� 7.6 ± 7.1 (m, Ph); 31P NMR: �� 4.9
[1J(195Pt,P)� 2027 Hz]; MS (FAB� ): m/z : 958 [Pt(C6F5)3(PPh3)]� , 696
[Pt(C6F5)3]� , 529 [Pt(C6F5)2]� ; elemental analysis calcd (%) for
C36H15F15NOPPt (988.56): C 43.7, H 1.5, N 1.4; found C 45.1, H 1.7, N 1.1.


Synthesis of [Pt(C6F5)3(tht)(NO)] (2 e): Using the procedure just described
for synthesizing 2a, 2 e was prepared starting from 1 e (0.26 g, 0.25 mmol)
and NOClO4 (32 mg, 0.25 mmol). Complex 2e is obtained as a brown solid
(0.12 g, 60%). 1H NMR: �� 3.16 (m, 4H; �-CH2), 1.99 (m, 4H; �-CH2);
MS (FAB� ): m/z : 784 [Pt(C6F5)3(tht)]� , 696 [Pt(C6F5)3]� ; elemental
analysis calcd (%) for C22H8F15NOPtS (814.44): C 32.5, H 1.0, N 1.7; found
C 33.1, H 1.0, N 1.4.


Synthesis of [N(PPh3)2]2[Pt(C6F5)4] (3): Complex 3 was prepared as
described for [NBu4]2[Pt(C6F5)4], using [N(PPh3)2]Cl as the salt of choice
instead of NBu4Br.


Synthesis of [N(PPh3)2][Pt(C6F5)4(NO)] (4): NOClO4 (20 mg, 0.15 mmol)
was added to a CH2Cl2 (20 mL) solution of 3 (0.30 g, 0.15 mmol) and the
mixture was stirred for 30 min. The orange solution was evaporated to
dryness and the resulting residue was treated with Et2O (20 mL) to give a
suspension from which the white solid ([N(PPh3)2]ClO4) was removed by
filtration. The reddish filtrate was evaporated to dryness and the residue
was extracted in iPrOH (3 mL). The addition of a layer of n-hexane
(20 mL) followed by slow diffusion at�30 �C caused the crystallization of 4
as a brown solid, which was filtered and vacuum dried (30 mg, 14%). When
the synthesis was carried out in an NO atmosphere, the final yield rose up
to 47%. MS (FAB� ): m/z : 863 [Pt(C6F5)4]� , 696 [Pt(C6F5)3]� ; elemental
analysis calcd (%) for C60H30F20N2OP2Pt (1431.92): C 50.3, H 2.1, N 1.95;
found C 50.9, H 2.5, N 1.6.


X-ray structure determinations : Crystals of 2 c and 4 ¥ 0.5CH2Cl2 suitable
for X-ray diffraction studies were obtained by slow diffusion of n-hexane
layers into CH2Cl2 solutions of the corresponding powder compounds at
�30 �C. Diffracted intensity data were taken from crystals mounted at the
end of a glass fiber with epoxy cement. Crystal data and related parameters
are given in Table 3. For 2 c, of the 4537 intensity data (other than checks)
collected, 3509 unique observations remained after averaging of duplicate
and equivalent measurements and deletion of systematic absences (Rint
0.0249); of these, 2776 had I � 2
(I); an absorption correction was applied
based on azimuthal scan data (max./min. transmission factors� 1.000/
0.615). For 4 ¥ 0.5CH2Cl2, 11906 intensity data were collected at 200 K by
the �/2	 method, from which 10655 unique observations remained after
averaging of duplicate and equivalent measurements and deletion of
systematic absences (Rint 0.0164), of which, 10310 had I � 2
(I); three
check reflections measured at regular intervals showed no loss of intensity
at the end of data collection; an empirical absorption correction based on
azimuthal scan data was applied (max./min. transmission factors� 0.896/
0.753). Lorentz and polarization corrections were applied for both
structures, which were solved by Patterson and Fourier methods. All
refinements were carried out using the program SHELXL-97.[41] All non-
hydrogen atoms were assigned anisotropic displacement parameters and
refined without positional constraints except as noted below. All hydrogen
atoms were constrained to idealized geometries and assigned isotropic
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displacement parameters 1.2 times the Uiso value of their attached carbon
atoms (1.5 times for methyl hydrogen atoms). For the structure of 2c, a final
difference electron density map showed no peaks above 1 e ä�3 (max
0.896; largest diff. hole �0.472 e ä�3). For the structure of 4 ¥ 0.5CH2Cl2,
regions of electron density located at non-bonding distances to the cation
were modeled as lattice dichloromethane that was refined in two positions
at 0.25 occupancy each so that the stoichiometry of the complex conformed
to the given formula. The final difference electron density map showed one
peak above 1 e ä�3 (max 1.080; largest diff. hole �0.873 e ä�3) located in
the solvent area. For both structures, full-matrix least-squares refinement
of the models against F 2 converged to final residual indices given in Table 3.


CCDC-198106 and -198107 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).
Computational details : The structural, electronic and energetic properties
of all compounds were computed at the Becke×s 3-parameter hybrid
functional[42] combined with the Lee ±Yang ±Parr correlation functional[43]


abbreviated as B3LYP level of theory, using the SDD basis set that includes
Dunning/Huzinaga valence double-zeta on the first row and Stuttgart/
Dresden ECP×s on the platinum atom.[44] The hybrid B3LYP functional was
used, since it gives acceptable results for molecular energies and geo-
metries, as well as proton donation, and hydrogen bonds.[45] In all
computations no constraints were imposed on the geometry. Full geometry
optimization was performed for each structure using Schlegel×s analytical
gradient method,[46] and the attainment of the energy minimum was
verified by calculating the vibrational frequencies that result in absence of
imaginary eigenvalues. All the stationary points have been identified for
minimum (number of imaginary frequencies NIMAG� 0) or transition
states (NIMAG� 1). All calculations were performed using the GAUS-
SIAN98 series of programs.[47] Moreover, the qualitative concepts and the
graphs derived from Chem3D program suite[48] highlight the basic
interactions resulted from the DFT calculations.
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Abstract: An efficient enzyme model
exhibiting enantioselective esterase ac-
tivity was prepared by using molecular
imprinting techniques. The enantiomeri-
cally pure phosphonic monoesters 4�
and 5� were synthesized as stable tran-
sition-state analogues. They were used
as templates connected by stoichiomet-
ric noncovalent interactions to two
equivalents of the amidinium binding
site monomer 1. After polymerization
and removal of the template, the poly-
mers were efficient catalysts for the
hydrolysis of certain nonactivated amino
acid phenylesters (2�, 2�, 3�, 3�)
depending on the template used. Im-
printed catalyst IP4 (imprinted with 4�)
enhanced the hydrolysis of the corre-
sponding substrate 2� by a factor of 325
relative to that of a buffered solution.


Relative to a control polymer containing
the same functionalities, prepared with-
out template 4�, the enhancement was
still about 80-fold, showing the highest
imprinting effect up to now. In cross-
selectivity experiments a strong sub-
strate selectivity of higher than three
was found despite small differences in
the structure of the substrate and tem-
plate. Plots of initial velocities of the
hydrolysis versus substrate concentra-
tion showed typical Michaelis ±Menten
kinetics with saturation behavior. From
these curves, the Michaelis constant KM


and the catalytic constant kcat can be
calculated. The enantioselectivity shown
in these values is most interesting. The
ratio of the catalytic efficiency kcat/KM,
between the hydrolysis of 2�- and 2�-
substrate with IP4, is 1.65. This enantio-
selectivity derives from both selective
binding of the substrate (KM�/KM��
0.82), and from selective formation of
the transition state (kcat�/kcat�� 1.36).
Thus, these catalysts give good catalysis
as well as high imprinting and substrate
selectivity. Strong competitive inhibition
is caused by the template used in
imprinting. This behavior is also quite
similar to the behavior of natural en-
zymes, for which these catalysts are good
models.


Keywords: enzyme catalysis ¥
enantioselectivity ¥ enzyme models
¥ molecular imprinting ¥ transition-
state analogue


Introduction


In order to prepare a catalyst that works similarly to an
enzyme, a cavity that functions as an active site has to be
generated with a shape corresponding to the shape of the
substrate or, even better, to the shape of the transition state of
the reaction. Furthermore, functional groups have to be
introduced into this cavity in an accurate three-dimensional
orientation in order to be effective as binding sites, coenzyme
analogues, or catalytic sites.


Previously, we have introduced a novel method for obtain-
ing such structures in synthetic polymers (™enzyme-analogue
built polymers∫).[1, 2] For this, a highly cross-linked copolymer
is formed around a template molecule. The monomer mixture


contains functional monomers that can interact with the
template through covalent or non covalent interactions. After
removal of the template, an imprint containing functional
groups in a certain orientation remains in the polymer. The
shape of the formed imprint, and the arrangement of the
functional groups are complementary to the structure of the
template (for reviews see ref. [3 ± 5]).


For the preparation of imprinted polymeric catalysts, the
functional groups to be introduced should act as binding and
catalytically active sites. Furthermore, it is necessary to create
a shape of the cavity that will support the catalysis, for
example, by stabilizing the transition state of the reaction.
This approach was inspired by the results of Schulz, Lerner,
and others, by generating antibodies against stable transition-
state analogues of a reaction, and obtaining catalytically
active antibodies.[6, 7] In addition to the special shape of the
active site in the antibodies, catalytic antibodies possess,
similar to that in enzymes, special catalytically-active func-
tional groups like guanidine groups, that considerably en-
hance the catalytic reaction. Since most of the research in
antibody chemistry is concerned with ester hydrolysis, these
reactions were the first to be investigated in molecular
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imprinting.[8±12] (for a recent review see ref [13]). The main
problem to generate an efficient enzyme model by molecular
imprinting is to find a suitable template array that contains the
stable transition-state analogues, the binding sites, and
catalytically-active groups in the desired position.


One possible way to solve this problem is to use non-
covalent interactions between templates and binding-site
monomers with high association constants (so-called stoichio-
metric noncovalent interactions), like the binding of amidine
groups with carboxylic acid, phosphonic acid, or phosphoric
acid groups.[14, 15] In this respect, it is interesting to note that
the most active esterase species among catalytic antibodies
contain a guanidinium group (of the amino acid �-arginine),
which plays an important role in catalyzing the basic
hydrolysis of esters.[16] Similarly, in the investigation of
alkaline hydrolysis of esters, carbonates, and carbamates, we
used amidine groups in polymeric catalysts for binding and
catalysis.[9, 13, 17] We were able to obtain catalysts by molecular
imprinting that showed enhancements in ester hydrolysis,
102 ± 235 times faster relative to the solution reactions. In the
case of carbonates and carbamates, the hydrolysis catalyzed
by an imprinted polymer was 588 and 1400 ± 3860 times faster,
respectively. It could be shown that these catalysts exhibit
Michaelis ±Menten kinetics similar to enzymes. Further
examples by using amidines in a similar way have recently
been published.[18]


In the next step we now want to form a model for an
enantioselective esterase, and consequently combine the well-
known enantioselectivity in separation with the catalytic
properties of the imprinted polymers.


Previously, Sellergren and Shea presented catalytically-
active imprinted polymers for the hydrolysis of a chiral amino
acid ester.[10, 11] The imprint was obtained by a combination of
covalent and noncovalent interactions. A chiral �-amino
phosphonate was used as the template. In order to mimic the
catalytic triad of the active site in chymotrypsin, imidazole,
phenolic hydroxy, and carboxyl groups were used as catalyti-
cally-active groups. Although the rate enhancements were not
very high (2.5-fold vs control polymer, and 10-fold vs
solution), the enantioselectivity for the hydrolysis was quite
high at kD/kL� 1.85.


This paper describes the synthesis of enantiomerically pure
template molecules, their corresponding substrates, and the
preparation and catalytic properties of the molecularly-
imprinted polymers.


Results and Discussion


Synthesis of the substrates and templates : Firstly we inves-
tigated the hydrolysis of an aromatic dicarboxylic monoester
(4-carboxyphenylacetic(3,5-dimethylphenyl) ester), and used
the corresponding phosphonic ester (4-carboxylbenzylphos-
phonic-mono-(3,5-dimethylphenyl) ester) as the stable tran-
sition-state analogue acting as the template. This template was
converted into a bisamidinium salt with N,N�-diethyl(4-vinyl-
phenyl)amidine (1) acting as the binding site monomer.[9] The
amidinium groups are attached to the carboxyl group, as well
as to the phosphonic monoester group of the template, by two


chelated hydrogen bonds com-
bined with electrostatic interac-
tion. It was therefore possible
to fix a transition-state ana-
logue template during imprint-
ing and, at the same time,
position the amidine groups in
the correct orientation for cat-
alysis. To investigate a similar but non-racemic chiral system,
the substrate should be based on �-amino acid derivatives that
are easily available as both enantiomers. The ester residue
should also contain a nonactivated 3,5-dimethylphenylester to
create a significant imprint, and a 4-carboxybenzoyl group at
the N-terminal part should be introduced.


As a result, the free carboxylic acid can act as a binding
motif during catalysis, and the hydrolysis products, phenol and
dicarboxylic acid, can easily be detected by UV absorption
during HPLC separations. Therefore, the N-(4-carboxyben-
zoyl)-�-amino acid (3,5-dimethylphenyl) esters 2 and 3,
derived from �- and �-leucine and �- and �-valine were
prepared as substrates.


The synthesis started from commercially available carbo-
benzoxy protected �-amino acids, which were transformed
into 3,5-dimethylphenyl esters 6 and 7 by coupling in the
presence of (benzotriazol-1-yloxy)tris(dimethylamino)phos-
phonium hexafluorophosphate (BOP)[19] and N-methyl mor-
pholine (see Scheme 1). After deprotection of the N-terminal
group with 33% HBr in acetic acid, the hydrobromides 8 and
9 (as � and � forms) were obtained. Hydrobromides 8 and 9
were coupled in the presence of chlorotripyrrolidinophos-
phonium hexafluorophosphate (PyCloP)[20] with monobenzyl
terephthalic acid (10) to obtain the amides 11 and 12. The
substrates 2 and 3 (in both enantiomeric forms) were obtained
by hydrogenolytic fission of the benzyl esters.


The synthesis of the optically active templates 4 and 5 (see
Scheme 2) was somewhat more laborious. The two most
common ways to build up a chiral �-amino phosphonic acid
are either by fractionated crystallization of diastereomeric
salts,[21] or synthesis by a diastereoselective reaction.[22] Both
were tested successfully in our laboratory. We chose the
synthesis of chiral �-�-amino phosphonic acid diethyl esters
starting from O-methyl-�-phenylglycinol, as described by
Smith et al.[22] By varying the reaction conditions, we were
able to improve the yield and diastereomeric excess of the
reaction, after column chromatography, for 13 and 14. To
build up our molecules, the N-terminal in 13 and 14 was
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Scheme 1. Synthesis of the substrate molecules based on valine and
leucine. All molecules were prepared in both enantiomeric forms, inscribed
with � and � for the corresponding forms.


Scheme 2. Synthesis of the transition-state analogues (template mole-
cules) for valine- and leucine-based substrates (only � forms).


coupled with monomethyl terephthalic acid (15) to prepare 16
and 17. To modify the P-terminal part of the phosphonic acid
diethyl esters, they were hydrolyzed by bromotrimethylsi-
lane[23] in order to yield the free phosphonic acid, which was
dried, directly chlorinated with oxalylchloride, and esterified
with two equivalents of 3,5-dimethylphenol to obtain the


diesters 18 and 19. The last step was a combined hydrolysis of
the carboxylic methyl ester and diphenyl ester to yield the
corresponding monophenyl ester; this was performed analo-
gously according to reference [24] with sodium hydroxide
activated by [18]crown-6 in dioxane/water 1:1 (v/v). The
products 4 and 5 were purified by column chromatography
under basic conditions, and transformed into the dipotassium
salts by an ion exchange column procedure. This workup
procedure was necessary, since the monoesters were not
stable under acidic conditions.


Synthesis and catalytic properties of imprinted and control
polymers : Earlier investigations showed that the amidinium
monomer 1 forms complexes with carboxylic acids and
phosphonic monoesters in acetonitrile with high association
constants. In less polar solvents, like toluene, the association
constant is even higher.[14, 15] From this data it can be
calculated that in toluene/acetonitrile (1:1), under polymer-
izing conditions to form imprinted polymers, more than 97%
of the acidic groups in 4� and 5� are complexed if a 1:2 molar
mixture of template and 1 is present. This stoichiometric
noncovalent interaction further assures that nearly no un-
bound amidines are present in the polymerizing mixture.
Thus, imprinted polymers are prepared from 4� and 5� as
templates with the addition of two equivalents of 1 (see
Scheme 3). The copolymerization with ethylenedimethacry-
late (EDMA) and methylmethacrylate (MMA) is performed
in the usual way by radical initiation (see Table 1).


Scheme 3. Model of an imprinted cavity with template 4�, and two
equivalents of the binding site monomer 1.


Control polymers are prepared under identical conditions
with the same amount of the amidine monomer 1, but without
templates 4� and 5�. The polarity and the polymerization
behavior of 1 is different from the complexed monomers, to
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overcome this difficulty we used simple carboxylic acids for
complexing, such as formic acid and benzoic acid. To some
extent these acids also behave as templates, especially benzoic
acid; however, they only possess one carboxylic group per
molecule and do not have the required transition-state shape.
Thus, the differences in their performance give good indica-
tions of the imprinting effects.


The polymers are prepared by radical initiation in an
ampoule, and are produced as solid macroporous blocks,
which are then crushed, ground, and sieved to obtain a
particle size of 45 ± 125 �m. The polymers are all macroporous
with high inner-surface areas (196±287 m2g�1), as is typical for
these type of polymers (see Table 1). The template is then split
off by repeated washing with a 1:1 mixture of 0.1� sodium
hydroxide and methanol. From HPLC, it was determined that
75 ± 95% of the templates could be released from the
polymer. Alternatively, the amount of accessible amidine
groups was determined by titration after splitting off the
templates (see Table 1). Both methods gave comparable
results, in the case of IP5 there was some deviation.


The conditions for the application of imprinted polymer
catalysts with amidine-based binding site monomers have
previously been optimized.[17] The hydrolysis of the esters was
carried out under these optimal conditions in a 1:1 mixture of
a 2-[4-(2-hydroxyethyl)-1-piperazino]ethanesulfonic acid
(HEPES) buffer, at pH 7.3, with acetonitrile (20 �C). For this
purpose, a freshly prepared substrate solution of 1� 10�3� in
acetonitrile was added to a suspension of catalyst containing
2� 10�3� active sites (containing 4� 10�3� accessible ami-
dine groups). The hydrolysis of both enantiomers was always
determined separately to check for enantioselectivity.


In the case of the control experiments, an amount of dry
control polymer with the same amount of accessible amidine
groups was used. The hydrolysis in solution, without any
polymer catalyst, was carried out in the same buffer solution
mixture, and at the same substrate concentrations. Control
experiments with monomeric binding sites N,N�-diethyl-4-
vinylbenzamidine (1) in buffered solutions were not per-
formed, since earlier experiments showed that the amidine
groups hardly exert any catalytic effect in buffered solution,
because most of these groups are protonated at this pH
value.[9]


To follow the reaction kinetics, aliquots were taken at
regular intervals and checked by HPLC. The reaction rate
constants for the hydrolysis were measured during conversion
of the first 5 to 10% of substrate conversion, while the


reaction rate was in the linear range. The catalytic activity of
IP4 was checked at two different buffer concentrations of
0.1� and 0.15�. The kinetics can be treated as a pseudo-first-
order reaction, since the concentration of hydroxide ions
during the reaction is constant. To follow the reaction, the
phenol product was chosen for detection monitoring, because
it shows no product inhibition and should be released from the
catalyst.


The reaction is described by Equation (1).


RCOOR��OH���RCOO��R�OH (1)


For pseudo-first-order kinetics, Equation (2)[25] can be used.


ln
��RCOOR��t�0 � �R�OH�t


�RCOOR��t�0


�
��kt (2)


The reactions were repeated 2 ± 3 times, and the given data
consists of average values shown with the standard deviation.
The data for k was obtained by linear regression of at least 6 ± 9
data points at different time intervals with correlation
coefficients from 0.980 ± 0.999.


Figure 1a and b show the observed calculated pseudo-first-
order kinetics for the hydrolysis of 2� and 2� under catalysis
of the imprinted polymer IP4, relative to the control experi-
ments. A strong catalytic activity of IP4 for the hydrolysis of
the substrate 2� is observed. The catalysis with the control
polymer CPF and the reaction in solution are much slower.
Similar results are obtained for the second polymer IP5
imprinted with the valine analogue template 5 (see Figure 2a
and b). The values calculated from the slopes in Figures 1 and
2 are given in the Experimental Section. The ratios of these
reaction constants result in relative enhancements in reaction
rate constants, as shown in Tables 2 and 3. Based on these
results, one can point out that the polymer IP4, imprinted with
the �-leucine-analogue amino phosphonic acid 4, accelerated
the hydrolysis of the �-substrate 2� in relation to the solution
by factors from 200 to 325 times depending on the buffer
concentration. It was observed that the buffer concentration
had a strong influence on the reaction rate constants. At a
lower buffer concentration, the relative reaction rate con-
stants increase by a factor of around 1.5 relative to a buffer
solution without a catalyst. This results in higher selectivity.


The enhancements show a strong catalytic effect of the
imprinted polymers relative to the solution. These enhance-
ments might not be solely caused by an imprinting effect.


Table 1. Polymer composition and properties[a]


Polymer Amount [g] Splitting off the template [%] Inner surface area [m2/g]
complex template by HPLC by titration


IP4 0.300 4� 0.155 76 75 217
IP5 0.300 5� 0.155 92 82 196
CPB 0.160 benzoic acid 0.037 95 92 287
CPF 0.137 formic acid 0.014 ± 82 276


[a] The composition of the monomer mixture for the preparation of the imprinted polymers, consisted in all examples of EDMA (8.20 g, 7.81 mL), MMA
(1.50 g, 1.59 mL), 1 (0.123 g) or 1-HCl (0.144 g) (IP4 and IP5), AIBN (0.10 g), and as porogene a mixture of toluene (5 mL) and acetonitrile (5 mL). The type
and amount of template varied as shown in the Table. The complex is formed from the template and 1; here the amount is calculated. For the determination of
the percentage of splitting off see the Experimental Section. Inner surface area was measured by BET (N2) one point measurement (particle size 45 ±
125 �m).
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Figure 1. a) Comparison of the measured pseudo-first-order kinetics for
the hydrolysis of leucine substrates 2� and 2�, in the presence of IP4, CPF,
and just in solution. (In all cases: actetonitrile/0.1� HEPES buffer pH 7.3,
1:1) b) Pseudo-first-order kinetics for hydrolysis of leucine substrates 2�
and 2� in the presence of IP4.


Possible effects of the polymer backbone and binding sites,
without a specific imprinting effect, can be elucidated by
investigation of the control polymers. The differences be-
tween the catalytic activity of imprinted and control polymers
correspond to the imprinting effect.[13] Polymer IP4 showed a
high enhancement, 67 to 79 times, relative to the control
polymer CPF ; this was dependant on the buffer concentration
during the experiment. The acceleration relative to the second
control polymer CPB was about 14. Thus, the activity of the
control polymers was dependent on the size of the complexing
acid. By enlarging the template in the control polymer (from
formic acid to benzoic acid), a small imprinting effect was
observed.[9]


Figure 2. a) Comparison of the measured pseudo-first-order kinetics for
the hydrolysis of valine substrate 3� and 3�, in the presence of IP5, CPF,
and just in solution. (Solvent same as in Figure 1a). b) Pseudo-first-order
kinetics for the hydrolysis of leucine substrates 3� and 3�, in the presence
of IP5 (Solvent same as in Figure 1a).


Table 2. Relative enhancements and enantioselectivities for the hydrolysis of substrates 2� and 2� in acetonitrile/HEPES buffer pH 7.3 (1:1) at 20 �C, by
using IP4 and the controls CPF, CPB, and solution in two different buffer concentrations (0.15 and 0.10�).


HEPES buffer 0.15� M HEPES buffer 0.10
Substrate Relative enhancements[a] Enantioselectivity Relative enhancements Enantioselectivity � versus �


� versus �


IP4 vs solution 2L 325 1.39 200 1.20
IP4 vs solution 2� 234 166
IP4 vs CPF 2� 79 67
IP4 vs CPB 2� 14 ±
CPB vs solution 2�/2� 24 ±
CPF vs solution 2�/2� 4.1 3.0


[a] Relative reaction rate constants� relative enhancements between IP4, CBF, CPB and solution.


Table 3. Relative enhancements and enantioselectivities for the hydrolysis
of substrates 3� and 3� in acetonitrile/0.1� HEPES buffer pH 7.3 (1:1) at
20 �C, by using IP5 and the controls CPF and solution.


Substrate Relative
enhancements[a]


Enantioselectivity
� versus �


IP5 vs solution 3� 249 1.21
IP5 vs solution 3� 206
IP5 vs CPF 3� 59
CPF vs solution 3�/3� 4.2


[a] Relative reaction rate constants� relative enhancements between IP5,
CPF and solution.
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While the hydrolysis reaction is enhanced 325-fold with an
imprinting effect of 79 in a 0.1� HEPES buffer by IP4, the
enantioselectivity between the �- and �-substrates (defined as
the ratio from the reaction rate constants of the hydrolysis of
the �- versus the �-enantiomer), catalysed by polymer IP4 is
1.39. Thus a significant enantioselectivity is observed. This
clearly shows that there is substrate selectivity in these
imprinted polymers. Table 3 shows that similar, though some-
what lower values are obtained for the imprinted catalyst IP5.
In this case, the smaller substituent in the template seemed to
cause a somewhat diminished imprinting accuracy.


Another way to examine the substrate selectivity is to
measure the cross-selectivity. We checked the cross-selectivity
of both �-imprinted polymers IP4 and IP5 with both
corresponding �-substrates 2� and 3�. For this purpose, the
catalytic effect for the hydrolysis of the �-valine-substrate 3�
by IP4 (imprinted with the �-leucine analogue template 4)
and 2� with IP5 were investigated. As shown in Table 4, the


™wrong∫ substrate was clearly hydrolyzed slower in both
cases. The cross-selectivity can be calculated in two different
ways. If the cross-selectivity is defined as the quotient of the
reaction rate constant for the hydrolysis of different sub-
strates, with the same polymer used, this value was about 3 for
both polymers. An alternative way to describe the cross-
selectivity, which can be defined as the ratio of the reaction
rate constant for the hydrolysis of one substrate by different
polymers, gave values of 4.2 (leucine substrate 3L) and 2.5
(valine substrate 4�) (see Table 4). The enantioselectivity and
the cross-selectivity show that the templates formed a specific
catalytically active cavity that is able to distinguish between
very similar substrates. It is surprising to realize that the
difference of an isopropyl group and an isobutyl group results
in 3 times more catalytic activity. In each case, the polymer
imprinted with a leucine template analogue hydrolyzes the
leucine ester considerably faster, and the polymer imprinted
with a valine analogue hydrolyzes the valine ester consider-
ably faster.


Mechanism of the catalytic action : In order to elucidate the
mechanism of catalysis for the hydrolysis, a detailed kinetic
investigation was performed. A plot of initial velocities of the
reaction versus the substrate concentration was carried out for
the hydrolysis of 2� and 2� in the presence of the imprinted
catalysts IP4, as well as in the presence of control polymer
CPF (see Figure 3). It was expected that it should also be


Figure 3. Michaelis ±Menten kinetics illustrating the rate of hydrolysis for
2� and 2� in acetonitrile/0.1� HEPES buffer pH 7.3 (1:1), in the presence
of IP4 and CPF.


possible to get information on the extent of the influence of
selective binding and selective catalysis on the enantioselec-
tivity of the catalysis in this way.


Catalysis by IP4 is shown in Figure 3, the curves in the
graph resemble typical Michaelis ±Menten curves (especially
in the hydrolysis of 2�). Therefore one can conclude, that,
similar to enzyme catalysis, the substrate (ester) is bound to
the catalyst in a pre-equilibrium step (see Scheme 4a). The
bound ester is then converted by activation of the carbonyl
group of the ester by one of the amidine groups, and the
attacking water molecule; this occurs via a transition state


Scheme 4. Schematic picture of the different steps in the reaction pathway
during the catalyzed hydrolysis of substrate 2�, beginning with the
substrate-catalyst complex a and the detailed view of the following
steps b ± e.


Table 4. Cross-selectivities of valine substrate 3� in polymer IP4 (leucine-
analogue polymer), and leucine substrate 2� in IP5 (valine-analogue
polymer) in acetonitrile/0.1� HEPES buffer pH 7.3 (1:1) at 20 �C.


Catalyst Substrate kIP/ksol
[a] Cross-selectivity


IP4 2�[b] 325 3.2
IP4 3�[b] 103
IP5 3� 249 3.2
IP5 2� 79
IP4 vs. IP5 2� 4.2
IP5 vs. IP4 3� 2.5


[a] Relative enhancement of the imprinted catalyst versus solution [b] 2��
�-leucine substrate; 3�� �-valine substrate.
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(Scheme 4b) to an intermediate similar to that in Scheme 4c.
The energy difference between the transition state and the
intermediate is small therefore, according to the Hammond
rule, both structures are similar. This justifies why instead of a
transition-state analogue, an intermediate analogue could be
used as a template for the imprinting (compare Scheme 3a
and Scheme 4b and c). The last step involves the breaking
down of the tetrahedral intermediate via transition state II, to
release the carboxylate and the alcohol according to Equa-
tion (1) (see Scheme 4c and d).


If the reaction is performed with increasing amounts of
substrate (Figure 3), the rate of the reaction first increases
with increasing substrate concentration, but then levels off. At
higher substrate concentration, when all active sites are
occupied, it remains constant, that is, it is zero-order with
respect to the ester concentration (saturation kinetics). In
contrast, the nonimprinted control polymer CPF exhibits a
curve of low catalytic activity. From the curves shown in
Figure 3, similarly as with enzymes, the influence of binding
and catalysis can be elucidated by using the well-known
Michaelis ±Menten Equation (3):[25]


v0�
kcat�C��S�
Km � �S� (3)


in which, v0� initial rate; kcat� rate constant of the
catalyzed reaction, KM�Michaelis constant, [S]�molar con-
centration of substrate, and [C]� total molar concentration of
active sites in the catalyst.


To calculate meaningful values for KM and kcat poses some
problems. Primarily, the kinetic measurements are carried out
in a heterogeneous phase, which limits the accuracy of the
values; this is especially true for kinetics at low substrate
concentration. Therefore, we did not use linearization by a
double reciprocal plot (Lineweaver±Burk plot), instead we
used a computer program to fit the experimental values into
Equation (3) representing a hyperbola. This usually gives
values of higher accuracy.[26]


To solve Equation (3) the number of active sites in the
imprinted polymers IP4 and IP5 should be determined. A first
value is obtained by the determination of the amount, if
template molecules were released from the imprinted poly-
mer. Since the possibility of shrinking and nonaccessibility of
cavities exists, this value has been further controlled by
titration of the amidine groups with acid (see Table 1). Both
methods gave similar values, indicating that with this stoi-
chiometric noncovalent imprinting most of the cavities are
available. Earlier work showed that in the case of bisamidi-
nium bound templates, nearly the same amount of the
template is taken up, as has been split off after imprint-
ing.[14, 15]


A further problem in the calculation of data from Equa-
tion (3) exists. Unlike enzymes and monoclonal antibodies,
imprinted catalysts have active sites with different binding
ability, different selectivity in binding, as well as different
catalytic activity. This inhomogeneity (™polyclonality∫) is
especially effective if a strong excess of substrate is present,
since all active sites are then occupied. For this reason mean
values will be obtained; however, it is not exactly known how
these averages are generated. From the appearance of the


curve in Figure 3, a strong participation of the more active
sites can be concluded. Values given for KM and kcat in the
following paragraphs are therefore ™apparent∫ values. Re-
gardless of these difficulties, important conclusions can be
drawn from the results obtained.


Table 5 shows the calculated data for kcat and Km. The
Michaelis constant KM, is a measure of the stability of the
substrate ± catalyst complex. Values for the template analogue


substrate of 0.51 and 0.34m� are found. This shows a
relatively high stability of the substrate ± catalyst complex,
especially if it is taken into account that this noncovalent
interaction occurs in a medium consisting of a mixture of
aqueous buffer and acetonitrile in a 1:1 ratio. kcat is the first-
order rate constant, and is a measure of the catalytic activity
of the catalyst. It corresponds to the number of reactions per
minute an active site of the catalyst can catalyze (turnover
number). With kcat� 4.74� 10�4 min�1 and 3.26� 10�4 min�1,
these values are not very high. However, it should be taken
into account that the hydrolysis of a relatively stable phenyl-
ester was investigated, unlike in many other investigations, in
which the kinetics of the hydrolysis for 4-nitrophenylester was
measured. For both polymers IP4 and IP5, the substrate
analogue template relative to its enantiomer is better bound
by a factor of KM�/KM�� 0.82 and 0.79, respectively. The
catalytic constant shows the same tendency kcat�/kcat� of 1.36
and 1.22, respectively. As can be seen in Figure 3 the
hydrolysis of the control polymer does not show typical
Michaelis ±Menten kinetics. Therefore, meaningful calcula-
tions of kcat and KM can not be performed.


Often kcat/KM values, a measure of catalytic efficiency, are
given for enzymes or enzyme models. If these values are
compared to both substrate enantiomers, an enantioselectiv-
ity for IP4 of 1.66 and for IP5 of 1.53 is obtained. This shows
remarkable enantioselectivity for this catalytic action. Fur-
thermore, it shows that the rate enhancement of one
enantiomer is caused by the better binding of the template
analogue substrate, as well as by a better stabilization of the
template analogue transition state of the reaction. Thus,
thermodynamic and kinetic influences are observed to a
similar extent.


A typical property of enzymes is the inhibition by certain
molecules. A transition-state analogue imprinted polymer
should show competitive inhibition by the template. This
would be a further proof for catalysis to occur inside the
imprinted cavity. Figure 4 shows a double-reciprocal Line-
weaver ±Burk plot for initial reaction rates (v0�1) versus
substrate concentration (c�1). The reactions were run in the


Table 5. Results of Michaelis ±Menten kinetics when the imprinted
catalysts IP4 and IP5 were used (see Figure 3).


IP4 IP5
catalyst substrate 2� 2� 3� 3�


KM [m�] 0.51 0.62 0.34 0.43
kcat [10�4min�1] 4.74 3.49 3.26 2.68
kcat/KM [min�1��1] 0.94 0.57 0.95 0.62
�/� ratio of kcat/KM 1.66 1.53
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Figure 4. Lineweaver ±Burk plot of the kinetics for the hydrolysis of 3� in
acetonitrile/0.1� HEPES buffer pH 7.3 (1:1), in the presence of polymer
IP5 with different inhibitor 5 concentrations.


presence of catalyst IP5 under standard conditions, firstly
without addition of an inhibitor, and secondly with two
different concentrations of template 5�. Evidently, 5� is a
very effective inhibitor that binds much better than the
substrate 3� by a factor of 24 [Ki(competitive)� 0.016m�].
From the plot in Figure 4, this does not suggest to be pure
competitive inhibition. Since the straight lines intersect in the
negative part of the plot (and not on the ordinate), a mixed
competitive (noncompetitive) inhibition seems to be present
(i.e., not only the catalyst, but also the catalyst ± substrate
complex can bind to the inhibitor). Since the accuracy of the
kinetic measurements is not high enough, we have not
calculated the different inhibitor constants.


Conclusion


Very active, molecularly-imprinted catalysts with enzyme-like
properties were prepared. They showed pronounced sub-
strate- and enantioselectivity. The origin of the enantioselec-
tivity was investigated by determining the plots of initial
velocities versus substrate concentration. As a result, the
Michaelis constants Km and the catalytic constants kcat were
determined for both enantiomers. The enantioselectivity is
caused, to a similar degree, by selective-substrate binding
(thermodynamic control), and selective formation of the
transition state of the reaction (kinetic control). Strong
competitive inhibition by the template (a stable transition-
state analogue of the reaction) was observed in the catalysis.


Experimental Section


Instrumentation : Elemental analysis was performed in the microanalytical
laboratories of the Faculty of Natural Sciences of the Heinrich-Heine
University in D¸sseldorf (Perkin ±Elmer 2400). 1H (500 MHz) and 13C{1H}
NMR (125.8 MHz) spectra were recorded on a Bruker DRX 500, and the
31PNMR (81 MHz) on a Bruker AC 200 with TMS as an internal standard.
NMR spectra were measured in CDCl3 at 25 �C if not otherwise stated.
Optical rotations were measured with a Perkin ±Elmer 241MC polar-
imeter (accuracy� 0.002�). The mass spectra were measured on a Varian
MAT311A (EI), a Finnigan Mat 8200 (EI), a Finnigan Mat8200 (FAB with
3-nitrobenzylalcohol (NBA) as matrix, and if required with addition of
sodium chloride), or a Finnigan INCOS 50 (CI). All infrared spectra were
recorded with a Bruker Vector 22 FT-IR-spectrophotometer. The melting


points were measured by using a B¸chi Melting Point B-545. The inner
surfaces (one point BET-isotherm) were measured by JUWE Laborger‰te
GmbH, Viersen (JUWE BET-A-MAT).


Materials : The solvents for HPLC (acetonitrile: isocratic grade), and all
solvents for the coupling reactions and polymerisations: methylene
chloride (peptide grade), chloroform (dry), methanol (extra dry), toluene
(dry), acetonitrile (dry), and ethanol (dry) were supplied from Biosolve. All
amino acid reactants (puris.), and the coupling reagent BOP and oxalyl
chloride were purchased from Fluka. N-Methyl morpholine, terephthalic
acid monomethyl ester, and bromotrimethylsilane, trifluoro acetic acid
were obtained from Aldrich, and 1,4-dioxane (puriss p.a.), [18]crown-6, and
30% hydrogen bromide in acetic acid were obtained from Merck.
3,5-Dimethyl phenol from Aldrich was further purified by sublimation.
Azobisisobutyronitrile from Aldrich was further purified by recrystalliza-
tion from dry methanol. Ethylene glycol dimethycrylate and methyl
methacrylate were purchased from Aldrich, and purified by drying over
calcium hydride and distillation. All other solvents were used in distilled
grade.


HPLC: All HPLC measurements were performed with a set-up consisting
of a Waters 410 pump, a Waters 486 UV-detector, and spectral recording
and integration software CSW Chromatography Station for Windows,
Version 1.7, 2000, Apex Data Ltd. As columns, a RP-18 ACE-EPS
(Bischoff) or a RP-18 (Merck) were used. Acetophenone was used as an
internal standard, which was distilled before usage.


General procedure for esterification; example 7� : N-Cbz-�-valine (6.68 g,
0.0266 mol) in dry methylene chloride (160 mL) were treated at room
temperature with 3,5-dimethyl phenol (3.25 g, 0.0266 mol), BOP (11.76 g,
0.0266 mol), and N-methyl morpholine (1.88 mL, 0.0266 mol). After being
stirring overnight, the solvent was removed, and the product was purified
by column chromatography (chloroform/hexane/acetone 4:10:1). The
product was obtained in a yield of 57.5% (5.43g).


N-Benzyloxycarbonyl-�-leucine 3,5-dimethylphenyl ester (6�): Yield:
39.5%; colorless oil; [�]25D ��15.9� (c� 2.0 in CHCl3); 1H NMR: �� 1.01
(d, 3J(H,H)� 5.4 Hz, 3H; CHCH3), 1.02 (d, 3J(H,H)� 4.8 Hz, 3H;
CHCH3), 1.67 (m, 1H; CH2CH(CH3)2), 1.82 (m, 2H; CH2CH(CH3)2),
2.31 (s, 6H; CCH3), 4.61 (dt, 3J(H,H)� 4.4, 3J(H,H)� 8.7 Hz, 1H;
NHCHCH2), 5.14 (s, 2H; OCH2), 5.21 (d, 3J(H,H)� 8.5 Hz, 1H; NH),
6.69 (s, 2H; ArH), 6.87 (s, 1H; ArH), 7.33 ppm (m, 5H; PhH); 13C NMR:
�� 19.8, 20.5, 21.5, 23.5 (CH3), 40.3 (CH2), 51.3 (CH), 65.7 (CH2), 117.4,
126.4, 126.7, 126.8, 127.1 (ArCH), 134.8, 137.9, 148.9 (ArC), 154.6,
170.6 ppm (C�O); FT-IR: �� � 3339 (NH), 3034 (Ar-H), 2969 (CH3), 2871
(CH2), 1764 (C�O ester), 1723 (C�O carbamate), 1618 (carbamate),
1529 cm�1 (NH); MS (EI):m/z : 369 [M�]; elemental analysis calcd (%) for
C22H27NO4 (369.5): C 71.52, H 7.37, N 3.79; found: C 70.95, H 7.34, N 3.91.


N-Benzyloxycarbonyl-�-leucine 3,5-dimethylphenyl ester (6�): Yield:
60.8%; colorless oil; [�]25D ��16.0� (c� 2.0 in CHCl3); spectra analogue
to 6� ; elemental analysis calcd (%) for C22H27NO4 (369.5): C 71.52, H 7.37,
N 3.79; found: C 70.87, H 7.13, N 3.91.


N-Benzyloxycarbonyl-�-valine 3,5-dimethylphenyl ester (7�): Yield:
98.0%; m.p. 52 �C; [�]25D ��11.6� (c� 2.0 in CHCl3); 1H NMR: �� 1.04
(d, 3J(H,H)� 6.7 Hz, 3H; CHCH3), 1.08 (d, 3J(H,H)� 6.6 Hz, 3H;
CHCH3), 2.30 (s, 6H; CCH3), 2.34 (m, 1H; CH(CH3)2), 4.53 (dd,
3J(H,H)� 4.7, 3J(H,H)� 9.2 Hz, 1H; NHCHCH), 5.14 (s, 2H, OCH2),
5.35 (d, 3J(H,H)� 9.2 Hz, 1H; NH), 6.68 (s, 2H; ArH), 6.87 (s, 1H; ArH),
7.36 ppm (m, 5H; PhH); 13C NMR: �� 18.0, 19.5, 21.4 (CH3), 31.8, 59.6
(CH), 67.5 (CH2), 119.3, 128.3, 128.6, 129.0, 136.7 (ArCH), 139.8, 150.7,
150.7, 156.7 (ArC), 171.3, 171.5 ppm (C�O); FT-IR (KBr): �� � 3352 (NH),
3035 (Ar-H), 2986 (CH3), 2963 (CH3), 1772 (C�O ester), 1693 (C�O
carbamate), 1618 (carbamate), 1528 cm�1 (NH); MS (EI): m/z : 355 [M�];
elemental analysis calcd (%) for C21H25NO4 (355.4): C 70.96, H 7.09, N 3.94;
found: C 70.98, H 7.28, N 3.89.


N-Benzyloxycarbonyl-�-valine 3,5-dimethylphenyl ester (7�): Yield:
57.5%; m.p. 54 �C; [�]25D ��11.6� (c � 2.0 in CHCl3); spectra analogue to
7� ; elemental analysis calcd (%) for C21H25NO4 (355.4): C 70.96, H 7.09, N
3.94; found: C 70.75, H 7.10, N 3.96.


General procedure for deprotection; example for 9� : Ester 7� (1.50 g,
4.220 mmol) in 30% hydrogen bromide in acetic acid (20 mL) was stirred
for 3 h at room temperature. The excess hydrogen bromide in acetic acid
was removed by evaporation, and the remaining solid was dried. The
product was taken up in dry diethyl ether, filtered off, and washed with a
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small amount of dry diethyl ether. The crude product was pure and could
further be used directly, and was obtained in a yield of 90.2% (1.15 g).


�-Leucine 3,5-dimethylphenyl ester hydrobromide (8�): Yield: 75.2%;
m.p. 213 �C; [�]25D � � 26.3� (c � 2.0 in MeOH); 1H NMR ([D6]DMSO):
�� 0.97 (d, 3J(H,H)� 4.8 Hz, 3H; CHCH3), 0.98 (d, 3J(H,H)� 4.7 Hz, 3H;
CHCH3), 1.76(m, 1H; CH2CH(CH3)2), 1.85 (m, 2H; CH2CH(CH3)2), 2.30
(s, 6H; CCH3), 4.26 (t, 3J(H,H)� 6.9 Hz, 1H; NHCHCH2), 6.80 (s, 2H;
ArH), 6.97 (s, 1H; ArH), 8.49 ppm (br s, 3H; NH3); 13C NMR
([D6]DMSO): �� 21.1, 22.4, 22.5 (CH3), 24.3 (CH), 39.5 (CH2), 51.1
(CH), 119.0, 128.3 (ArCH), 139.6, 150.0 (ArC), 169.2 ppm (C�O); FT-IR
(KBr): �� � 2952 (CH3), 1771 (C�O ester), 1591 (NH3


�), 1495 cm�1 (NH3
�);


MS (FAB, NBA): m/z : 236 [M�Br�]; elemental analysis calcd (%) for
C14H22BrNO2 (316.2): C 53.17, H 7.01, N 4.43; found: C 53.03, H 6.75, N 4.49.


�-Leucine-3,5-dimethylphenyl ester hydrobromide (8�): Yield: 71.9%;
m.p. 217 �C; [�]25D ��26.2� [c � 2.0 in MeOH]; spectra analogue to 8� ;
elemental analysis calcd (%) for C14H22BrNO2 (316.2): C 53.17, H 7.01, N
4.43; found: C 53.04, H 6.94, N 4.37.


�-Valine 3,5-dimethylphenyl ester hydrobromide (9�): Yield: 90.2%; m.p.
204 �C; [�]25D � � 19.5� (c� 2.0 in MeOH); 1H NMR ([D6]DMSO): �� 1.08
(d, 3J(H,H)� 7.0 Hz, 3H; CHCH3), 1.11 (d, 3J(H,H)� 7.0 Hz, 3H;
CHCH3), 2.30 (s, 6H; CCH3), 2.35 (m, 1H; CH(CH3)2), 4.20(d,
3J(H,H)� 4.8 Hz, 1H; NHCHCH), 6.79 (s, 2H; ArH), 6.97 (s, 1H; ArH),
8.51 ppm (br s, 3H; NH3); 13C NMR ([D6]DMSO): �� 18.1, 18.7, 21.1
(CH3), 29.9 (CH2), 57.7 (CH), 119.1, 128.4 (ArCH), 139.7, 149.9 (ArC),
168.1 ppm (C�O); FT-IR (KBr): �� � 2970 (CH3), 1753 (C�O ester), 1583
(NH3


�), 1501 cm�1 (NH3
�); MS (FAB, NBA): m/z 222 [M�Br�]; elemental


analysis calcd (%) for C13H20BrNO2 (302.2): C 51.67, H 6.67, N 4.63; found:
C 51.48, H 6.63, N 4.53.


�-Valine 3,5-dimethylphenyl ester hydrobromide (9�): Yield: 61.3%; m.p.
202 �C; [�]25D ��19.9� (c� 2.0 in MeOH); spectra analogue to 9� ;
elemental analysis calcd (%) for C13H20BrNO2 (302.2): C 51.67, H 6.67, N
4.63; found: C 51.34, H 6.46, N 4.67.


General procedure for the coupling to the amide, example for 11� : Ester
8� (0.80 g, 2.530 mmol) in dry methylene chloride (60 mL) under argon
were mixed with terephthalic acid monomethyl ester (0.49 g, 2.530 mmol),
PyCloP (1.17 g, 2.783 mmol), and N-methyl morpholine (0.77 g,
7.583 mmol). The mixture was stirred overnight at room temperature.
The product was purified by column chromatography (chloroform/hexane/
acetone 4:2:1 for 12�, and for 12� the eluent was chloroform/hexane/
acetone 10:4:1), and a yield of 94.5% (1.13 g) was obtained.


N-(O-Benzylterephthaloyl)-�-leucine-3,5-dimethylphenyl ester (11�):
Yield: 94.5%; m.p. 108 �C; [�]25D ��2.5� (c� 2.0 in CHCl3); 1H NMR:
�� 1.06 (d, 3J(H,H)� 4.1 Hz, 3H; CHCH3), 1.07 (d, 3J(H,H)� 4.1 Hz, 3H;
CHCH3), 1.85 (m, 2H; CH2CH(CH3)2), 1.96 (m, 1H; CH2CH(CH3)2), 2.31
(s, 6H; CCH3), 5.06 (m, 1H; NHCHCH2), 5.38 (s, 2H; OCH2), 6.62 (d,
3J(H,H)� 8.2 Hz, 1H, NH), 6.72 (s, 2H; ArH), 6.88 (s, 1H; ArH), 7.40 (m,
5H; PhH), 7.87 (d, 3J(H,H)� 8.5 Hz, 2H; ArH), 8.14 ppm (d, 3J(H,H)�
8.4 Hz, 2H; ArH); 13C NMR: �� 21.2, 22.1, 22.9 (CH3), 25.2 (CH), 41.8
(CH2), 51.5 (CH), 67.1 (CH2), 118.8, 127.2, 128.0, 128.3, 128.4, 128.7, 130.0
(ArCH), 133.0, 135.7, 137.9, 139.5, 150.3 (ArC), 165.6, 166.4, 171.9 ppm
(C�O); FT-IR (KBr, cm�1): �� � 3260 (NH), 2957 (CH3), 1762 (C�O ester),
1722 (C�O ester), 1638 (C�O amide), 1538 (amide); MS (EI): m/z : 473
[M�]; elemental analysis calcd (%) C29H31NO5 (473.6): C 73.55, H 6.60, N
2.96; found: C 73.28, H 6.56, N 3.06.


N-(O-Benzylterephthaloyl)-�-leucine-3,5-dimethylphenyl ester (11�):
Yield: 92.3%; m.p. 108 �C; [�]25D ��2.5� (c� 2.0 in CHCl3]; spectra
analogue to 11� ; elemental analysis calcd (%) for C29H31NO5 (473.6): C
73.55, H 6.60, N 2.96; found: C 73.65, H 6.88 , N 3.10.


N-(O-Benzylterephthaloyl)-�-valine-3,5-dimethylphenyl ester (12�):
Yield: 78.0%; m.p. 106 �C; [�]25D ��10.8� (c� 2.0 in CHCl3); 1H NMR:
�� 1.29 (d, 3J(H,H)� 7.0 Hz, 3H; CHCH3), 1.14 (d, 3J(H,H)� 7.3 Hz, 3H;
CHCH3), 2.32 (s, 6H; CCH3), 2.48 (m, 1H; CH(CH3)2), 5.01 (dd, 3J(H,H)�
4.8, 3J(H,H)� 8.5 Hz, 1H; NHCHCH), 5.39 (s, 2H; OCH2), 6.70 (d,
3J(H,H)� 8.8 Hz, 1H; NH), 6.71 (s, 2H; ArH), 6.89 (s, 1H; ArH), 7.36 (m,
5H; PhH), 7.88 (d, 3J(H,H)� 8.9 Hz, 2H; ArH), 7.88 ppm (d, 3J(H,H)�
8.4 Hz, 2H; ArH); 13C NMR: �� 18.1, 19.1, 21.2 (CH3), 21.8, 57.7 (CH), 67.1
(CH2), 118.8, 127.2, 128.0, 128.3, 128.4, 128.7, 130.1 (ArCH), 133.0, 135.7,
138.1, 139.5, 150.2 (ArC), 165.6, 166.6, 170.9 ppm (C�O); FT-IR (KBr): �� �
3299 (NH), 2973 (CH3), 1756 (C�O ester), 1724 (C�O ester), 1642 (C�O
amide), 1542 cm�1 (amide); MS (FAB, NBA):m/z : 460 [M��H]; elemental


analysis calcd (%) for C28H29NO5 (459.5): C 73.18, H 6.36, N 3.05; found: C
72.84, H 6.38, N 3.22.


N-(O-Benzylterephthaloyl)-�-valine 3,5-dimethylphenyl ester (12�):
Yield: 78.0%; m.p. 106 �C; [�]25D ��10.9� (c� 2.0 in CHCl3); spectra
analogue to 12� ; elemental analysis calcd (%) for C28H29NO5 (459.5):
C 73.18, H 6.36, N 3.05; found: C 72.96, H 6.34, N 3.09.


General procedure for the hydrogenation, example for 2� : Palladium
hydroxide on carbon (0.50 g) was added to 11� (1.20 g, 2.53 mmol) in
ethanol (60 mL), and treated with hydrogen gas (1 bar). After 2 to 3 days
the catalyst was filtered off over celite (reaction was followed by TLC). The
solvent was removed, and the obtained crude product was purified by
column chromatography (ethyl acetate with 1% acetic acid/methanol 3:1).
To remove the acetic acid completely, the product was dried over potassium
hydroxide. The product was recrystallized from cyclohexane and dry
ethanol, and a yield of 91.1% (0.88 g) was obtained.


N-Terephthaloyl-�-leucin 3,5-dimethylphenylester (2�): Yield: 91.1%;
m.p. 162 �C; [�]25D ��6.6� (c� 2.0 in CHCl3); 1H NMR: �� 1,07 (d,
3J(H,H)� 1.6 Hz, 3H; CHCH3), 1.08 (d, 3J(H,H)� 1.9 Hz, 3H; CHCH3),
1.87 (m, 2H; CH2CH(CH3)2), 1.73 (m, 1H; CH2CH(CH3)2), 2.32 (s, 6H;
CCH3), 5.08 (m, 1H; NHCHCH2), 6.74 (s, 2H; ArH), 6,74 (d, 3J(H,H)�
7.3 Hz, 1H; NH), 6.89 (s, 1H; ArH), 7.88 (d, 3J(H,H)� 8.5 Hz, 2H; ArH),
8.12 ppm (d, 3J(H,H)� 8.2 Hz, 2H; ArH); 13C NMR: �� 21.2, 22.1 (CH3),
22.9 (CH), 25.2, 25.2 (CH3), 41.7 (CH2), 51.6 (CH), 118.8, 127.3, 128.0, 130.5
(ArCH), 132.1, 138.5, 139.5, 150.3 (ArC), 166.6, 169.9, 172.3 ppm (C�O);
FT-IR (KBr): �� � 3356 (NH), 2960 (CH3), 1752 (C�O ester), 1701
(COOH), 1641 (C�O amide), 1528 cm�1 (amide); MS (FAB, NBA): m/z
406 ([M��Na]), 384 ([M��H]); elemental analysis calcd (%) for
C22H25NO5 ¥ 0.5H2O (383.4� 9.0): C 67.33, H 6.68, N 3.57; found: C 67.04,
H 6.66, N 3.48.


N-Terephthaloyl-�-leucine 3,5-dimethylphenyl ester (2�): Yield: 94.8%;
m.p. 162 �C; [�]25D � � 6.6� (c� 2.0 in CHCl3); spectra analogue to 2� ;
elemental analysis calcd (%) for C22H25NO5 (383.4): C 68.91, H 6.57, N 3.65;
found: C 68.75, H 6.71, N 3.76.


N-Terephthaloyl-�-valine 3,5-dimethylphenyl ester (3�): Yield: 87.8%;
m.p. 153 �C; [�]25D � � 6.7� (c� 2.0 in CHCl3); 1H NMR: �� 1.18 (d,
3J(H,H)� 2.5 Hz, 3H; CHCH3), 1.22 (3J(H,H)� 2.5 Hz, 3H; CHCH3), 2.37
(s, 6H; CCH3), 2.55 (m, 1H; CH(CH3)2), 5.07 (dd, 3J(H,H)� 4.8,
3J(H,H)� 8.8 Hz, 1H; NHCHCH), 6.77 (s, 2H, ArH), 6,88 (d, 3J(H,H)�
8.8 Hz, 1H; NH), 6.94 (s, 1H; ArH), 7.93 (d, 3J(H,H)� 8.5 Hz, 2H; ArH),
8.19 ppm (d, 3J(H,H)� 8.5 Hz, 2H; ArH); 13C NMR: �� 18.1, 19.2, 21.2
(CH3), 31.7, 57.7 (CH), 118.8, 127.3, 128.1, 130.5 (ArCH), 132.1, 138.7, 139.5,
150.2 (ArC), 166.8, 170.0, 171.2 ppm (C�O); FT-IR (KBr): �� � 3345 (NH),
2968 (CH3), 1756 (C�O ester), 1681 (COOH), 1644 (C�O amide),
1531 cm�1 (amide); MS (FAB, NBA): m/z 392 ([M��Na]), 370 ([M��H]);
elemental analysis calcd (%) for C21H23NO5 ¥ 0.25H2O (369.4� 4.5):
C 67.46, H 6.33, N 3.75; found: C 67.38, H 6.51, N 3.61.


N-Terephthaloyl-�-valine 3,5-dimethylphenyl ester (3�): Yield: 93.3%;
m.p. 153 �C; [�]25D ��6.6� (c� 2.0 in CHCl3); spectra analogue to 3� ;
elemental analysis calcd (%) for C21H23NO5 ¥ 0.5H2O (369.4� 9,0): C 66.65,
H 6.39, N 3.70; found: C 66.51, H 6.47, N 3.75.


General procedure for coupling of the amide to 17: The �-�-amino-
phosphonic acid 14[22] (5.19 g, 0.0247 mol) in dry methylene chloride
(180 mL) under an argon atmosphere were treated with PyCloP (10.41 g,
0.0247 mol), N-methyl morpholine (5.00 g, 0.0494 mol), and monomethyl
terephthalate (15) (4.45 g, 0.0247 mol); the mixture was stirred for 48 h at
room temperature. The solvent was then evaporated, and the product was
purified by column chromatography in chloroform/hexane/acetone 4:1:1 to
give a yield of 87.5% (8.03 g).


�-N-[1-(Diethoxyphosphoryl)-3-methylbutyl]terephthalamic acid methyl
ester (16): Yield: 90.5%; colorless oil; [�]25D ��10,8� [c� 2.0 in CHCl3];
1H NMR: �� 0.96 (s, 3H; CHCH3), 0.99 (s, 3H; CHCH3), 1.22 (t,
3J(H,H)� 7.0 Hz, 3H; CH2CH3), 1.36 (t, 3J(H,H)� 7.2 Hz, 3H; CH2CH3),
1.77 (m, 3H; CH2CH(CH3)2), 3.94 (s, 3H; OCH3), 4.11 (m, 4H; CH2CH3),
4.79 (m, 1H; NHCHP), 7.33 (d, 3J(H,H)� 11.0 Hz, 1H; NH), 7.92 (d,
3J(H,H)� 8.5 Hz, 2H; ArH), 8.10 ppm (d, 3J(H,H)� 8.5 Hz, 2H; ArH);
13C NMR: �� 16.8 (d), 17.0 (d) (Et�CH3), 21.7, 22.1 (CH3), 24.5 (d) (CH),
38.6 (CH2), 44.5 (d) (CH2), 52.8 (OCH3), 62.8 (d), 63.2 (d) (OCH2), 127.8,
130.0 (ArCH), 133.1, 138.4 (ArC), 166.6, 166.6 ppm (C�O); 31P NMR
(81 MHz, CDCl3): �� 26.3 (s); FT-IR (cm�1): �� � 3267 (NH), 2957 (CH3),
2871 (CH2), 1728 (C�O ester) 1661 (C�O amide), 1542 (amide), 1280
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(P�O), 1031 (P�O�C); MS (EI): m/z 385 (M�); elemental analysis calcd
(%) for C18H28NO6P ¥ 0.25H2O (385.4� 4.5): C 55.45, H 7.37, N 3.59; found:
C 55.56, H 7.50, N 3.69.


�-N-[1-(Diethoxyphosphoryl)-2-methylpropyl]terephthalamic acid methyl
ester (17): Yield: 87.5%; m.p. 81 �C; [�]25D ��2.5� (c� 2.0 in CHCl3);
1H NMR: �� 1.11 (dd, 3J(H,H)� 6.8, 4J(P,H)� 1.3 Hz, 3H; CHCH3), 1.12
(d, 3J(H,H)� 6.8 Hz, 3H; CHCH3), 1.27 (t, 3J(H,H)� 7.5 Hz, 3H;
CH2CH3), 1.37(t, 3J(H,H)� 7.0 Hz, 3H; CH2CH3), 2.35 (m, 4H;
CH(CH3)2), 3.98 (s, 3H; OCH3), 4.14 (m, 3H; CH2CH3), 4.62 (ddd,
3J(H,H)� 4.8 Hz, 3J(H,H)� 10.4 Hz, 2J(P,H)� 18.1 Hz, 1H; NHCHP),
6.72 (dd, 3J(H,H)� 10.4 Hz, 3J(P,H)� 2.6 Hz, 1H; NH), 7.90 (d,
3J(H,H)� 8.8 Hz, 2H; ArH), 8.14 ppm (d, 3J(H,H)� 8.8 Hz, 2H; ArH);
13C{1H} NMR: �� 16.8 (d), 18.2 (d) (Et�CH3), 20.6 (d) (CH3), 29.3 (d), 50.8
(d) (CH), 52.8 (OCH3), 62.5 (d), 62.6 (d) (OCH2), 127.1 (d), 129.9 (d),
(ArCH), 133.0, 138.0 (ArC), 166.2, 166.6 ppm (d) (C�O); 31P NMR: ��
25.2 (s) ; FT-IR (KBr): �� � 3261 (NH), 2981 (CH3), 1725 (C�O ester) 1659
(C�O amide), 1544 (amide), 1278 (P�O), 1031 cm�1 (P�O�C); MS (CI,
NH3): m/z 370 ([M�H]�), 371 (M�); elemental analysis calcd (%) for
C17H26NO6P (371.4): C 54.98, H 7.06, N 3.77; found: C 54.82, H 7.19, N
3.81.


General procedure for the hydrolysis, chlorination, and esterification of the
P-terminal part to produce 19 : Bromo trimethylsilane (4.27 g, 0.0337 mol)
was added in batches to 17 (0.50 g, 6.73 mmol) in dry methylene chloride
(60 mL) under an argon atmosphere. After the mixture was stirred for 14 h
at room temperature, the solution was evaporated, and THF (20 mL) and
water (2 mL) were added. After an additional 5 h, the solution was again
evaporated and dried by oil pump vacuum (0.05 mbar). The obtained crude
product was used without further purification. Some drops of DMF were
added to the hydrolysis product in dry methylene chloride (60 mL) under
argon oxalyl chloride (5.13 g, 0.0404 mol) for activation. After the mixture
was stirred for 11 h, the solvent and the excess oxalyl chloride were
removed, and the product was dried under an oil pump vacuum
(0.05 mbar). The crude product was used without further purification.
After chlorination, the residue in dry methylene chloride (60 mL) under an
argon atmosphere was treated with 3,5-dimethylphenol (1.73 g, 0.0141 mol)
and N-methyl morpholine (1.43 g, 0.0141 mol); it was then stirred for 13 h
at room temperature. After evaporation, the product was purified by
column chromatography (hexane/chloroform/acetone 10:4:1). The product
obtained was in a yield of 47.4% (1.67 g) over 3 steps, and was used directly
because of its instability towards oxidation.


�-N-{1-[Bis-(3,5-dimethylphenoxy)phosphoryl]-3-methylbutyl}terephtha-
lamic acid methyl ester (18): Yield: 57.3% over 3 steps; colorless oil;
1H NMR: �� 1.03 (d, 3J(H,H)� 5.8 Hz, 3H; CHCH3), 1.06 (d, 3J(H,H)�
6.0 Hz, 3H; CHCH3), 1.88 (m, 3H; CH2CH(CH3)2), 2.15 (s, 6H; CCH3),
3.99 (s, 3H; OCH3), 5.17 (m, 1H; NHCHP), 6.62 (brdd, 1H; NH), 6.79 (3s,
6H; ArH), 7.75(d, 3J(H,H)� 8.3 Hz, 2H; ArH), 8.05 ppm (d,3J(H,H)�
8.5 Hz, 2H; ArH); 13C NMR: �� 18.5, 18.6, 20.9 (d), 21.4 (CH3), 26.5 (d)
(CH2), 41.1 (CH), 51.7 (OCH3), 52.9 (CH), 113.5, 118.3, 122.7, 127.4, 127.7
(d), 130.2 (ArCH), 133.4, 137.8, 139.9 (d), 140.2, 150.4 (ArC), 166.7,
167.2 ppm (d) (C�O); 31P NMR: �� 18.4 ppm (s); FT-IR (cm�1): �� � 3279
(NH), 3018 (Ar-H), 2962 (CH3), 2921 (CH3), 2875 (CH), 1737 (C�O ester),
1669 (C�O amide), 1536 (amide), 1280 (P�O), 1030 (P�O�C); MS (EI):
m/z : 402 ([M� 135�]?); elemental analysis calcd (%) for C30H36NO6P
(537.6): C 67.03, H 6.75, N 2.61; found: C 67.22 , H 6.72, N 2.57.


�-N-{1-[Bis-(3,5-dimethylphenoxy)phosphoryl]-3-methylpropyl}terephtha-
lamic acid methyl ester (19): Yield: 47.4% over 3 steps; colorless oil;
1H NMR: �� 1.21 (dd, 3J(H,H)� 6.8, 4J(P,H)� 1.4 Hz, 3H; CHCH3), 1.23
(d, 3J(H,H)� 6.9 Hz, 3H; CHCH3), 2.11 (s, 6H; CCH3), 2.34 (s, 6H;
CCH3), 2.55 (m, 1H; CH(CH3)2), 4.00 (s, 3H; OCH3), 5.10 (ddd, 3J(H,H)�
4.8, 3J(H,H)� 10.4, 2J(P,H)� 19.4 Hz, 1H; NHCHP), 6.72 (m, 4H; ArH),
6.91 (m, 2H; ArH), 7.77 (d, 3J(H,H)� 8.8 Hz, 2H; ArH), 8.07 ppm (d,
3J(H,H)� 8.8 Hz, 2H; ArH); 13C NMR: �� 18.5, 18.6, 20.9 (d), 21.4 (CH3),
30.1 (d) (CH), 51.7 (OCH3), 52.9 (CH), 113.5, 118.3, 122.7, 127.4, 127.7 (d),
130.2 (ArCH), 133.4, 137.8, 139.9 (d), 140.2, 150.4 (ArC), 166.7, 167.2 ppm
(d, C�O); 31P NMR (81 MHz, CHCl3): �� 17.7 ppm (s); FT-IR: �� � 3289
(NH), 3018 (Ar�H), 2965 (CH3), 2922 (CH3), 2875 (CH), 1729 (C�O ester),
1668 (C�O amide), 1538 (amide), 1279 (P�O), 1031 cm�1(P�O�C); MS
(CI, NH3 , 200 �C): m/z : 524 ([M��H]), 541 ([M��NH4]); elemental
analysis calcd (%) for C29H34NO5P (523.6): C 66.53, H 6.55, N 2.68; found:
C 66.23, H 6.58, N 2.58.


General procedure for the combined hydrolysis to produce 5� : Compound
19 (1.00 g, 1.91 mmol) suspended in 1,4-dioxane (10 mL) and water
(10 mL), was treated with [18]crown-6 (30 mg), and a 1� sodium hydroxide
solution (3.82 mL, 3.82 mmol). After the mixtures was stirred for 12 h at
room temperature, the solution was evaporated and dried. The product was
purified by means of column chromatography with a solvent mixture of
chloroform and ammoniacal methanol (10% NH3 in MeOH) in the ratio
3:1, and was then transformed in the dipotassium salt by an ion exchange
column loaded with potassium ions. This produced a yield of 76.2%
(0.59 g).


Dipotassium salt of N-(4-carboxybenzoyl)-1-�-amino-3-methylbutylphos-
phonic acid-3,5-dimethylphenyl ester (4�): Yield: 72.5%; m.p. decompo-
sition �280 �C; [�]25D � � 7.2� (c� 2.0 in MeOH); 1H NMR ([D6]DMSO):
�� 0.88 (d, 3J(H,H)� 4.0 Hz, 6H; CHCH3), 1.60 (m, 3H; CH2CH(CH3)2),
2.12 (s, 6H; CCH3), 4.22 (m, 1H; NHCHP), 6.51 (s, 2H; ArH), 6.67 (s, 1H;
ArH), 7.59 (dd, 3J(H,H)� 9.5 Hz, 4J(P,H)� 2.8, 1H; NH), 7.77 (d,
3J(H,H)� 8.3 Hz, ArH), 7.84 ppm (d, 3J(H,H)� 8.0 Hz, 2H; ArH);
13C NMR: �� 21.7 (d), 22.3 (CH3), 24.5 (CH), 26.5 (d) (CH2), 41.1 (CH),
120.0 (d), 126.2, 128.2, 130.6 (ArCH), 137.6, 140.2, 142.5, 149.3, 155.1 (ArC),
169.5, 174.6 (C�O); 31P NMR ([D6]DMSO)): �� 15.6 (s); FT-IR (KBr):
�� � 3384 (NH), 2957 (CH3), 1626 (C�O amide), 1595 (COO�), 1559
(amide), 1420 (COO�), 1208 cm�1 (P�O);; MS (FAB, NBA): m/z 464
([M�H]?), 486 ([M�Na]?); elemental analysis calcd (%) for C21H24NO6P-
K2 ¥ 1 H2O(463.59� 18,0): C 49.11, H 5.10, N 2.73; found: C 49.27, H 4.82, N
2.76.


Dipotassium salt N-(4-carboxybenzoyl)-1-�-amino-2-methylpropylphos-
phonic acid 3,5-dimethylphenyl ester (5�): Yield: 76.2%; m.p. (decomp)
�200 �C; [�]25D �� 19.7� [c� 2.0 in MeOH]; 1H NMR ([D6]DMSO): ��
0.93 (d, 3J(H,H)� 6.8 Hz, 3H; CHCH3), 0.98 (d, 3J(H,H)� 6.8 Hz, 3H;
CHCH3), 1.25 (m, 1H; CH(CH3)2), 2.09 (s, 6H; CCH3), 3.99 (ddd,
3J(H,H)� 4.2, 3J(H,H)� 9.5, 2J(P,H)� 17.2 Hz, 1H; NHCHP), 6.49 (s, 1H;
ArH), 6,62 (s, 2H; ArH), 7.62 (d, 3J(H,H)� 8.3 Hz, 2H; ArH), 7.85
(d,3J(P,H)� 8.3 Hz, 2H; ArH); 13C NMR ([D6]DMSO): �� 19.1, 21.2, 21.6
(d) (CH3), 29.9 (CH), 63.2 (d) (CH), 118.8 (d), 123.6, 126.6, 129.2 (ArCH),
136.4, 137.8, 138.0, 154.1 (ArC), 166.3, 172.0 (C�O); 31P NMR
([D6]DMSO): �� 14.1 (s); FT-IR (KBr): �� � 3428 (NH), 2960 (CH3),
1634 (C�O amide), 1594 (COO�), 1554 (amide), 1385 (COO�), 1222
(P�O), 1034 cm�1 (P�O�C); MS (FAB, NBA): m/z : 404 ([M� 2 K�H�]);
elemental analysis calcd (%) for C20H22NO6PK2 ¥ 4H2O (449.57� 72.1):
C 43.39, H 5.46, N 2.53; found: C 43.43, H 5.21, N 2.70.


Preparation of the imprinted polymers : The binding site monomer N,N�-
diethyl-4-vinylbenzamidine was used in the form of amidinium chloride salt
1�HCl.[28] One equivalent of template 4� or 5�, was dissolved together
with two equivalents of the amidine 1 ¥HCl in dry methanol to form the
polymerisable 1:2 complex. The remaining potassium chloride precipitates
were removed by membrane filtration. The solution was evaporated, and
the dried complex was dissolved in 82% (w/v) ethylene glycol dimethyl-
acrylate (EDMA), 15% (w/v) methyl methacrylate (MMA) in 10 mL
acetonitrile/toluene 1:1. The mixtures were homogenized in an ultrasonic
bath at a maximum temperature of 40 �C. Finally, the initiator azobisiso-
butyronitrile (AIBN) was added, and the monomer mixture was degassed
by a ™freeze-and-thaw∫ procedure. The polymerization was carried out in
bulk at 60 �C for 72 h in an evacuated ampoule. The polymers were crushed
and sieved, and only the fraction from 45 to 125 �m was used for the
measurements.
To remove the template, the polymer was first swollen in acetonitrile, and
after one hour the template was washed out by stirring three to five times in
a 1:1 mixture of 0.1� sodium hydroxide and methanol in an ice bath, until
no template was present. The amount of released template was controlled
by HPLC (eluent: 0.2% (v/v) trifluoroacetic acid/acetonitrile 65:35 (v/v),
internal standard acetophenone, flow rate 1 mLmin�1). A calibration curve
for the determination of the template in the presence of the internal
standard acetophenone was established. At the time when no template was
detectable, the polymer was washed with water and methanol. Before use,
all polymers were dried over phosphorous pentoxide in an vacuum oven at
40 �C.


The polymers were characterized by measuring the inner surface (BET-
isotherm), and the amount of active amidine groups that were carried out
by acid-base titration. For titration in 11 vials for each, the same amount of
polymer (20 mg) as suspended in a 1:1 mixture of a 1� solution of sodium
chloride and 1,4-dioxane (10 mL) was used. An increasing amount of HCl
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was added until all theoretically present amidine groups were protonated.
After the mixture was stirred overnight, an aliquot of 500 �L was taken,
and, after removing the polymer by membrane filtration, the solution was
transferred in a small plastic vial to measure the pH value (pH-micro-
electrode, Schott). The resulting curve from the measured pH-value plotted
versus the HCl concentration had an inflection point, from which, the
amount of accessible amidine-groups could be calculated.


General procedure for the kinetic measurements : The hydrolysis of the
esters were carried out at optimal conditions for amidine based polymers in
an 1:1 mixture of a 2-[4-(2-hydroxyethyl)-1-piperazino]ethanesulfonic acid
(HEPES) buffer, pH 7.3, and acetonitrile at a temperature of 20 �C.[17] For
this purpose, dry polymer with free cavities (6� 10�6 mol; 1.2� 10�5 mol
amidine groups), was dispersed in a 3 mL screw-capped, in the buffer
mixture (2.7 mL), which included 30 �L of an 0.05� internal standard
solution (acetophenone in acetonitrile). This gave a 2m� concentration of
free cavities. The polymer was stirred in this solution overnight to swell the
polymer, and equilibrate all amidine groups inside. To start the reaction, a
freshly prepared substrate solution in acetonitrile (30 �L, 0.1�� 3�
10�6 mol) was added to get a final substrate concentration of 1m�. The
hydrolysis of both enantiomers was determined separately at all times to
check for enantioselectivity.


In the case of the control experiments, same amounts of dry control
polymer and amidine groups were used (1.2� 10�5 mol). Without the
presence of a polymer catalyst, the hydrolysis reactions in solution were
carried out in the same solution mixture at the same substrate concen-
trations.


For each condition the reaction was performed two to three times to reduce
measurement errors. During the reactions, six to nine aliquots of 150 �L
were taken, the polymer was filtered off through a membrane, and the
sample was then collected in an Eppendorf vessel and frozen in liquid
nitrogen to stop the reaction. All samples from the reaction with imprinted
polymers were taken within four hours, within three days for the control
polymers, and within two weeks for the control solution (with no polymer
presence). Afterwards each sample was defrosted to room temperature and
measured by injecting 20 �L in the HPLC-system. For the mobile phase,
acetonitrile, and trifluoroacetic acid (0.2% v/v) in water 30:70 (v/v) with a
flow rate of 1 mLmin�1 were used, and for the stationary phase, a RP-18
column (Merck) was used. The chosen wavelength corresponded to the
absorption of 3,5-dimethyl phenol with �max 218 nm, which is optimal to
detect the product of the reaction. The system was optimized to control the
product peak and the internal standard. A detection software package was
used to record and integrate the chromatograms.


A calibration curve for the determination of the product phenol in presence
of the internal standard acetophenone was established. With this calibra-
tion a conversion up to 20% of the investigated hydrolysis could easily be
followed.


Due to the experimental circumstances at the beginning of all the
measurements, a small amount of the reaction product was already
present. Thus the product concentration, and the total substrate concen-
tration of all data were corrected by a factor of 0.994; this meant, that on
average, 0.6% of the substrate had already been hydrolyzed at the start of
the reaction.


The calculations of the reaction rate constants were performed with a linear
fit by Origin 7.0. (See Tables 6, 7, and 8)


Michaelis ±Menten kinetics : For the
imprinted polymers IP4 and IP5, and
for the control polymer CPF, plots of
initial velocities of the catalyzed hy-
drolysis versus substrate concentration
were measured. For these investiga-
tions the initial reaction rates were
monitored at constant concentration
of active sites, and increasing substrate
concentration. We chose six different
substrate concentrations in Table 9
and five in Table 10. The procedure
to measure the velocity was analogous
to pseudo-first-order kinetics, as pre-
viously described.


Table 6. Reaction rate constants for the hydrolysis of substrates 2� and 2� in
acetonitrile/HEPES buffer pH 7.3 (1:1) at 20 �C, by using IP4 and the controls
CPF, CPB and solution in two different buffer concentrations.


Catalyst Substrate 0.10� HEPES buffer
k [min�1]


0.15� HEPES buffer
k [min�1]


IP4 2�[a] 8.27� 10�4 �8.5% 6.69� 10�4


IP4 2� 5.95� 10�4 �2.4% 5.57� 10�4


CPF 2� 1.00� 10�5 �1.5% 1.01� 10�5


CPF 2� 1.08� 10�5 �3.4% 9.84� 10�6


average CPF 2 1.05� 10�5 �3.5% 9.97� 10�6 �1.2%
CPB 2� 6.11� 10�5 ±
CPB 2� 5.97� 10�5 ±
average CPB 2 6.04� 10�5� 1.2% ±
solution 2� 2.53� 10�6� 3.8% 3.28� 10�6 �1.7%
solution 2� 2.56� 10�6 �7.3% 3.42� 10�6 �9.8%
average solution 2 2.54� 10�6 �5.9% 3.35� 10�6 �7.5%


[a] 2�� �-leucine substrate; 2�� �-substrate; IP4� polymer imprinted with
template 4; CPF� control polymer imprinted with formic acid; CPB� control
polymer imprinted with benzoic acid; Solution� acetonitrile/buffer (1:1). When a
measurement error is given, the value is investigated two to three times; errors
denote standard deviation.


Table 7. Reaction rate constants for the hydrolysis of the substrates 3� and
3� using IP5 and the controls CPF and solution. All experiments were
performed in acetonitrile/0.1� HEPES buffer pH 7.3 (1:1).


substrate k [min�1]


IP5 3�[a] 5.54� 10�4 �2.7%
IP5 3� 4.53� 10�4 �6.2%
CPF 3� 9.02� 10�6 �2.2%
CPF 3� 9.44� 10�6 �0.8%
average CPF 3 9.23� 10�6 �2.8%
solution 3� 2.16� 10�6 �1.1%
solution 3� 2.23� 10�6 �3.0%
average solution 3 2.20� 10�6 �2.6%


[a] 3�� �-valine substrate; 3�� �-substrate; IP5� polymer imprinted
with template 5; CPF� control polymer imprinted with formic acid;
solution� acetonitrile/buffer (1:1). When a measurement error is given,
the value was investigated twice, except for IP5, which was investigated
three times.


Table 8. Reaction rate constants for cross-selectivity of valine substrate 3�
with polymer IP4 (leucine-analogue polymer), and leucine substrate 2�[a]


with IP5 (valine-analogue polymer) in acetonitrile/0.1� HEPES buffer
pH 7.3 (1:1) at 20 �C.


Catalyst Substrate k [�10�4min�1]


IP4 3� 2.26 �4.1%
IP5 2� 2.00 �3.1%


[a] 2�� �-leucine substrate; 3�� �-valine substrate.


Table 9. Data of Michaelis ±Menten kinetics with IP4 and CPF.[a]


Substrate con-
centration
[mmolL�1]


2� with IP4
v0 [10�7�min�1]


2� with IP4
v0 [10�7�min�1]


2� with CPF
v0 [10�8�min�1]


2� with CPF
v0 [10�8�min�1]


0.124 2.05 ± ± ±
0.497 3.94 2.24 0.61 0.62
0.994 6.99 5.09 0.94 0.10
1.988 7.65 5.62 1.45 1.47
9.940 8.88 6.20 2.04 2.08
19.88 9.19 6.81 2.02 2.06


[a] Reaction velocities obtained by increasing substrate concentration of substrates 2� and 2� in acetonitrile/0.1�
HEPES buffer pH 7.3 (1:1) at 20 �C.
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In addition, the influence of the inhibiting molecule template 5, was
monitored with polymer IP5. Two different inhibitor concentrations were
added to the hydrolysis media to reach the concentration of 1m� and
0.1m�. The velocities were monitored in the same way. The obtained
results are listed in Tables 9 and 10.


The calculations of the Michaelis ±Menten kinetics were performed by
fitting them to a hyperbola by the program Origin 7.0.
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Table 10. Data of Michaelis ±Menten kinetics with IP5 without and with two concentration of inhibitor
5L.[a]


Substrate 3� with IP5 3� with IP5 3� with IP5 3� with IP5
concentration
[mmolL�1]


v0 [10��min�1] v0 [10�7 �min�1] [I]� 0.0001� [I]� 0.001�
v0 [10�8 �min�1] v0 [10�8 �min�1]


0.497 3.67 2.95 9.25 0.38
0.994 5.10 3.71 1.58 0.65
1.988 5.58 4.34 2.43 1.12
9.940 6.09 5.05 3.25 2.09
19.88 6.51 5.38 3.80 2.43


[a] Reaction velocities obtained by increasing the substrate concentration of substrates 3� and 3� in
acetonitrile/0.1� HEPES buffer pH 7.3 (1:1) at 20 �C. [I]� concentration of inhibitor 5�.








From Central to Helical Chirality: Synthesis of P and M Enantiomers
of [5]Helicenequinones and Bisquinones from (SS)-2-(p-Tolylsulfinyl)-
1,4-benzoquinone


M. Carmen Carrenƒo,* Susana GarcÌa-Cerrada, and Antonio Urbano[a]


Abstract: The reaction of 1,4-divinyl-
1,3-cyclohexadiene, 5,8-dimethoxy- or
tert-butyldimethylsilyloxy-3-vinyl-1,2-di-
hydrophenanthrene or 6-vinyl-7,8-dihy-
dro-1,4-phenanthrenequinone with an
excess of enantiopure (SS)-2-(p-tolylsul-
finyl)-1,4-benzoquinone (2) led to the
direct formation of enantioenriched di-
hydro[5]helicenequinones or bisqui-


nones (50� 98% ee). A domino
Diels ±Alder cycloaddition/sulfoxide
elimination/partial aromatization proc-
ess occurs, being the absolute configu-


ration of the final helicene defined in the
aromatization step. Both M and P heli-
mers are accessible through a stepwise
enantiodivergent process if the pentacy-
clic dihydroaromatic intermediate re-
sulting in the two first steps is aromat-
ized in the presence of (�)-2, DDQ,
CAN or DBU.


Keywords: asymmetric synthesis ¥
cycloadditions ¥ helical structures ¥
quinones ¥ sulfoxides


Introduction


Helicenes are a well-known representative of polycyclic
aromatic compounds with a structure characterized by a
series of aromatic ortho condensed rings.[1] When the number
of rings is higher than four, the system can not be planar and
adopts a helical structure to liberate the steric congestion.
Such helicenes are chiral and, depending on the interconver-
sion barriers,[2] can be resolved into enantiomers and are
configurationally stable. These artificial molecules have
attracted increasing attention during last years[3] due to the
excellent properties they present,[4±9] that are inherently
associated to their enantiopurity and are expected to lead to
industrial applications.
Although the classical synthesis of helicenes based on the


UV light-mediated electrocyclization of stilbene-type precur-
sors[10] is still used nowadays,[11] several new methodologies
have emerged during the last decade[12] to provide useful
synthetic alternatives to the preparation of this type of helical
skeletons. Among them, it is worth to mention the pioneering
work by Katz[12a,d] based on Diels ±Alder reactions of
quinones. Most of the asymmetric approaches reported up
to date are based on resolutions[13±15] of the racemic deriva-
tives. Although several enantio- or diastereoselective synthe-
ses have been described so far,[16] moderate asymmetric


inductions have been achieved except in a few cases.[16a,d,j] To
extend the range of applications of functionalized helicenes,
there is still a need for efficient and versatile enantioselective
synthetic approaches to both M and P helimers.
We have recently reported a new asymmetric approach to


both enantiomers of [5]helicenebisquinones. The key step in
our synthesis was a Diels ±Alder reaction between enantio-
merically pure 2-(p-tolylsulfinyl)-1,4-benzoquinone and vinyl
benzenes or naphthalenes.[17] The strategy stems on the well
known ability of the sulfoxide situated on a quinone frame-
work to control the regiochemistry, endo selectivity and �-
facial diastereoselectivity of cycloadditions with a wide range
of dienes.[18] The domino[19] Diels ±Alder reaction/pyrolytic
sulfoxide elimination sequence had already been established
as a general one-pot strategy to other enantiomerically
enriched polycyclic quinones such as angucyclinones.[20] This
domino sequence, with an additional aromatization step
carried out in situ by an excess of sulfinylquinone, was utilized
in our direct synthesis of fully aromatic pentacyclic systems.
Nevertheless, the low reactivity of the aromatic dienes was a
serious drawback to the general application of this short
synthetic approach to chiral helical bisquinones.
In order to circumvent this problem, we decided to use


more reactive dienes such as dihydroarylethenes, already used
en route to helicenes.[12o] This slight structural modification of
the diene allowed the Diels ±Alder reaction between enan-
tiopure (SS)-2-(p-tolylsulfinyl)-1,4-benzoquinone and vinyl
dihydronaphthalenes to proceed under very mild conditions
opening an easy access to new helically chiral dihydro[4]he-
licenes.[21] Moreover, the presence of a central hydroaromatic
ring in the resulting helicenes is known to increase the
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racemization barrier in comparison with that of the whole
aromatic derivatives.[22]


In this paper we present a general and efficient approach to
dihydro[5]helicenequinones and bisquinones based on the use
of appropriately functionalized vinyl dihydrophenanthrenes
in the cycloaddition. We have preliminary communicated the
first application of this methodology for the enantioselective
synthesis of differently substituted [5]helicenequinones.[23] We
now report a full account of our results and a new access to
enantioenriched dihydro[5]helicenebisquinones featuring our
strategy for a convergent one-pot synthesis. The most
enantioselective stepwise approach to the pentahelicene
system involves as another key feature, the divergent access
to both theM and P helimers from a common centrally chiral
pentacyclic precursor.[24] We also disclose the mechanistic
pathways which explain our results.


Results and Discussion


Two retrosynthetic analyses for the synthesis of dihydro[5]-
helicenebisquinone 1 are outlined in Scheme 1. Firstly, we
planned to construct the pentacyclic skeleton from a bis-diene
such as 1,4-divinyl-1,3-cyclohexadiene (3) by taking advantage
of a two-fold domino sequence with an excess of enantiopure
(SS)-2-(p-tolylsulfinyl)-1,4-benzoquinone (2) including cyclo-
addition, pyrolytic sulfoxide elimination and partial aromati-


Scheme 1. Retrosynthetic analyses for the synthesis of dihydro[5]helice-
nebisquinone 1.


zation steps, which presumably could occur in a one-pot
process (path a). A stepwise retrosynthetic approach requir-
ing a 3-vinyl-5,8-dialkoxy-1,2-dihydrophenanthrene (4) or
6-vinyl-7,8-dihydro-1,4-phenanthrenequinone (5) as diene
partners was also envisaged (path b).
Path a was more attractive due to a higher convergency and


was first explored. Scheme 2 summarizes the synthesis of bis-
diene 3 and the results of its reaction with (SS)-2. Thus, the
enolate derived from commercially available 1,4-cyclohexa-
nedione mono-ethylene acetal (6), was trapped with Tf2NPh
to afford quantitatively enol triflate 7. Deketalization of 7
under non acidic conditions (LiBF4, CH3CN/H2O, reflux,
20 h)[25] to avoid the conjugation of the double bond, afforded
ketone 8 ; the latter was treated, without purification, with
Tf2NPh/KHDMS giving bis-triflate 9 in 87% yield for the two
steps. A double Stille coupling of 9 with tributylvinylstan-
nanne in the presence of [Pd(PPh3)4] gave a 37% of bis-diene
3. Due to its unstability and easy polymerization, compound 3
was immediately submitted to the cycloaddition process. Thus,
the Diels ±Alder reaction of 3 was carried out with four
equivalents of enantiopure sulfinyl quinone (SS)-2[26] at room
temperature in CH2Cl2 for 3 d. After flash chromatography,
we could isolate a 12% yield of helicenebisquinone (M)-1
{[�]20D ��1810 (c� 0.02 in CHCl3), 50% ee},[27] together with
a 7% of derivative 10. The one-pot transformation leading to
(M)-1 implies six consecutive reactions on bis-diene 3 : first
cycloaddition on the sulfinyl substituted C2�C3 double bond
of (SS)-2, elimination of the sulfoxide, partial aromatization
and a second analogue domino sequence. With the aim of
detecting some intermediates of this interesting process, we
followed the reaction by 1H NMR spectroscopy using CDCl3
as solvent. After 10 min, we could detect compound 11
formed by cycloaddition of 3 with (SS)-2 and spontaneous
elimination of the sulfoxide. Aromatization of the B ring of 11
had taken place 24 h later to afford a new diene 5which finally
evolved into the mixture of 1 and 10. From 5 to 1 and 10 no
intermediates could be detected. Derivative 10, which was
obtained as a non-separable mixture of regio- and/or diaster-
eoisomers, proceeded from the attack of the diene on the
unsubstituted C5�C6 double bond of sulfinyl quinone (SS)-2.
Although the desired [5]helicenebisquinone 1 could be


synthesized through this short pathway, both the yield and
enantiomeric excess were not satisfactory.
We thus decided to apply the stepwise retrosynthetic


pathway b (Scheme 1) en route to 1. The synthetic sequence
leading to 5,8-dimethoxy-3-vinyl-1,2-dihydrophenanthrene
(4a) is outlined in Scheme 3. Enol triflate 7 was submitted
to a Stille coupling {tributylvinylstannane, [Pd(PPh3)4]} to give
vinylcyclohexene 12[29] in 79% yield. The synthesis of the
advanced intermediate 15 from diene 12 was achieved
through two alternative routes. Thus, the Diels ±Alder
reaction (CH2Cl2, rt, 6 h) between 12 and racemic 2-(p-
tolylsulfinyl)-1,4-benzoquinone (2)[26] gave quinone 13, pro-
ceeding from the sulfoxide elimination in the initially formed
cycloadduct, in 81% isolated yield. Reduction of 13 to the
hydroquinone and subsequent methylation gave rise to 15 in
84% yield. In the second route, the cycloaddition between 12
and p-benzoquinone afforded cycloadduct 14 (RT, 15 d)
which, without further purification, was aromatized (Na2S2O4)
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Abstract in Spanish: La reaccio¬n de 1,4-divinil-1,3-ciclohexa-
dieno, 5,8-dimetoxi- o terc-butildimetilsililoxi-3-vinil-1,2-dihi-
drofenantreno o 6-vinil-7,8-dihidro-1,4-fenantrenoquinona con
exceso de (SS)-2-(p-tolilsulfinil)-1,4-benzoquinona (2) condu-
jo a la formacio¬n de dihidro[5]helicenoquinonas o bisquino-
nas enantiome¬ricamente enriquecidas (50� 98% ee) a trave¬s
de un proceso domino¬ en el que tiene lugar una reaccio¬n de
Diels ±Alder y una eliminacio¬n pirolÌtica del sulfo¬xido segui-
das de una etapa de aromatizacio¬n del derivado dihidroaro-
matico resultante. La configuracio¬n absoluta del heliceno final
se define en la etapa de aromatizacio¬n. En un proceso por
etapas enantiodivergente, es posible acceder a los dos helÌmeros
(M) y (P) por tratamiento del precursor dihidroaromatico
pentacÌclico con (�)-2, DDQ, CAN o DBU.
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and methylated (K2CO3/Me2SO4) to afford 15 (90% yield,
two steps). After aromatization of the central ring of 15 with
DDQ, tetrahydrophenanthrene derivative 16 was formed in
quantitative yield. Acetal deprotection using CeCl3/NaI/
CH3CN[30] afforded ketone 17 (85% yield) whose treatment
with Tf2NPh/KHMDS yielded enol triflate 18. Finally, a Stille
coupling led to dimethoxysubstituted diene 4a in 82% yield.
With diene 4a in hand, we performed the Diels ±Alder


reaction with a two-fold excess[31] of enantiopure (SS)-2-(p-
tolylsulfinyl)-1,4-benzoquinone[26] (2) (Scheme 4). The cyclo-
addition was initially run at room temperature (Table 1,
entry 1). After 18 h, we isolated in 72% yield helical quinone
(P)-20 showing 72% ee,[32] as a result of a one-pot three
reactions sequence comprising Diels ±Alder reaction and
spontaneous sulfoxide elimination, followed by aromatization
of the B ring of intermediate 19 effected by the excess of the
quinone. According to our previous work,[33] �-facial diaster-
eoselectivity of cycloadditions with sulfinyl quinones im-
proved strongly at low temperatures. Indeed, working at
�20 �C (Table 1, entry 2) the optical purity of (P)-20 in-
creased up to 76% ee, whereas at �40 �C (entry 3) 84% ee
was achieved. Moreover, CAN oxidation of the dimethoxy
substituted aromatic ring of (P)-20 (Scheme 4) allowed the
synthesis of helical bisquinone (P)-1 {[�]20D ��2670 (c� 0.011
in CHCl3), 72% ee}. Surprisingly, the helicenebisquinone
formed under these conditions showed an opposite helicity to
that obtained in the one-pot sequence using bisdiene 3 (see
Scheme 2).
Although we could improve the ee of (P)-20 up to 84% by


working at�40 �C, the challenge of obtaining the enantiopure
product remained. According to the structure of diene 4a, a
1,2-disusbtituted butadiene system, the opposite regiochem-
ical control exerted by both substituents could be in the origin
of the loss of enantiopurity observed.


Scheme 2. Enantioselective synthesis of dihydro[5]helicenebisquinone
(M)-1 from bisdiene 3. a) Tf2NPh, KHMDS, THF, �78 �C, 0.3 ± 4 h, 99%;
b) LiBF4, CH3CN/H2O, reflux, 20 h; c) Tf2NPh, KHMDS,�78 �C, 2 h, 87%
for the two steps; d) CH2�CHSnBu3, [Pd(PPh3)4] LiCl, THF, reflux, 2.5 h,
37%; e) CH2Cl2, room temperature, 3 d, 12% for (M)-1 and 7% for 10.


With the aim of knowing the regiochemical course of the
process, we performed the cycloaddition between diene 4a
and racemic 2-(p-tolylsulfinyl)-5-methyl-1,4-benzoquinone
(21)[34] (Scheme 4). After 7 d at �20 �C and further aromati-
zation of the corresponding intermediate 23 with DDQ, we
obtained racemic methyl substituted helical quinone (P,M)-24
as a sole regioisomer in 67% yield. This result showed that the
initial cycloaddition of 4a took place with complete ortho
regioselectivity directed by the C-1 substituent of the diene
moiety through the cycloadduct 22, which immediately lost p-
toluene sulfenic acid to give intermediate 23. Further DDQ
oxidation afforded 24 ; its structure was unequivocally estab-
lished by X-ray diffraction (Figure 1).[35]


With the regiochemical control warranted, we reasoned
that the optical purity of the final helicene resulting from
reaction of (SS)-2 and diene 4a could be enhanced working at


Scheme 3. Synthesis of dienes 4a, 25, 4b, and 5. a) CH2�CHSnBu3,
[Pd(PPh3)4], LiCl, THF, reflux, 1 ± 4.5 h, 79% for 12, 82% for 4a, 74% for
4b and 26% for 5 ; b) CH2Cl2, room temperature, 6 h, 81%; c) i) Na2S2O4,
Et2O/H2O; ii) Me2SO4, K2CO3, acetone, reflux, 5 h, 84%; d) CH2Cl2, room
temperature, 15 d; e) Me2SO4, K2CO3, acetone, reflux, 6 h, 90% for the
two steps; f) DDQ, CH2Cl2, room temperature, 20 min, 99% for 16 and
96% for 32 ; g) CeCl3 ¥ 7H2O, NaI, CH3CN, reflux, 3 h, 85% for 17 and 95%
for 33 ; h) Tf2NPh, KHMDS, THF, �78 �C, 0.3 ± 4 h, 95% for 18 and 72%
for 34 ; i) CH2�C(OEt)SnBu3, [Pd(PPh3)4], LiCl, THF, reflux, 2 h, 67%;
j) i) Na2S2O4, Et2O/H2O; ii) TBDMSCl, imidazole, DMF, RT, overnight,
81%; k) TBDMSCl, imidazole, DMF, RT, overnight, 74% over two steps
d) and k); l) CAN, CH3CN/H2O, room temperature, 15 min, 72%;
m) TBAF, THF, room temperature, 20 min, 58%.
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Scheme 4. Enantioselective synthesis of (P)-dihydro[5]helicenequinones
20, 27, and 36 and bisquinones 1 and 28. a) i) CH2Cl2,�20 �C, 7 d; ii) DDQ,
room temperature, 30 min, 67%; b) CAN, CH2Cl2/CH3CN/H2O, room
temperature, 2 h, 82% from 20, 90% from 27 and 71% from 36.


even lower temperatures. We thus thought of using a more
reactive diene such as 25 (Scheme 3), bearing an oxygenated
substituent at the vinyl moiety. The synthesis of 25 was
achieved in 67% yield by a Stille coupling between enol
triflate 18 and 1-ethoxyvinyltrybutylstannane in the presence
of [Pd(PPh3)4]. Compound 25 was proven to be very unstable
and was immediately submitted to cycloaddition with (SS)-2
(Scheme 4). This reaction could be carried out at �60 �C
(Table 1, entry 4) yielding, through intermediate 26, ethoxy
substituted helical quinone (P)-27 with an excellent 92%
ee.[32] CAN oxidation of (P)-27 led to helical bisquinone (P)-
28 {[�]20D ��3370 (c� 0.0065 in CHCl3), 92% ee}.[27]


In one of the experiments for the one-pot synthesis of
helicene 20 from 4a with two equivalents of (SS)-2
(Scheme 4), the reaction had not been completed. Then, we
decided to accelerate the final aromatization of the B ring of
the tetrahydroaromatic intermediate 19 by adding a powerful
oxidant such as DDQ. After flash chromatography, we
isolated helical derivative 20 almost in racemic form. Initially,
we reasoned that the achiral nature of DDQ compared with
the chiral sulfinyl quinone (SS)-2 acting as oxidant, could be in
the origin of the different behaviour observed.
Intrigued by this result, we decided to repeat the reaction


with DDQ from pure tetrahydroaromatic derivative 19
(Scheme 5). Thus, the cycloaddition between diene 4a and a
stoichiometric amount of (SS)-2 in CH2Cl2 at �40 �C afford-
ed, after spontaneous pyrolytic elimination of the sulfoxide,
compound (R)-19, showing a stereogenic center at C-14c
{[�]20D ��736 (c� 0.012, CHCl3)}, in 61% yield after flash
chromatography. Treatment of (R)-19 with DDQ in CH2Cl2
(Table 2, entry 1) gave rise to optically active helicenequinone
(M)-20 with 44% ee. Surprisingly, compound 20 showed the
opposite helicity to that obtained in the presence of an excess
of (SS)-2 (compare entries 1 and 2).


Figure 1. ORTEP drawing of dihydro[5]helicenequinone (P,M)-24.
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Table 2. Aromatization reactions of tetrahydro[5]helicenequinones (R)-19 and (R)-35 to dihydro[5]helicenequinones 20, 36 and bisquinone 1.


Entry Compound Reagent [equiv] T [�C] t [h] Helicene Yield [%] [�]20D (c in CHCl3) ee [%]


1 (R)-19 DDQ (1.2) 0 1 (M)-20 95 � 1530 (0.003) 44
2[a] ± (SS)-2 � 20 ± (P)-20 72 � 2800 (0.003) 84
3 (R)-19 (�)-2 (2) � 20 240 (P)-20 85 � 2760 (0.003) 80
4 (R)-19 DBU (1.5) � 20 0.1 (P)-20 70 � 1500 (0.005) 42
5 (R)-19 CAN (2.5) RT 1 (M)-20 67 � 3030 (0.003) 90
6[b] ± (SS)-2 � 20 ± (P)-36 75 � 2690 (0.003) � 98
7 (R)-35 DDQ (1.2) RT 1 (P)-36 88 � 2670 (0.003) 96
8 (R)-35 CAN (2.5) RT 0.1 (M)-1 60 � 3500 (0.015) 92
9 (R)-35 nBu4NF (2.5) RT 0.25 (M)-1 44 � 3250 (0.009) 88


[a] Without isolation of (R)-19 (see Scheme 4). [b] Without isolation of (R)-35 (see Scheme 4).


Table 1. Reactions of (SS)-2 (2 equiv) and dienes 4a, 25 and 4b in CH2Cl2.


Entry Diene T [�C] t [d] Helicene Yield
[%]


[�]20D (c in CHCl3) ee
[%]


1 4a 20 0.75 (P)-20 72 � 2260 (0.002) 72
2 4a � 20 2 (P)-20 53 � 2480 (0.004) 76
3 4a � 40 to �20 12 (P)-20 72 � 2800 (0.003) 84
4 25 � 60 6 (P)-27 62 � 2980 (0.0027) 92
5 4b 20 1 (P)-36 50 � 2330 (0.0035) 88
6 4b � 40 to �20 17 (P)-36 75 � 2690 (0.0033) � 98
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With this new result at hand, we decided deeply investigate
this interesting process by using different aromatizing re-
agents. The results obtained are summarized in Scheme 5 and
Table 2.


Scheme 5. Synthesis and partial aromatizations of tetrahydro[5]helicene-
quinones (R)-19 and (R)-35.


Firstly, we wanted to know if the enantiomeric purity of
(SS)-2 acting as oxidant could have an essential role in
defining the absolute configuration of the final helicene 20.
We thus performed the aromatization of (R)-19 in the
presence of racemic sulfinylquinone 2[26] (Table 2, entry 3).
In this case, the P helimer of 20 was again obtained in 80% ee,
which indicates that the optical purity of the quinone, acting
as an oxidant, did not control the helicity of 20 and has little
influence in the optical purity (compare entries 2 and 3). At
this point we reasoned that the final configuration of the
helimer could be dependent on the structure and on the
mechanism of aromatization of the corresponding reagent.
We then used another method to transform 19 into 20. Thus,
treatment of (R)-19 with DBU (Table 2, entry 4) afforded
helicene (P)-20 showing a lower 42% ee. Finally, when the
aromatization of (R)-19 was carried out with cerium ammo-
niun nitrate (CAN) in CH3CN/H2O (Table 2, entry 5), com-
pound (M)-20 was obtained with an excellent 90% ee ; this
shows that it was possible to gain access to both enantiomers
of helicene 20 with very good optical purities by changing the
oxidant used.
Although these results increased the versatility of our


helicene synthesis, their rationalization was not evident. In
order to get insight into a mechanistic explanation it was
essential to unequivocally determine the absolute configura-
tion of the stereogenic center created at C-14c in the
tetrahydroaromatic derivative 19. Moreover, this would allow
explaining the �-facial diastereoselectivity of the initial
cycloaddition. Due to the high tendency to aromatization of
compound 19, we decided to prepare a more stable derivative
to get suitable crystals for a X-ray diffraction study.
As depicted in Scheme 6, the catalytic hydrogenation of


C6�C6a double bond of 19 with PtO2 in EtOAc for 3 d


Scheme 6. Configurational assignment for derivative (R)-19.


afforded the stable cis-fused pentacyclic hexahydroaromatic
hydroquinone 29 in 53% yield as the unique diastereomer.
Compound 29 was later derivatized to the corresponding bis-
(�)-camphanate 30 by treatment with (�)-camphanoyl chlor-
ide in the presence of DMAP and Et3N. Fortunately, we could
perform the X-ray diffraction study[35] of 30 (Figure 2) and
unequivocally assign its structure as well as establish the
(6aS,14cR) absolute configuration for the stereogenic centers
of 29 and, as a consequence, the (14cR) configuration for the
precursor 19.


Figure 2. ORTEP drawing of hexahydro[5]helicene 30.


TheR absolute configuration at the stereogenic center of 19
is in agreement with the formation of the Diels ±Alder adduct
through the preferred endo-approach of the vinyl dihydro-
phenanthrene 4a to the less encumbered upper face of
sulfinylquinone (SS)-2 adopting the s-cis conformation (Fig-
ure 3), usually the most stable and reactive of vinyl sulf-
oxides.[36] According to the (R) absolute configuration of 19,
the formation of both P and M enantiomers of the dihy-
dro[5]helicene 20 depending upon the reagent used in the
final aromatization step, is not easy to rationalize. An
inspection of molecular models of 19 suggested that the
presence of two conformers I and II (Figure 3), resulting from
the boat inversion of the B ring, could be in the origin of the
different helicity reached using (SS)-2 or DDQ as oxidants.
The evolution of each conformer in the aromatization step
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would explain the formation of a different enantiomer of the
final dihydro[5]helicene 20. The intrinsic stability of each
conformer as well as the nature of the aromatizing reagent
and the reaction mechanism must be defining the preferred
evolution.
In accordance with previous conformational studies on 1,4-


dihydronaphthalenes[37] and with our own work,[38] tetrahy-
droaromatic derivative 19 would exist as a more stable boat-
like conformation such as I with the aryl substituent at C-14c
in a pseudoaxial disposition to avoid destabilizing interactions
with the methylene group at C-6a and the adjacent carbonyl
group,[37b,c] present in conformer II. However, a 1H,1H
NOESY experiment carried out on (R)-19 evidenced strong
NOE enhancements between H-14c and H-5ax as well as with
the methoxy group (R�Me) at C-14. This is only possible
assuming that conformer II is the major in the conformational
equilibrium (Figure 3). A detailed inspection of molecular


Figure 3. Mechanistic proposal for the enantioselective Diels ±Alder
reaction between 4a and (SS)-2 and NOESY enhancements for (R)-19
and (R)-35.


models revealed that conformation I of (R)-19 showed a
destabilizing spatial interaction between the methoxy sub-
stituent (R�Me) at C-14 and the quinone ring which could
explain its lower stability.
According to the mechanisms proposed for the quinone


mediated dehydrogenation of hydroaromatic compounds, two
possibilities may be considered. The reaction can be initiated
by the transfer of a hydride ion to one of the oxygens of the
oxidant quinone to generate an ion-pair in the rate-determin-
ing step followed by a rapid proton transfer from the resulting
intimate ion-pair to the hydroquinone anion.[39] A one-step
sequence with the 1,4-transfer of the hydride to the quinone
and simultaneous protonation in an almost synchronous
process can also be considered.[40] In both cases, the powerful
oxidant quinone should approach the 1,4-cyclohexadiene
moiety of 19 in a parallel direction to produce the cis-1,4-
elimination of H-5 and H-14c as shown in Figure 4 (the
approaching quinone is represented without substituents for
simplicity). The ease of hydride transfer from the substrate is


Figure 4. Mechanistic proposal for quinone-mediated aromatizations of
compounds (R)-19 and (R)-35.


dependent upon the degree of stabilization of the incipient
positive charge in the transition state. In our case, H-14c,
situated at a tertiary carbon, must be the hydride involved in
the quinone-mediated aromatization process. The attack of
DDQ to the reactive conformer II of 19 must occur from the
bottom face to take H-14c (Figure 4) giving rise to the M
enantiomer of dihydro[5]helicene 20 with a 44% ee. The
moderate ee obtained suggested that the evolution through
the less favored conformer I was not negligible. Probably, the
approach of DDQ to conformer II is slightly hindered by the
presence of steric and/or stereoelectronic interactions be-
tween the approaching quinone and the methoxy group at
C-14. When quinone 2 bearing the bulky sulfoxide acts as the
oxidant, these interactions become greater and the evolution
through conformer I is preferred affording in this case the P
enantiomer of 20 in ca. 80% ee.
The stereoselectivity of DBU and CAN aromatizations is


more difficult to rationalize, but, in accordance with this
reasoning, the major formation of the P enantiomer of 20
when DBU was used (er 71:29) should result from the
preferred evolution through conformer I whereas the CAN
mediated aromatization giving rise to theM enantiomer of 20
(90% ee), suggested the evolution of a conformer such as II of
19.
In light of the above-mentioned discussion, we reasoned


that the incorporation of a bulkier substituent (R�TBDMS)
into the hydroquinone E ring of the tetrahydroaromatic
derivative 19 could enhance the steric congestion of the
bottom face of conformer II (Figure 4). This would favour the
aromatization process through conformer I to afford the P
enantiomer of the corresponding dihydro[5]helicenequinones
in a more stereoselective manner. For this purpose, it was
necessary to prepare OTBDMS-substituted diene 4b, which
was synthesized as depicted in Scheme 3.
Starting from compound 13, reduction of the quinone ring


(Na2S2O4) followed by TBDMS protection (TBDMSCl/imi-
dazole) gave compound 31 in a 81% yield. In a similar way, 31
could be synthesized from 14 in 74% yield (two steps). Partial
aromatization of 31 with DDQ yielded a 96% of derivative
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32 ; subsequent ketal deprotection (CeCl3/NaI/CH3CN) gave
ketone 33 in 95% yield. After formation of the enol triflate 34
(Tf2NPh/KHMDS, 72%) and Stille coupling, OTBDMS
substituted diene 4b was obtained in 74% yield.
The cycloaddition between 4b and two equivalents of


enantiopure sulfinylquinone (SS)-(�)-2 at RT for 24 h
(Scheme 4, Table 1, entry 5) afforded, through intermediate
35, helical quinone (P)-36 with 88% ee,[41] indicating a notable
increase in the diastereoselectivity of the process if compared
with the results obtained from dimethoxy substituted diene 4a
under the same conditions (Table 1, entry 1, 72% ee). When
the reaction of 4b was performed at �40 to �20 �C (Table 1,
entry 6) the resulting (P)-36 was obtained in optically pure
form. Moreover, enantiopure helical bisquinone (P)-1
{[�]20D ��3700 (c� 0.015, CHCl3), ee �98} (Scheme 4) could
be obtained by CAN oxidation of (P)-36.
On the other hand, the cycloaddition between diene 4b and


one equivalent of (SS)-2 in CH2Cl2 at �40 �C, allowed
isolating compound (R)-35 {[�]20D ��240 (c� 0.02, CHCl3)}
in 51% yield (Scheme 5). The structure of 35 was established
on the basis of its spectroscopic parameters including a 1H,1H
NOESY experiment (Figure 3) which revealed strong NOE
enhancements between H-14c and H-5ax as well as between
these two hydrogens and the substituents (R�TBDMS) at
C-14. This suggested that conformer II was also the major in
the conformational equilibrium of 35 (Figure 3). The aroma-
tization of the B ring of compound (R)-35 by using DDQ as
the oxidant reagent (Table 2, entry 7) afforded the P enan-
tiomer of helicene 36 with an excellent 96% ee. The helicity of
this TBDMS disubstituted helicenequinone was the opposite
to that of the methoxy substituted analogue (M)-20 obtained
with this oxidant (Table 2, entry 1).
The formation of the same P helimer by oxidation of (R)-35


with (SS)-2 and DDQ (compare entries 6 and 7) suggested
that the bulkier OTBDMS substituent at C-14 was completely
hindering the approach of any quinone oxidant from the
bottom face of the major conformer II (Figure 4). These
different results showed that the substitution (R�Me or
TBDMS) on the E ring of derivatives 19 and 35 played an
important role in defining the final helicity, as anticipated.
The treatment of (R)-35 with CAN in CH3CN/H2O


(Table 2, entry 8) did not yield the expected helicenequinone
36 but the helicenebisquinone (M)-1, showing the opposite
absolute configuration and an excellent 92% ee. This suggests
that, under these conditions the OTBDMS groups are broken
first and the resulting hydroquinone is further transformed
into 1. The non-isolated intermediate hydroquinone can
evolve either through the oxidation to the corresponding
bisquinone followed by aromatization of the B ring or
through the inverse sequence. In any case, the elimination
of the R group at C-14 in conformer II (Figure 4) clearly
favours the evolution of this rotamer to afford the M
enantiomer of the final dihydro[5]helicenebisquinone (M)-1.
Finally, when tetrahydroaromatic derivative (R)-35 was


treated with nBu4NF (Scheme 5, Table 2, entry 9), the only
isolated product was again dihydro[5]helicenebisquinone
(M)-1 showing 88% ee, thus confirming the previous elimi-
nation of the TBDMS group followed by partial aromatiza-
tion and hydroquinone oxidation.


The above results clearly demonstrate that the absolute
configuration of the final helicenequinones is defined in the
oxidation step and not in the Diels ±Alder cycloaddition, as
we had previously suggested.[23]


In order to evaluate the alternative approach to 1 using
6-vinyl-7,8-dihydro-1,4-phenanthrenequinone (5), (Scheme 1,
pathway b) we tried to synthesize such diene from compound
18 (Scheme 3). So, CAN oxidation of the terminal aromatic
ring of 18 gave quinone 37 (72% yield), which was further
submitted to a Stille coupling with vinyltributylstannane
yielding only a 26% of the desired vinyl derivative 5. We
thus tried the direct oxidation of 4a with CAN but,
unfortunately, this oxidation afforded a complex mixture of
products. Finally, diene 5 could be obtained in a more
satisfactory yield starting from OTBDMS substituted diene
4b by desilylation with TBAF which led directly to vinyl
phenanthrenequinone 5 after spontaneous oxidation of the
hydroquinone ring, in a 58% isolated yield.
Reaction of diene 5 with an excess of enantiopure sulfinyl


quinone (SS)-2 (Scheme 7) gave, through intermediate 38,
helicenebisquinone (M)-1 {[�]20D ��1940 (c� 0.02 in CHCl3),
74% ee}[27] in 38% yield together with a 29% of derivative 10.
The long reaction time necessary to complete this process
evidenced a lower reactivity of the quinone substituted diene
5 if compared with 4a ± b, bearing a protected hydroquinone
moiety. The higher reactivity of the later must be due to the
electron donating character of the alkoxy or silyloxy sub-
stituted aromatic group of 4. The differentM helicity obtained
in the reaction with 5 when compared with that resulting from
dienes 4a ± b is again in agreement with our mechanistic
proposal since the lack of any R group at C-14 of conformer II
in Figure 4, which is hindering the oxidant approach to H-14c
and H-5, favours the evolution through this rotamer to give
the M enantiomer.
With the aim of confirming the regioselectivity of the


cycloaddition process on the sulfinyl substituted C2�C3 double
bond, we performed the Diels ±Alder reaction of diene 5 with
racemic methyl-substituted sulfinylquinone 21 (Scheme 7).
After 7 d at room temperature, only compound (P,M)-39 was
isolated, demonstrating again the ortho-regioselectivity of the
initial cycloaddition.
Although helicenebisquinone (M)-1 could be also synthe-


sized from quinone-substituted diene 5, both chemical and
optical yields were not competitive with the sequence starting
from dienes 4a and 4b.
Finally, we were interested in performing the full aroma-


tization of the central ring of dihydro[5]helicenequinones 20,
27 and 36 and bisquinone 1 prepared by us. Fully aromatic
helicene[5]bisquinones have been already synthesized by
Katz and coworkers which have demonstrated to possess
excellent chiroptical properties and usefulness as new materi-
als.[42] After several trials, the best conditions for the full
aromatization[39b] of (P)-20 corresponded to the use of an
excess of DDQ (10 equiv) in benzene (4 d) or toluene (2 d)
heated under reflux (Scheme 8), affording [5]helicenequinone
(P)-40 in 71 and 65% yield, respectively, without loss of its
optical integrity. When similar conditions were applied to
dihydroaromatic derivative (P)-36, only dihydro helicenebis-
quinone (P)-1 was obtained, which did not evolve to the
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Scheme 7. Synthesis of dihydro[5]helicenes (M)-1 and (P,M)-39 from
diene 5.


Scheme 8. Enantioselective synthesis of fully aromatized (P)-[5]helicene-
quinones 40 and 41.


corresponding fully aromatic compound. Nevertheless,
OTBDMS-substituted compound (P)-36 (ee �98%) could
be fully aromatized, previous transformation (CsF/MeI)[43]


into its dimethoxy substituted derivative (P)-20 {[�]20D �
�3200 (c� 0.004 in CHCl3), ee �95%}[32] and subsequent
treatment with an excess of DDQ in benzene heated under
reflux. [5]Helicenequinone (P)-40 {[�]20D ��1430 (c� 0.009 in
CHCl3), ee �95%}[32] was thus obtained in enantiomerically
pure form in 71% yield. We also performed the full
aromatization of ethoxy substituted dihydroaromatic deriva-
tive (P)-27 (92% ee) with an excess of DDQ in benzene
heated under reflux for 5 d to obtain [5]helicenequinone (P)-
41 {[�]20D ��910 (c� 0.004 in CHCl3), 92% ee}.[32]


The absolute configuration of all helicenes prepared by us
was initially assigned by comparison with the sign of the
optical rotation of other helicenes.[44] This configurational
assignment was later confirmed by applying the methodology
described by Katz[14a] based on the different O�C�C�O


conformations of (M)- and (P)-helicenol camphanates which
bring about a different polarity and NMR behaviour of each
diastereoisomer. Thus, as depicted in Scheme 9, we prepared


Scheme 9. Synthesis and characteristic NOESY enhancements of bis-
camphanates (P)-42 and (M)-43. a) Zn, (�)-camphanoyl chloride, DMAP,
Et3N, CH2Cl2, reflux, 1 h, 48% for (P)-42 and 45% for (M)-43 from (P,M)-
36, 92% for (P)-42 from (P)-36.


bis-(�)-camphanates (P)-42 and (M)-43 from racemic (P,M)-
36 and the diastereoisomer (P)-42 from enantiopure (P)-36
(Zn, (�)-camphanoyl chloride, DMAP, Et3N). The lower Rf


(0.42) shown by diastereoisomer (P)-42 in TLC on silica gel
(hexane/EtOAc 2:1) with respect to that of (M)-43 (Rf� 0.49),
as well as the differentiated NOESY enhancements shown in
Scheme 9 between H2 and methyl groups a and b of the inside
camphanate at C-1 in the P isomer and only methyl group a in
the M one, are consistent with the data reported[14a] for
determining the absolute configuration of these derivatives.
Moreover, the absolute configuration of dihydro[5]helicene
(M)-43 could be unequivocally established by X-ray structural
analysis (Figure 5).[35]


Figure 5. ORTEP drawing of dihydro[5]helicenequinone (M)-43. Hydro-
gens are omitted for clarity.
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Conclusion


We have established two complementary ways to chiral
dihydro[5]helicenequinones based on the domino asymmetric
Diels ±Alder reaction/pyrolytic sulfoxide elimination and in
situ oxidation as key steps. The one-pot procedure stems on
the use of 1,4-divinyl-1,3-cyclohexadiene and (SS)-2-p-tolyl-
sulfinyl-1,4-benzoquinone (2) as cycloaddition partners. This
shortest approach gave dihydro[5]helicenebisquinone (M)-1
in 3.8% overall yield and 50% ee. In the stepwise approach,
vinyl substituted dihydrophenanthrenequinone 5, phenan-
threnehydroquinone dimethyl ethers 4a and 25 or di-tert-
butyldimethylsilyl ether 4b were used as dienes, to obtain
dihydro[5]helicenebisquinone (M)-1 (4.6% overall yield and
74% ee), dihydro[5]helicenequinone (P)-20 (34% overall
yield and 84% ee), dihydro[5]helicenequinone (P)-27 (23%
overall yield and 92% ee) and dihydro[5]helicenequinone
(P)-36 (21% overall yield and �98% ee), respectively. In
turn, this access to dihydro[5]helicenequinones allows, after
isolation of the cycloaddition/pyrolytic elimination products
(R)-19 or (R)-35 from dienes 4a and 4b, the divergent
synthesis of either P or M enantiomeric helimers from such
common intermediates by simply selecting the oxidant
reagent [best results: (M)-20 (19% overall yield and 90%
ee, CAN), (P)-36 (12.6% overall yield and 96% ee, DDQ) and
(M)-1 (8.6% overall yield and 92% ee, CAN).
The maximum optical yield is defined in the cycloaddition


step, but the absolute configuration of the helicene is selected
in the oxidation step. Our method illustrates the possibility of
transforming centrally chiral compounds, a sulfinyl quinone,
into the corresponding helically chiral dihydro[5]helicenequi-
nones and bisquinones in excellent optical yields. This study
also revealed the strong influence of the electron donating or
electron withdrawing aromatic substituent of the diene in its
reactivity and led not only to the efficient synthesis of the
desired targets but also to the unequivocal configurational
assignment and full comprehension of the regio- and stereo-
chemistry of the cycloaddition step.


Experimental Section


General methods : Melting points were obtained in open capillary tubes
and are uncorrected. 1H and 13C NMR spectra were recorded in CDCl3 at
300 and 75 MHz, respectively. All reactions were monitored by thin-layer
chromatography which was performed on precoated sheets of silica gel 60,
and flash column chromatography was done with silica gel 60 (230 ± 400
mesh). Eluting solvents are indicated in the text. The apparatus for inert
atmosphere experiments was dried by flaming in a stream of dry argon.
CH2Cl2 was dried over P2O5. Dry THF was distilled from sodium/
benzophenone. All other reagent quality solvents were used without
purification. For routine workup, hydrolysis was carried out with water,
extractions with CH2Cl2, and solvent drying with Na2SO4.


General procedure I–Enol triflate formation : A solution of 0.5� KHMDS
in toluene (4.7 mL, 2.34 mmol) was added to a solution of the correspond-
ing ketone (1.80 mmol) and N-phenyltrifluoromethanesulfonimide
(2.34 mmol) in dry THF (18 mL) at �78 �C under argon. After stirring at
�78 �C for the time indicated, the mixture was quenched with H2O,
extracted with diethyl ether and dried with MgSO4. After workup and flash
chromatography pure enol triflate was obtained.


8-[(Trifluoromethanesulfonyl)oxy]-1,4-dioxaspiro[4.5]dec-7-ene (7): Com-
pound 7 was obtained according to GP I (4 h) from ketone 6 (hexane/


EtOAc 90:10) in quantitative yield: 1H NMR: �� 1.90 (t, J� 6.5 Hz, 2H),
2.40 (m, 2H), 2.53 (m, 2H), 3.98 (m, 4H), 5.66 ppm (tt, J� 1.2, 4.0 Hz, 1H);
13C NMR: �� 26.2, 30.9, 34.0, 64.5 (2C), 105.9, 108.9 ± 115.2 ± 121.6 ± 128.0
(q, J� 321 Hz, CF3), 115.8, 148.1 ppm; MS (EI) m/z (%): 155 (100) [M�
SO2CF3]� .


1,4-Bis[(trifluoromethanesulfonyl)oxy]-1,3-cyclohexadiene (9): Com-
pound 7 (665 mg, 2.27 mmol) in admixture dissolved in a mixture of
CH3CN (21 mL) andH2O (40 drops) was added to a solution of 1� LiBF4 in
CH3CN (5.70 mL, 5.70 mmol) under argon. After refluxing for 20 h and
workup, 4-[(trifluoromethanesulfonyl)oxy]-3-cyclohexenone (8) was ob-
tained as a very unstable solid which was used immediately in the next step
without further purification. 1H NMR: �� 2.67 (m, 2H), 2.79 (m, 2H), 3.04
(m, 2H), 5.87 ppm (t, J� 4.0 Hz, 1H). Compound 9was obtained according
to GP I (2 h) from ketone 8 (hexane/EtOAc 40:1) over two steps (87%).
M.p. 30 ± 33 �C (hexane); 1H NMR: �� 2.81 (s, 4H), 5.91 ppm (s, 2H);
13C NMR: �� 26.6, 112.5, 112.1/116.3/120.6/124.8 (q, J� 320 Hz, CF3),
147.1 ppm; MS (EI): calcd for C8H6S2O6F6: 375.95100; found: 375.95081
[M]� ; m/z (%): 376 (11) [M]� , 69 (100).


1,4-Divinyl-1,3-cyclohexadiene (3): Vinyltributylstannane (1.26 mL,
4.32 mmol) was added under argon to a well-stirred mixture of 9
(812 mg, 2.16 mmol) in dry THF (40 mL), containing LiCl (918 mg,
21.6 mmol) and [Pd(PPh3)4] (210 mg, 0.18 mmol). The mixture was heated
under reflux for 2.5 h, diluted with hexane and washed with 10% aqueous
NH4OH solution, water and brine. After workup and flash chromatography
(hexane), compound 3 was obtained. 1H NMR: �� 2.43 (s, 4H), 5.08 (d,
J� 10.5 Hz, 2H), 5.26 (d, J� 17.4 Hz, 2H), 5.98 (s, 2H), 6.45 ppm (dd, J�
17.4, 10.5 Hz, 2H); 13C NMR: �� 21.8, 112.3, 125.6, 136.6, 138.2 ppm; MS
(EI): calcd for C10H12: 132.09390; found: 132.09393 [M]� ; m/z (%): 132
(100) [M]� .


Dihydro[5]helicenebisquinone (M)-1 from 3 : Bis-diene 3 (60 mg,
0.45 mmol) in CH2Cl2 (4 mL) was slowly added to a solution of (SS)-2-
(p-tolylsulfinyl)-1,4-benzoquinone [(�)-2][26] (442 mg, 1.80 mmol) in
CH2Cl2 (4 mL) under argon. The mixture was stirred at room temperature
for 3 d, and the solvent was evaporated. After flash chromatography
(hexane/EtOAc 6:1), two compounds were isolated: derivative 10 as a
mixture of regio- and/or diastereoisomers which could not be separated, in
7% yield, and helicene (M)-1, in 12% yield. {[�]20D ��1810 (c� 0.02 in
CHCl3), 50% ee}; 1H NMR: �� 2.79 (m, 4H), 6.74/6.90 (AB system, J�
10.0 Hz, 4H), 7.64 (d, J� 8.1 Hz, 2H), 8.06 ppm (d, J� 8.1 Hz, 2H);
13C NMR: �� 30.4, 126.6, 131.2, 131.4, 132.2, 132.4, 137.3, 139.8, 147.7, 184.7,
186.9 ppm; MS (EI): calcd for C22H12O4: 340.07356; found: 340.07318 [M]� ;
m/z (%): 340 (63) [M]� , 258 (100).


General procedure II–Stille couplings : To a stirred solution of the enol
triflate (0.30 mmol) in dry THF (3 mL), containing LiCl (64 mg,
1.50 mmol) and [Pd(PPh3)4] (15 mg, 0.013 mmol), the corresponding vinyl-
tributylstannane (0.30 mmol) was added under argon. The mixture was
heated under reflux for the time indicated, diluted with CH2Cl2 and washed
with 10% aqueous NH4OH solution, water and brine. After workup and
flash chromatography, pure diene was obtained.


8-Ethenyl-1,4-dioxaspiro[4.5]dec-7-ene (12): Compound 12[29] was ob-
tained (79%) according to GP II (1.5 h) from enol triflate 7 and vinyl-
tributylstannane (hexane/EtOAc 90:10). 1H NMR: �� 1.83 (m, 2H), 2.38
(m, 4H), 3.99 (s, 4H), 4.95 (d, J� 10.7 Hz, 1H), 5.09 (d, J� 17.2 Hz, 1H),
5.65 (m, 1H), 6.36 ppm (dd, J� 17.2, 10.7 Hz, 1H); 13C NMR: �� 22.8, 30.6,
35.9, 64.3 (2C), 107.9, 111.0, 126.0, 135.4, 138.8 ppm; MS (EI): calcd for
C10H14O2: 166.09938; found: 166.09953 [M]� ; m/z (%): 166 (30) [M]� , 86
(100).


Spiro[1,3-dioxolane-2,3�-1�,4�,4a�,9�-tetrahydro-(2�H)-phenanthrene-5�,8�-di-
one] (13): Diene 12 (450 mg, 2.7 mmol) was added to a solution of racemic
2-(p-tolylsulfinyl)-1,4-benzoquinone [(�)-2][26] (1.07 g, 4.3 mmol) in dry
CH2Cl2 (25 mL) under argon. The mixture was stirred at room temperature
for 6 h, and the solvent was evaporated. After flash chromatography
(hexane/EtOAc 6:1), compound 13 was obtained (81%). M.p. 199 ± 200 �C
(EtOAc/hexane); 1H NMR: �� 1.29 (t, J� 12.4 Hz, 1H), 1.64 (m, 1H), 1.88
(m, 1H), 2.30 (m, 3H), 3.06 (m, 2H), 3.48 (m, 1H), 3.9 ± 4.2 (m, 4H), 5.50
(br s, 1H), 6.69 ppm (AB system, J� 10.5 Hz, 2H); 13C NMR: �� 24.8,
32.0, 33.8, 36.9, 41.7, 64.4 (2C), 108.4, 114.5, 135.9, 136.2, 136.7, 141.3, 186.7,
187.1 ppm; MS (EI):m/z (%): 272 (100) [M]� ; elemental analysis calcd (%)
for C16H16O4 (272.3): C 70.57, H 5.92; found: C 70.77, H 6.19.
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Spiro[1,3-dioxolane-2,3�-5�,8�-dimethoxy-1�,4�,4a�,9�-tetrahydro-(2�H)-phe-
nanthrene] (15): From 13 : A solution of Na2S2O4 (1.91 g, 11.0 mmol) in
H2O (25 mL) was added to a solution of quinone 13 (529 mg, 1.94 mmol) in
EtOAc (25 mL). The mixture was vigorously shaken in a separatory funnel
for 5 min. The organic layer was separated and washed with brine. After
workup, the corresponding hydroquinone was obtained and, without
further purification, was immediately dissolved in acetone (45 mL) and
treated with K2CO3 (3.84 g, 27.8 mmol) and Me2SO4 (787 �L, 8.3 mmol).
After the solution was heated under reflux for 5 h, the mixture was
hydrolyzed with water, extracted with diethyl ether and dried with MgSO4.
After workup and flash chromatography (hexane/EtOAc 6:1), compound
15 was obtained (84%). M.p. 107 ± 109 �C; 1H NMR: �� 1.35 (t, J�
12.3 Hz, 1H), 1.72 (dt, J� 6.8, 12.3 Hz, 1H), 1.96 (m, 1H), 2.36 (m, 2H),
2.63 (dt, J� 12.3, 3.2 Hz, 1H), 3.30 (m, 2H), 3.72 (m, 1H), 3.77 (s, 3H), 3.80
(s, 3H), 3.91 ± 4.16 (m, 4H), 5.62 (t, J� 3.0 Hz, 1H), 6.62/6.67 ppm (AB
system, J� 8.9 Hz, 2H); 13C NMR: �� 24.9, 32.3, 34.1, 37.1, 41.7, 55.1, 55.2,
63.9, 64.0, 106.7, 107.4, 108.9, 115.4, 123.7, 126.9, 136.7, 150.7, 150.9 ppm; MS
(EI): m/z (%): 302 (100) [M]� ; elemental analysis calcd (%) for C18H22O4


(302.4): C 71.50, H 7.33; found: C 71.26, H 7.12.


From 14 : Diene 12 (623 mg, 3.75 mmol) was added to a solution of 1,4-
benzoquinone (405 mg, 3.75 mmol) in dry CH2Cl2 (15 mL) under argon.
After the reaction mixture was stirred at room temperature for 15 d, the
solvent was evaporated to afford spiro[1,3-dioxolane-2,3�-1�,4�,4a�,4b�,8a�,9�-
hexahydro-(2�H)-phenanthrene-5�,8�-dione] (14) which, without further
purification, was dissolved in acetone (50 mL) and treated with K2CO3


(7.76 g, 56.00 mmol) and Me2SO4 (1.60 mL, 17.00 mmol). The mixture was
refluxed for 6 h, and hydrolyzed with water. After workup and flash
chromatography (hexane/EtOAc 6:1), compound 15 was obtained (90%).


Spiro[1,3-dioxolane-2,3�-5�,8�-dimethoxy-1�,4�-dihydro-(2�H)-phenan-
threne] (16): DDQ (794 mg, 3.50 mmol) in CH2Cl2 (20 mL) was added to a
solution of 15 (874 mg, 2.90 mmol) in CH2Cl2 (60 mL). The mixture was
stirred at room temperature for 20 min, diluted with CH2Cl2, and washed
several times with water. After workup and flash chromatography (hexane/
EtOAc 6:1), compound 16 was obtained in quantitative yield. M.p. 142 ±
143 �C; 1H NMR: �� 1.99 (t, J� 6.9 Hz, 2H), 3.13 (t, J� 6.9 Hz, 2H), 3.72
(s, 2H), 3.86 (s, 3H), 3.93 (s, 3H), 4.06 (m, 4H), 6.66/6.72 (AB system, J�
8.5 Hz, 2H), 7.21 (d, J� 8.9 Hz, 1H), 8.03 ppm (d, J� 8.9 Hz, 1H);
13C NMR: �� 29.4, 30.5, 40.1, 55.8, 55.9, 64.4 (2C), 103.0, 105.8, 108.8,
119.8, 125.9, 126.2, 127.4, 130.0, 133.4, 149.7, 151.9 ppm; MS (EI): m/z (%):
300 (100) [M]� ; elemental analysis calcd (%) for C18H20O4 (300.3): C 71.98,
H 6.71; found: C 71.76, H 6.57.


5,8-Dimethoxy-1,4-dihydro-(2H)-phenanthren-3-one (17): Solid CeCl3 ¥
7H2O (1.90 g, 5.1 mmol) was added to a solution of 16 (903 mg, 3.00 mmol)
and NaI (90 mg, 0.6 mmol) in CH3CN (70 mL). The mixture was heated
under reflux for 3 h, filtered and washed with CH2Cl2. After elimination of
the solvent and flash chromatography (hexane/EtOAc 4:1), compound 17
was obtained (85%). M.p. 99 ± 100 �C; 1H NMR: �� 2.60/3.14 (2 t, J�
6.5 Hz, 4H), 3.83 (s, 3H), 3.92 (s, 3H), 4.43 (s, 2H), 6.63/6.69 (AB system,
J� 8.5 Hz, 2H), 7.25 (d, J� 8.6 Hz, 1H), 8.11 ppm (d, J� 8.6 Hz, 1H);
13C NMR: �� 29.8, 38.0, 44.5, 55.5, 55.6, 103.0, 105.6, 120.6, 124.7, 124.8,
126.5, 129.0, 134.4, 149.6, 151.3, 211.9 ppm; MS (EI): calcd for C16H16O3:
256.10994; found: 256.11026 [M]� ; m/z (%): 256 (100) [M]� .


5,8-Dimethoxy-3-[(trifluoromethanesulfonyl)oxy]-1,2-dihydrophenan-
threne (18): Compound 18 was obtained according to GP I (20 min) from
ketone 17 (hexane/EtOAc 9:1) in 95% yield. M.p. 102 ± 103 �C; 1H NMR:
�� 2.69 (t, J� 8.5 Hz, 2H), 3.15 (t, J� 8.5 Hz, 2H), 3.91 (s, 3H), 3.95 (s,
3H), 6.67/6.78 (AB system, J� 8.5 Hz, 2H), 7.28 (d, J� 8.5 Hz, 1H), 8.16
(d, J� 8.5 Hz, 1H), 8.23 ppm (s, 1H); 13C NMR: �� 25.5, 30.2, 55.7, 55.8,
103.0, 106.6, 119.8, 122.5, 122.8, 126.0, 126.2, 126.7, 132.8, 148.7, 149.8,
150.9 ppm; MS (EI): calcd for C17H15F3O5S: 388.05923; found: 388.05859
[M]� ; m/z (%): 388 (47) [M]� , 255 (100).


5,8-Dimethoxy-3-vinyl-1,2-dihydrophenanthrene (4a): Compound 4a was
obtained according to GP II (1 h) from enol triflate 18 and vinyltributyl-
stannane (hexane/EtOAc 20:1) in 82% yield. M.p. 110 ± 112 �C; 1H NMR:
�� 2.47/2.97 (2dd, J� 8.9, 7.7 Hz, 4H), 3.92 (s, 3H), 3.95 (s, 3H), 5.17 (d,
J� 10.5 Hz, 1H), 5.39 (d, J� 17.3 Hz, 1H), 6.65/6.77 (AB system, J�
8.5 Hz, 2H), 6.73 (dd, J� 17.3, 10.5 Hz, 1H), 7.32 (d, J� 8.5 Hz, 1H), 8.09
(s, 1H), 8.11 ppm (d, J� 8.5 Hz, 1H); 13C NMR: �� 21.0, 29.6, 55.7, 56.1,
102.6, 106.6, 111.8, 120.9, 122.8, 126.4, 126.8, 129.5, 129.9, 135.6, 136.7, 139.6,


150.0, 151.6 ppm; MS (EI): calcd for C18H18O2: 266.13068; found: 266.13055
[M]� ; m/z (%): 266 (100) [M]� .


General procedure III–Synthesis of dihydro[5]helicenequinones by
Diels ±Alder reactions : To a solution of (SS)-2-(p-tolylsulfinyl)-1,4-benzo-
quinone (�)-2[26] (74 mg, 0.30 mmol) in CH2Cl2 (3 mL) under argon at the
temperature indicated (see Table 1 for reaction conditions), the corre-
sponding diene (0.15 mmol) in CH2Cl2 (3 mL) was slowly added. After the
time required and evaporation of the solvent, crude dihydro[5]helicene-
quinones were obtained and purified by flash chromatography.


Dihydro[5]helicenequinone (P)-20 from 4a : Compound (P)-20 was
obtained according to GP III (see Table 1 for reaction conditions) from
diene 4a (CH2Cl2). M.p. 180 ± 181 �C (methanol); 1H NMR: �� 2.7 ± 3.0
(m, 4H), 3.42 (s, 3H), 3.99 (s, 3H), 6.68/6.73 (AB system, J� 8.5 Hz, 2H),
6.69 (d, J� 10.0 Hz, 1H), 6.87 (d, J� 10.0 Hz, 1H), 7.47 (d, J� 8.5 Hz, 1H),
7.57 (dd, J� 7.7, 1.0 Hz, 1H), 8.01 (d, J� 7.7 Hz, 1H), 8.33 ppm (d, J�
8.5 Hz, 1H); 13C NMR: �� 30.5, 31.0, 55.4, 55.7, 102.8, 106.3, 123.4, 124.0,
124.6, 125.8, 125.9, 127.7, 129.5, 129.7, 132.7, 135.2, 136.4, 140.1, 141.5, 147.5,
148.3, 150.9, 183.6, 185.9 ppm; MS (EI):m/z (%): 370 (28) [M]� , 258 (100);
elemental analysis calcd (%) for C24H18O4 (370.4): C 77.82, H 4.90; found: C
77.70, H 5.05.


General procedure IV–Synthesis of dihydro[5]helicenebisquinones by
CAN oxidation : A solution of the corresponding dihydro[5]helicenequi-
none (0.048 mmol) in CH2Cl2 (2 mL) was slowly added to a rapidly stirring
solution of ammonium cerium nitrate (132 mg, 0.24 mmol) in H2O (2 mL)
and CH3CN (2 mL). The mixture was stirred for 2 h, diluted with CH2Cl2
and washed several times with H2O. After workup and flash chromatog-
raphy, pure dihydro[5]helicenebisquinones were obtained.


Dihydro[5]helicenebisquinone (P)-1 from (P)-20 : Compound (P)-1 was
obtained according GP IV from (P)-20 (72% ee) (CH2Cl2/EtOAc 15:1) in
82% yield. M.p. 283 ± 284 �C (methanol); [�]20D ��2670 (c� 0.011 in
CHCl3), 72% ee.


3-Methyl-dihydro[5]helicenequinone (P,M)-24 : Diene 4a (32 mg,
0.12 mmol) was added to a solution of racemic 2-(p-tolylsulfinyl)-5-
methyl-1,4-benzoquinone (21)[34] (62 mg, 0.24 mmol) in dry CH2Cl2
(3 mL) under argon. The mixture was stirred at �20 �C for 7 d, and then
DDQ (54 mg, 0.24 mmol) was added at room temperature. After 30 min,
the mixture was diluted with CH2Cl2, and washed several times with water.
After workup and flash chromatography (CH2Cl2), compound (P,M)-24
was obtained in 67% yield. M.p. 217 ± 218 �C (methanol); 1H NMR: ��
2.16 (d, J� 1.2 Hz, 3H), 2.66 ± 2.94 (m, 4H), 3.39 (s, 3H), 3.98 (s, 3H), 6.55
(d, J� 1.2 Hz, 1H), 6.68/6.72 (AB system, J� 8.5 Hz, 2H), 7.46 (d, J�
8.5 Hz, 1H), 7.55 (d, J� 7.7 Hz, 1H), 8.03 (d, J� 7.7 Hz, 1H), 8.32 ppm (d,
J� 8.5 Hz, 1H); 13C NMR: �� 15.9, 30.5, 30.9, 55.4, 55.7, 102.7, 106.4, 123.2,
123.3, 124.2, 124.7, 125.8, 127.8, 129.4, 129.8, 132.9, 135.0, 136.7, 141.3, 145.3,
147.1, 148.5, 150.8, 183.6, 186.3 ppm; MS (EI): m/z (%): 384 (100) [M]� ;
elemental analysis calcd (%) for C25H20O4 (384.4): C 78.11, H 5.24; found:
C 77.84, H 5.40.


3-(1-Ethoxyvinyl)-5,8-Dimethoxy-1,2-dihydrophenanthrene (25): Com-
pound 25 was obtained according to GP II (2 h) from enol triflate 18 and
(1-ethoxyvinyl)tributylstannane (Al2O3, hexane/EtOAc 20:1) as a very
unstable oil (67%). 1H NMR: �� 1.48 (t, J� 7.0 Hz, 3H), 2.46 (dd, J� 9.5,
7.0 Hz, 2H), 2.95 (dd, J� 9.5, 7.0 Hz, 2H), 3.93 (s, 3H), 3.93 (q, J� 7.0 Hz,
2H), 3.94 (s, 3H), 4.24 (d, J� 2.4 Hz, 1H), 4.47 (d, J� 2.4 Hz, 1H), 6.65,
6.78 (AB system, J� 8.4 Hz, 2H), 7.30 (d, J� 8.6 Hz, 1H), 8.09 (d, J�
8.6 Hz, 1H), 8.67 ppm (s, 1H).


6-Ethoxy-dihydro[5]helicenequinone (P)-27: Compound (P)-27 was ob-
tained according to GP III (see Table 1 for reaction conditions) from diene
25 (CH2Cl2). M.p. 257 ± 258 �C (methanol); 1H NMR: �� 1.53 (t, J� 7.0 Hz,
3H), 2.22 (dt, J� 4.8, 15.0 Hz, 1H), 2.75 (dt, J� 4.2, 15.0 Hz, 1H), 2.89
(ddd, J� 2.2, 5.0, 15.0 Hz, 1H), 3.42 (s, 3H), 3.45 (ddd, J� 2.2, 4.2, 15.0 Hz,
1H), 3.98 (s, 3H), 4.26 (dq, J� 9.5, 7.0 Hz, 1H), 4.30 (dq, J� 9.5, 7.0 Hz,
1H), 6.63 (d, J� 10.3 Hz, 1H), 6.65/6.71 (AB system, J� 8.5 Hz, 2H), 6.83
(d, J� 10.3 Hz, 1H), 7.47 (d, J� 8.5 Hz, 1H), 7.54 (s, 1H), 8.31 ppm (d, J�
8.5 Hz, 1H); 13C NMR: �� 14.8, 22.0, 30.6, 55.3, 55.7, 64.4, 102.6, 106.0,
106.1, 123.1, 125.5, 125.8, 126.9, 128.0, 130.1, 136.0, 136.3, 137.5, 140.3, 141.4,
148.5, 150.7, 157.2, 182.9, 186.2 ppm; MS (EI):m/z (%): calcd for C26H22O5:
414.14672; found: 414.14621 (100) [M]� .


6-Ethoxy-dihydro[5]helicenebisquinone (P)-28 : Compound (P)-28 was
obtained from (P)-27 (92% ee) according to GP IV (CH2Cl2/EtOAc
12:1) in 90% yield: M.p. �300 �C (methanol); [�]20D ��3370 (c� 0.0065 in
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CHCl3), 92% ee ; 1H NMR: �� 1.52 (t, J� 6.9 Hz, 3H), 2.19 (dt, J� 4.5,
15.5 Hz, 1H), 2.58 (dt, J� 4.4, 15.3 Hz, 1H), 2.85 (ddd, J� 2.0, 4.5, 15.0 Hz,
1H), 3.42 (ddd, J� 2.0, 4.5, 15.0 Hz, 1H), 4.25 (dq, J� 9.3, 6.9 Hz, 1H), 4.32
(dq, J� 9.3, 6.9 Hz, 1H), 6.65 (d, J� 10.1 Hz, 1H), 6.74 (d, J� 10.1 Hz,
1H), 6.83 (d, J� 10.1 Hz, 1H), 6.88 (d, J� 10.1 Hz, 1H), 7.54 (s, 1H), 7.61
(d, J� 7.7 Hz, 1H), 8.04 ppm (d, J� 7.7 Hz, 1H); 13C NMR: �� 14.7, 22.0,
29.9, 64.6, 107.5, 124.1, 126.3, 130.6, 131.7, 132.3, 132.4, 132.7, 135.0, 136.6,
136.9, 137.3, 139.8, 140.2, 147.8, 159.3, 184.8, 185.1, 185.8, 186.7 ppm; MS
(EI):m/z (%): calcd for C24H16O5: 384.09977; found: 384.09961 (100) [M]� .


General procedure V-±Synthesis of tetrahydro[5]helicenequinones by
Diels ±Alder reactions : To a solution of (SS)-2-(p-tolylsulfinyl)-1,4-benzo-
quinone [(�)-2][26] (37 mg, 0.15 mmol) in CH2Cl2 (3 mL) under argon at
�40 �C, the corresponding diene (0.15 mmol) in CH2Cl2 (3 mL) was slowly
added. After the solution was stirred for 5 d at the same temperature, the
solvent was evaporated, and the residue purified by flash chromatography
(CH2Cl2). Pure tetrahydro[5]helicenequinones were obtained as unstable
brown solids, which were used immediately in the next reactions without
any purification.


Tetrahydro[5]helicenequinone (R)-19 : Compound 19 was obtained ac-
cording to GP V from 4a in 61% yield: [�]20D ��736 (c� 0.0012 in CHCl3);
1H NMR: �� 2.37 ± 2.95 (m, 5H), 3.62 (s, 3H), 3.71 (m, 1H), 3.95 (s, 3H),
5.38 (m, 1H), 5.85 (m, 1H), 6.38/6.64 (AB system, J� 10.2 Hz, 2H), 6.61/
6.66 (AB system, J� 8.6 Hz, 2H), 7.29, 8.17 ppm (AB system, J� 8.6 Hz,
2H).


General procedure VI–Partial aromatizations of tetrahydro[5]helicene-
quinones : To a solution of tetrahydro[5]helicenequinones 19 or 35
(0.03 mmol) in CH2Cl2 (0.5 mL), the corresponding oxidant reagent in
CH2Cl2 (0.5 mL) was slowly added (see Table 2 for experimental con-
ditions). After the time required in each case, workup and flash
chromatography (CH2Cl2), pure dihydro[5]helicenequinones or bisqui-
nones were obtained.


Dihydro[5]helicenequinone (M)-20 from tetrahydro[5]helicenequinone
(R)-19 : Compound (M)-20 was obtained according to GP VI from (R)-19,
by using DDQ (Table 2, entry 1) or CAN (Table 2, entry 5).


Dihydro[5]helicenequinone (P)-20 from tetrahydro[5]helicenequinone
(R)-19 : Compound (P)-20 was obtained according to GP VI from (R)-19,
by using (�)-2[26] (Table 2, entry 3) or DBU (Table 2, entry 4).


Tetrahydro[5]helicene (6aS,14cR)-29 : Compound (R)-19 (34 mg,
0.09 mmol) in EtOAc (1 mL) was added via syringe to a suspension of
PtO2 (2 mg, 0.009 mmol, 0.1 equiv) in EtOAc (1 mL) under a hydrogen
atmosphere. After 3 d at room temperature the mixture was filtered on
Celite and washed with EtOAc, and the solvent was evaporated. After flash
chromatography (CH2Cl2), compound 29 was obtained as a white solid
(53%). [�]20D ��226 (c� 0.34 in CHCl3); 1H NMR: �� 1.64 (m, 3H), 2.21
(m, 2H), 2.61 (m, 1H), 2.79 (m, 2H), 3.02 (m, 2H), 3.67 (s, 3H), 3.96 (s,
3H), 4.47 (s, 1H), 5.26 (s, 1H), 5.54 (d, J� 4.0 Hz, 1H), 6.42/6.53 (AB
system, J� 8.5 Hz, 2H), 6.70/6.81 (AB system, J� 8.5 Hz, 2H), 7.27 (d, J�
8.5 Hz, 1H), 8.18 ppm (d, J� 8.5 Hz, 1H); 13C NMR: �� 20.0, 26.3, 27.9,
30.7, 33.1, 40.3, 55.8, 56.0, 103.0, 106.9, 112.9, 114.5, 121.5, 125.2, 125.4, 126.4,
127.0, 128.1, 134.1, 139.1, 145.5, 149.3, 150.2, 150.9 ppm; MS (EI): m/z (%):
calcd for C24H24O4: 376.16746; found: 376.16769 (100) [M]� .


Tetrahydro[5]helicene 30 : Et3N (132 �L) and CH2Cl2 (2 mL) were added to
a mixture of tetrahydro[5]helicene 29 (17 mg, 0.045 mmol), (�)-campha-
noyl chloride (49 mg, 0.23 mmol) and DMAP (3 mg, 0.023 mmol) under
argon. After refluxing for 3.5 h, the mixture was filtered through Celite,
aided by several ethyl acetate washes, in order to remove remaining Zn.
The organic solution was washed with saturated aqueous NaHCO3, 2%
HCl and water. After workup and flash chromatography (hexane/EtOAc
70:30), compound 30 was obtained as a yellowish solid (78%). M.p. 228 ±
230 �C (methanol); [�]20D ��133 (c� 0.18 in CHCl3); 1H NMR: �� 0.53
(ddd, J� 4.4, 9.3, 13.7 Hz, 1H), 0.77, 0.83/0.94 (3s, 9H), 1.05 ± 1.42 (m, 4H),
1.16 (s, 3H), 1.19 (s, 6H), 1.47 ± 1.69 (m, 2H), 1.80 (ddd, J� 4.4, 9.3, 13.0 Hz,
1H), 1.96 ± 2.19 (m, 2H), 2.20 ± 2.34 (m, 2H), 2.47 ± 2.97 (m, 5H), 3.47/3.93
(2s, 6H), 5.31 (brd, J� 4.8 Hz, 1H), 6.61 (d, J� 8.9 Hz, 1H), 6.69 (s, 2H),
6.90 (dd, J� 8.9, 0.8 Hz, 1H), 7.18 (d, J� 8.5 Hz, 1H), 8.05 ppm (d, J�
8.5 Hz, 1H); 13C NMR: �� 9.5, 9.7, 16.5, 16.7, 16.9, 17.0, 21.3, 26.5, 27.6, 28.4,
28.5, 28.9, 30.4, 31.0, 33.4, 41.2, 54.3, 54.5, 54.6, 54.9, 55.4, 56.0, 90.0, 90.9,
103.4, 106.0, 118.8, 120.5, 120.9, 126.2, 126.4, 127.6, 133.1, 135.0, 135.8, 136.1,
144.2, 147.6, 149.5, 151.7, 166.2, 166.3, 177.8, 177.9 ppm; MS (EI): m/z (%):
calcd for C44H48O10: 736.32475; found: 736.32599 (100) [M]� .


Spiro[1,3-dioxolane-2,3�-5�,8�-bis[(tert-butyldimethylsilyl)oxy]-1�,4�,4a�,9�-
tetrahydro-(2�H)-phenanthrene] (31): From 13 : A solution of Na2S2O4


(2.18 g, 12.5 mmol) in H2O (30 mL) was added to a solution of 13
(602 mg, 2.2 mmol) in EtOAc (30 mL). The mixture was vigorously shaken
in a separatory funnel for 5 min. The organic layer was separated, washed
with brine, dried with MgSO4 and the solvent evaporated to afford the
corresponding hydroquinone, which without purification was immediately
dissolved in DMF (10 mL) and treated with TBDMSCl (829 mg, 5.5 mmol)
and imidazole (751 mg, 11.0 mmol). The mixture was stirred at room
temperature overnight, hydrolyzed with an aqueous saturated solution of
NH4Cl and extracted with diethyl ether. The organic layer was washed with
a saturated solution of NH4Cl and brine. After workup and flash
chromatography (hexane/EtOAc 40:1), compound 31 was obtained
(81%). 1H NMR: �� 0.19 (s, 6H), 0.23 (s, 3H), 0.25 (s, 3H), 1.00 (s, 9H),
1.03 (s, 9H), 1.38 (t, J� 12.1 Hz, 1H), 1.60 (m, 1H), 1.90 (m, 1H), 2.31 (m,
2H), 2.56 (dt, J� 12.1, 3.2 Hz, 1H), 3.24 (m, 2H), 3.64 (dq, J� 12.1, 4 Hz,
1H), 3.88 ± 4.06 (m, 4H), 5.60 (t, J� 3.2 Hz, 1H), 6.50/6.54 ppm (AB
system, J� 8.5 Hz, 2H); 13C NMR: ���4.07 (2C), �3.79 (2C), 18.2, 18.3,
25.8 (6C), 26.2, 32.7, 34.9, 37.7, 43.4, 64.4, 64.5, 109.3, 115.1, 115.7, 115.9,
126.2, 129.2, 137.4, 146.8, 147.3 ppm; MS (EI): m/z (%): calcd for
C28H46O4Si2: 502.29347; found: 502.29245 (21) [M]� , 73 (100).


From 14 : Diene 12 (930 mg, 5.6 mmol) was added to a solution of 1,4-
benzoquinone (605 mg, 5.6 mmol) in dry CH2Cl2 (20 mL) under argon.
After stirring at room temperature for 15 d, the solvent was evaporated to
afford spiro[1,3-dioxolane-2,3�-1�,4�,4a�,4b�,8a�,9�-hexahydro-(2�H)-phenan-
threne-5�,8�-dione] (14) which, without further purification, was dissolved in
DMF (25 mL) and treated with TBDMSCl (2.10 g, 14.00 mmol) and
imidazole (1.90 g, 28.00 mmol). After stirring overnight at room temper-
ature under argon, the mixture was hydrolyzed with an aqueous saturated
solution of NH4Cl and extracted with diethyl ether. The organic layer was
washed with saturated solution of NH4Cl and brine. After workup and flash
chromatography (hexane/EtOAc 20:1), compound 31 was obtained (74%
over the two steps.


Spiro[1,3-dioxolane-2,3�-5�,8�-bis[(tert-butyldimethylsilyl)oxy]-1�,4�-dihy-
dro-(2�H)-phenanthrene] (32): Aromatization of compound 31 in a similar
way that for 15 afforded 32 (96%). 1H NMR: �� 0.25 (s, 6H), 0.37 (s, 6H),
1.06 (s, 9H), 1.10 (s, 9H), 2.02 (t, J� 6.7 Hz, 2H), 3.15 (t, J� 6.7 Hz, 2H),
3.77 (s, 2H), 4.06 (m, 4H), 6.66/6.71 (AB system, J� 8.5 Hz, 2H), 7.19 (d,
J� 8.5 Hz, 1H), 7.97 ppm (d, J� 8.5 Hz, 1H); 13C NMR: ���4.1 (2C),
�3.6 (2C), 18.4, 18.9, 25.9 (3C), 26.3 (3C), 29.4, 30.8, 40.5, 64.5 (2C), 108.8,
111.6, 113.6, 120.8, 127.0, 127.4, 128.5, 129.9, 132.6, 145.5, 147.4 ppm; MS
(EI): m/z (%): calcd for C28H44O4Si2: 500.27782; found: 500.27628 (100)
[M]� .


5,8-Bis[(tert-butyldimethylsilyl)oxy]-1,4-dihydro-2H-phenanthren-3-one
(33): Ketal deprotection of 32 in a similar way that for preparation of 17
gave compound 33 (hexane/EtOAc 9:1) (95%). 1H NMR: �� 0.29 (s, 6H),
0.38 (s, 6H), 1.06 (s, 9H), 1.12 (s, 9H), 2.64 (t, J� 6.5 Hz, 2H), 3.20 (t, J�
6.5 Hz, 2H), 4.51 (s, 2H), 6.72/6.77 (AB system, J� 8.5 Hz, 2H), 7.30 (d,
J� 8.5 Hz, 1H), 8.09 ppm (d, J� 8.5 Hz, 1H); 13C NMR: ���4.2 (2C),
�3.6 (2C), 18.3, 18.8, 25.9 (3C), 26.2 (3C), 29.7, 37.9, 44.5, 111.7, 114.2,
121.5, 126.1, 126.4, 128.8, 129.0, 134.4, 145.7, 146.9, 211.2 ppm; MS (EI):m/z
(%): calcd for C26H40O3Si2: 456.25160; found: 456.25122 (98) [M]� , 73
(100).


5,8-Bis[(tert-butyldimethylsilyl)oxy]-3-[(trifluoromethanesulfonyl)oxy]-
1,2-dihydrophenanthrene (34): Compound 34 was obtained according to
GP I (20 min) from ketone 33 (hexane/EtOAc 40:1) in 72% yield. M.p.
71 ± 73 �C; 1H NMR: �� 0.29 (s, 6H), 0.32 (s, 6H), 1.05 (s, 9H), 1.12 (s, 9H),
2.74 (t, J� 8.5 Hz, 2H), 3.19 (t, J� 8.5 Hz, 2H), 6.73/6.81 (AB system, J�
8.5 Hz, 2H), 7.29 (d, J� 8.5 Hz, 1H), 8.13 (d, J� 8.5 Hz, 1H), 8.24 ppm (s,
1H); 13C NMR: ���4.0 (2C), �3.9 (2C), 18.4, 18.7, 25.5, 25.9 (3C), 26.0
(3C), 30.0, 111.8, 112.3/116.5/120.8/125.0 (q, J� 320 Hz, CF3), 115.4, 120.3,
123.4, 124.8, 125.6, 126.3, 129.0, 132.7, 146.0, 146.5, 147.7 ppm; MS (EI):m/z
(%): calcd for C27H39F3O5SSi2: 588.20089; found: 588.19965 (33) [M]� , 73
(100).


5,8-Bis[(tert-butyldimethylsilyl)oxy]-3-vinyl-1,2-dihydrophenanthrene
(4b): Compound 4b was obtained according to GP II (4.5 h) from enol
triflate 34 and vinyltributylstannane (hexane/EtOAc 60:1) in 74% yield.
M.p. 49 ± 52 �C; 1H NMR: �� 0.27 (s, 6H), 0.29 (s, 6H), 1.04 (s, 9H), 1.12 (s,
9H), 2.48 (t, J� 8.3 Hz, 2H), 2.96 (t, J� 8.3 Hz, 2H), 5.18 (d, J� 11.0 Hz,
1H), 5.38 (d, J� 17.0 Hz, 1H), 6.69/6.77 (AB system, J� 8.5 Hz, 2H), 6.72
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(dd, J� 11.0, 17.0 Hz, 1H), 7.29 (d, J� 8.5 Hz, 1H), 8.03 (d, J� 8.5 Hz, 1H),
8.04 ppm (s, 1H); 13C NMR: ���4.1 (2C), �3.8 (2C), 18.4, 18.7, 21.1, 25.9
(3C), 26.1 (3C), 29.4, 111.3, 111.7, 115.0, 121.8, 124.9, 126.0, 129.1, 129.6,
130.1, 135.1, 135.4, 139.2, 145.9, 147.0 ppm; MS (EI): m/z (%): calcd for
C28H42O2Si2: 466.27234; found; 466.27054 (100) [M]� .


Dihydro[5]helicenequinone (P)-36 from 4b : Compound (P)-36 was
obtained according to GP III (see Table 1 for reaction conditions) from
diene 4b (CH2Cl2). M.p. 151 ± 153 �C; 1H NMR: ���0.48 (s, 3H), �0.26
(s, 3H), 0.29 (s, 3H), 0.30 (s, 3H), 0.51 (s, 9H), 1.10 (s, 9H), 2.7 ± 3.0 (m,
4H), 6.67/6.73 (AB system, J� 8.1 Hz, 2H), 6.75/6.82 (AB system, J�
10.1 Hz, 2H), 7.41 (d, J� 8.5 Hz, 1H), 7.57 (dd, J� 7.7, 0.8 Hz, 1H), 8.01
(d, J� 7.7 Hz, 1H), 8.23 ppm (d, J� 8.5 Hz, 1H); 13C NMR: ���4.1,
�3.9, �3.7, �3.4, 18.5, 18.6, 26.0 (6C), 30.7, 30.8, 111.5, 116.0, 124.2, 124.7,
125.3, 126.9, 127.5, 127.8, 129.8, 130.7, 130.9, 132.5, 135.0, 135.8, 140.6, 141.4,
144.8, 147.2, 183.7, 185.9 ppm; MS (EI): m/z (%): calcd for C34H42O4Si2:
570.26217; found: 570.26160 (100) [M]� .


Dihydro[5]helicenebisquinone (P)-1 from (P)-36 : Compound (P)-1 was
obtained according to GP IV from (P)-36 (�98% ee) (CH2Cl2/EtOAc
15:1) in 71% yield. [�]20D ��3700 (c� 0.015 in CHCl3), �95% ee.


Tetrahydro[5]helicenequinone (R)-35 : Compound 35 was obtained ac-
cording to GP V from 4b in 51% yield: [�]20D ��240 (c� 0.02 in CHCl3);
1H NMR: �� 0.12 (s, 3H), 0.24 (s, 3H), 0.26 (s, 3H), 0.29 (s, 3H), 0.86 (s,
9H), 1.10 (s, 9H), 2.42 ± 2.92 (m, 5H), 3.67 (ddd, J� 3.2, 6.4, 20.4 Hz, 1H),
5.83 (m, 1H), 5.85 (m, 1H), 6.35/6.60 (AB system, J� 10.2 Hz, 2H), 6.62 (s,
2H), 7.24/8.13 ppm (AB system, J� 8.6 Hz, 2H).


Dihydro[5]helicenequinone (P)-36 from tetrahydro[5]helicenequinone
(R)-35 : Compound (P)-36 was obtained according to GP VI from (R)-35,
by using DDQ (Table 2, entry 7).


Dihydro[5]helicenebisquinone (M)-1 from tetrahydro[5]helicenequinone
(R)-35 : Compound (M)-1 was obtained according to GP VI from (R)-35,
by using CAN (Table 2, entry 8) or nBu4NF in THF (Table 2, entry 9), after
flash chromatography (CH2Cl2/EtOAc 10:1).


6-[(Trifluoromethanesulfonyl)oxy]-7,8-dihydrophenanthrene-1,4-dione
(37): Ammonium cerium nitrate (559 mg, 1.02 mmol) in H2O (15 mL) was
added to a solution of 18 (200 mg, 0.51 mmol) in CH3CN (15 mL) at 0 �C.
The mixture was stirred for 15 min, diluted with CH2Cl2 and washed twice
with water. After workup and flash chromatography (hexane/EtOAc
80:20), compound 37 was obtained (72%). M.p. 110 ± 112 �C; 1H NMR: ��
2.74 (dt, J� 1.2, 8.5 Hz, 2H), 3.15 (dd, J� 7.7, 8.5 Hz, 2H), 6.89/6.93 (AB
system, J� 10.1 Hz, 2H), 7.53 (d, J� 7.7 Hz, 1H), 8.00 (d, J� 7.7 Hz, 1H),
8.17 ppm (s, 1H); 13C NMR: �� 25.7, 29.4, 116.3, 112.2/116.4/120.7/125.9 (q,
J� 320 Hz, CF3), 126.0, 127.0, 131.9, 132.0, 132.5, 136.9, 140.3, 141.1, 154.2,
184.5, 187.2 ppm; MS (EI): m/z (%): calcd for C15H9O5SF3: 358.01228;
found: 358.01285 (33) [M]� , 197 (100).


6-Vinyl-7,8-dihydrophenanthrene-1,4-dione (5): From 37: Compound 5was
obtained according to GP II (3.5 h) from enol triflate 37 and vinyltributyl-
stannane (hexane/EtOAc 80:20) in 26% yield.


From 4b : A solution of 1� tetrabutylammonium fluoride in THF (280 �L,
0.28 mmol) was added to a solution of 4b (50 mg, 0.11 mmol) in dry THF
(2 mL) under argon. The mixture was stirred at room temperature for
20 min and quenched with H2O. After workup and flash chromatography
(hexane/EtOAc 4:1), compound 5 was obtained (58%). 1H NMR: �� 2.49
(t, J� 7.7 Hz, 2H), 2.94 (t, J� 7.7 Hz, 2H), 5.30 (d, J� 10.5 Hz, 1H), 5.48
(d, J� 17.4 Hz, 1H), 6.70 (dd, J� 17.4, 10.5 Hz, 1H), 6.87 (s, 2H), 7.47 (dd,
J� 7.7, 0.8 Hz, 1H), 7.91 (d, J� 7.7 Hz, 1H), 8.00 ppm (br s, 1H); 13C NMR:
�� 21.3, 29.1, 115.4, 125.3, 125.4, 125.8, 131.9, 132.1, 135.7, 136.6, 138.8,
140.7, 143.6, 144.3, 185.2, 187.8 ppm; MS (EI):m/z (%): calcd for C16H12O2:
236.08373; found: 236.08392 (93) [M]� , 57 (100).


Dihydro[5]helicenebisquinone (M)-1 from 5 : Diene 5 (15 mg, 0.064 mmol)
in CH2Cl2 (1 mL) was slowly added to a solution of (SS)-2 (31 mg,
0.128 mmol) in CH2Cl2 (1 mL) at 5 �C under argon. The mixture was stirred
for 12 d at 5 �C, and the solvent was evaporated. After flash chromatog-
raphy (hexane/EtOAc 6:1), compound (M)-1 {[�]20D ��1940 (c� 0.02 in
CHCl3), 74% ee} was obtained in 38% yield together with a 29% yield of
derivative 27 as a mixture of regio- and/or diastereoisomers which could
not be separated.


3-Methyl-dihydro[5]helicenebisquinone (P,M)-39 : Diene 5 (10 mg,
0.042 mmol) was added to a solution of racemic sulfinylquinone 21[34]


(22 mg, 0.085 mmol) in CH2Cl2 (2 mL) under argon. The mixture was


stirred at room temperature for 7 d, and the solvent was evaporated. After
flash chromatography (hexane/EtOAc 6:1), compound 39 was obtained
(67%). M.p. 228 ± 231 �C; 1H NMR: �� 2.15 (d, J� 1.6 Hz, 3H), 2.79 (m,
4H), 6.58 (q, J� 1.6 Hz, 1H), 6.75/6.89 (AB system, J� 10.1 Hz, 2H), 7.61
(d, J� 7.7 Hz, 1H), 7.62 (d, J� 8.1 Hz, 1H), 8.04 (d, J� 8.1 Hz, 1H),
8.07 ppm (d, J� 7.7 Hz, 1H); 13C NMR: �� 16.0, 30.4 (2C), 126.4, 126.7,
130.2, 131.0, 131.4, 131.6, 132.0, 132.3, 132.5, 136.7, 137.3, 139.8 (2C), 146.9,
147.3, 147.7, 184.8, 185.2, 186.9, 187.0 ppm; MS (EI): m/z (%): calcd for
C23H14O4: 354.08921; found: 354.08969 (100) [M]� .


Dihydro[5]helicenequinone (P)-20 from (P)-36 : A solution of enantio-
merically pure helicene (P)-36 (30 mg, 0.066 mmol) in DMF (2 mL) was
added via cannula to a vigorously stirred suspension of CsF (51 mg,
0.33 mmol) and MeI (42 �L, 0.66 mmol) in DMF (1 mL) under argon. The
mixture was stirred for 24 h at room temperature, quenched with water and
extracted several times with diethyl ether. After workup and flash
chromatography (hexane/EtOAc 65:35), compound (P)-20 {[�]20D ��3200
(c� 0.004, CHCl3), �95% ee} was obtained (70%).


General procedure VII (GP VII)–Aromatizations of dihydro[5]helicene-
quinones to [5]-helicenequinones : A solution of the corresponding
dihydro[5]helicenequinone (0.046 mmol) and DDQ (104 mg, 0.46 mmol,
10 equiv) in benzene (2 mL) was heated under reflux for the time indicated.
After evaporation of the solvent, the residue was passed through a short
column of silica gel eluting with CH2Cl2, and finally purified by flash
chromatography.


[5]Helicenequinone (P)-40 : Compound 40 was obtained according to
GP VII (4 d) from enantiopure 20 (hexane/EtOAc 65:35) in 71% yield.
M.p. 231 ± 232 �C (methanol); [�]20D ��1430 (c� 0.009, CHCl3),�95% ee};
1H NMR �� 8.54/7.85 (AB system, J� 8.9 Hz, 2H), 8.26, 7.97 (AB system,
J� 8.1 Hz, 2H), 8.13/7.88 (AB system, J� 8.5 Hz, 2H), 6.98/6.89 (AB
system, J� 8.5 Hz, 2H), 6.93, 6.81 (AB system, J� 10.1 Hz, 2H), 4.05/
3.55 ppm (2s, 6H); 13C NMR �� 55.6, 56.0, 105.4, 107.1, 122.0, 123.3, 123.7,
124.5, 124.6, 125.9, 126.0, 127.1, 127.5, 130.3, 131.4, 134.5, 135.6, 136.1, 140.1,
140.2, 148.5, 150.6, 182.2, 186.2 ppm; MS (EI):m/z (%): calcd for C24H16O4:
368.10486; found: 368.10559 (100) [M]� .


[5]Helicenequinone (P)-41: Compound 41 was obtained according to
GP VII (5 d) from 27 (92% ee) (hexane/EtOAc 80:20) in 85% yield. M.p.
229 ± 231 �C (methanol); [�]20D ��910 (c� 0.004 in CHCl3), 92% ee};
1H NMR: �� 1.64 (t, J� 6.9 Hz, 3H), 3.55 (s, 3H), 4.04 (s, 3H), 4.40 (dq,
J� 9.3, 6.9 Hz, 1H), 4.46 (dq, J� 9.3, 6.9 Hz, 1H), 6.73/6.88 (AB system,
J� 10.1 Hz, 2H), 6.84/6.96 (AB system, J� 8.5 Hz, 2H), 7.57 (s, 1H), 7.83
(d, J� 8.5 Hz, 1H), 7.94 (d, J� 8.5 Hz, 1H), 8.46 (d, J� 8.5 Hz, 1H),
8.51 ppm (d, J� 8.5 Hz, 1H); 13C NMR: �� 14.7, 55.5, 55.9, 64.7, 100.6,
105.4, 106.8, 120.5, 123.1, 124.0, 124.4, 125.9, 127.6, 128.0, 128.8, 129.3, 134.5,
135.2, 140.4, 148.7, 150.3, 157.2, 181.7, 186.5 ppm; MS (EI): m/z (%): calcd
for C26H20O5: 412.13107; found: 412.13058 (100) [M]� .


Dihydro[5]helicenes (P)-42 and (M)-43 : Et3N (200 �L) and CH2Cl2 (3 mL)
were added to a mixture of helicene (P,M)-36 (39 mg, 0.068 mmol),
activated Zn (58 mg, 0.89 mmol), (�)-camphanoyl chloride (74 mg,
0.34 mmol) and DMAP (4 mg, 0.034 mmol) under argon. The mixture
was heated under reflux for 1 h. Filtration through Celite, aided by several
ethyl acetate washes, removed remaining Zn. The organic solution was
washed with saturated aqueous NaHCO3, 2%HCl and water. Workup and
flash chromatography (hexane/EtOAc 80:20) yielded 48% of the low Rf


isomer (P)-42 and 45% of the high Rf isomer (M)-43. Dihydro[5]helicene
(P)-42 was exclusively obtained in 92% yield from enantiomerically pure
(P)-36. (P)-42 : M.p. 253 ± 254 �C (CHCl3/hexane); [�]20D ��210 (c� 0.27,
CHCl3); 1H NMR: ���0.74 (s, 3H), �0.43 (s, 3H), 0.27 (s, 3H), 0.31 (s,
3H), 0.32 (s, 9H), 0.68 (s, 3H), 0.77 (s, 3H), 0.96 (s, 3H), 1.10 (s, 9H), 1.12
(m, 1H), 1.20 (s, 3H), 1.21 (m, 1H), 1.22 (s, 3H), 1.23 (s, 3H), 1.42 (m, 1H),
1.62 (ddd, J� 5.0, 11.0, 13.5 Hz, 1H), 1.85 (ddd, J� 4.0, 9.5, 13.0 Hz, 1H),
2.07 (ddd, J� 4.5, 9.5, 10.5 Hz, 1H), 2.35 (ddd, J� 4.5, 9.0, 13.5 Hz, 1H),
2.70 (ddd, J� 4.0, 10.5, 13.0 Hz, 1H), 2.72 ± 2.92 (m, 4H), 6.52/6.57 (AB
system, J� 8.5 Hz, 2H), 6.82 (d, J� 8.0 Hz, 1H), 7.28 (d, J� 8.0 Hz, 1H),
7.46 (d, J� 8.5 Hz, 1H), 7.51 (d, J� 8.5 Hz, 1H), 7.94 (d, J� 8.5 Hz, 1H),
8.11 ppm (d, J� 8.5 Hz, 1H); 13C NMR: ���3.8,�3.5,�3.2, 9.6, 9.8, 16.7,
16.8, 16.9, 17.0, 18.3, 25.9 (6C), 28.4, 28.9, 29.0, 30.5, 30.6, 31.0, 54.4, 54.5,
54.6, 55.0, 77.2, 90.5, 91.2, 110.0, 114.8, 115.2, 117.0, 120.1, 122.5, 125.2, 126.6,
127.0, 127.5, 128.6, 129.1, 129.4, 131.7, 139.8, 140.0, 144.1, 144.5, 145.8, 145.9,
164.7, 165.6, 177.8, 178.1 ppm; MS (EI): m/z (%): calcd for C54H68O10Si2:
932.43511; found: 932.43329 (18) [M]� , 83 (100).
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(M)-43 : M.p. �300 �C (CHCl3/hexane); [�]20D ��260 (c� 0.26, CHCl3);
1H NMR: ���0.71 (s, 3H), �0.47 (s, 3H), 0.32 (s, 3H), 0.35 (s, 9H), 0.38
(s, 3H), 0.64 (s, 3H), 0.75 (s, 3H), 0.94 (s, 3H), 1.09 (s, 9H), 1.12 (m, 1H),
1.20 (s, 3H), 1.22 (s, 3H), 1.24 (s, 3H), 1.40 (m, 2H), 1.61 (m, 1H), 1.85 (ddd,
J� 4.1, 9.3, 13.3 Hz, 1H), 2.07 (ddd, J� 4.4, 10.5, 13.0 Hz, 1H), 2.35 (ddd,
J� 4.4, 9.3, 13.6 Hz, 1H), 2.70 (ddd, J� 4.3, 10.7, 13.4 Hz, 1H), 2.76 ± 2.90
(m, 4H), 6.59/6.66 (AB system, J� 8.2 Hz, 2H), 6.86 (d, J� 8.2 Hz, 1H),
7.25 (d, J� 8.2 Hz, 1H), 7.37 (d, J� 8.3 Hz, 1H), 7.52 (d, J� 8.3 Hz, 1H),
7.92 (d, J� 8.3 Hz, 1H), 8.16 ppm (d, J� 8.3 Hz, 1H); 13C NMR: ���4.0,
�3.8, �3.7, �3.1, 9.6, 9.8, 16.3, 16.5, 17.0, 18.3, 18.4, 25.9 (6C), 28.8, 29.1,
29.8, 30.8, 30.9, 31.1, 54.2, 54.6, 54.9, 55.0, 77.2, 89.7, 91.2, 110.2, 115.5, 115.7,
117.0, 120.0, 122.8, 124.1, 126.7, 127.1, 128.1, 129.0, 129.2, 132.1, 139.4, 139.9,
144.0, 144.9, 145.3, 146.0, 165.4, 165.6, 177.6, 178.1 ppm; MS (EI): m/z (%):
calcd for C54H68O10Si2: 932.43511; found: 932.43695 (61) [M]� , 73 (100).
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Molybdenum Amido Complexes with Single Mo�N Bonds: Synthesis,
Structure, and Reactivity


Dolores Morales,[a] Julio Pe¬rez,*[a] LucÌa Riera,[a] VÌctor Riera,[a] Daniel Miguel,[b]
Marta E. G. Mosquera,[a] and Santiago GarcÌa-Granda[c]


Abstract: Reactions of the complex
[MoCl(�3-C3H4-Me-2)(CO)2(phen)] (1)
(phen� 1,10-phenanthroline) with po-
tassium arylamides were used to synthe-
size the amido complexes [Mo(N-
(R)Ar)(�3-C3H4-Me-2)(CO)2(phen)]
(R�H, Ar�Ph, 2a ; R�H, Ar� p-
tolyl, 2b ; R�Me, Ar�Ph; 2c). For 2b
the Mo�N(amido) bond length
(2.105(4) ä) is consistent with it being
a single bond, with which the metal
attains an 18-electron configuration. The
reaction of 2b with HOTf affords the
amino complex [Mo(�3-C3H4-Me-
2)(NH2(p-tol))(CO)2(phen)]OTf (3-
OTf). Treatment of 3-OTf with nBuLi
or KN(SiMe3)2 regenerates 2b. The new


amido complexes react with CS2, aryli-
sothiocyanates and maleic anhydride. A
single product corresponding to the
formal insertion of the electrophile into
the Mo�N(amido) bond is obtained in
each case. For maleic anhydride, ring
opening accompanied the formation of
the insertion product. The reaction of
2bwith maleimide affords [Mo(�3-C3H4-
Me-2){NC(O)CH�CHC(O)}(CO)2-
(phen)] (7), which results from simple
acid ± base metathesis. The reaction of


2b with (p-tol)NCO affords [{Mo(�3-
C3H4-Me-2)(CO)2(phen)}2(�2-MoO4)]
(8), which corresponds to oxidation of
one third of the metal atoms to MoVI.
Complex 8 was also obtained in the
reactions of 2b with CO2 or the lactide
3,6-dimethyl-1,4-dioxane-2,5-dione. The
structures of the compounds 2b, 3-OTf,
[Mo(�3-C3H4-Me-2){SC(S)(N(H)Ph)}-
(CO)2(phen)] (4), [Mo(�3-C3H4-Me-2)-
{SC(N(p-tol))(NH(p-tol))}(CO)2(phen)]
(5a), and [Mo(�3-C3H4-Me-2){OC(O)-
CH�CHC(O)(NH(p-tol))}(CO)2(phen)]
(6), 7, and 8 (both the free complex and
its N,N�-di(p-tolyl)urea adduct) were
determined by X-ray diffraction.


Keywords: allyl ligands ¥ amido
ligands ¥ carbonyl ligands ¥ insertion
¥ molybdenum


Introduction


Most transition-metal amido complexes feature elements from
the left side of the d block in intermediate to high oxidation
states.[1, 2] In these compounds, p��d� donation from the
amido lone pair to empty metal d orbitals results in a double
M�N(amido) bond. Much current interest is attracted by the
growing number of low valent, organometallic-type amido
complexes of the late transition metals (Groups 8±10) without


the possibility of p��d� donation.[3±9] Group 7 is represented
within this category by a few rhenium complexes that still
possess single Re�N(amido) bonds,[10] and this seems to be the
limit toward the left of the periodic system. Thus, a limited
number of low-valent molybdenum and tungsten organometallic
amido complexes are known, but for all of them a double bond
to the amido groupmust be considered for the metal to attain an
18-electron configuration.[11] Accordingly, short Mo�N bonds
have been found for the derivatives whose structures have been
crystallographically determined.[12] We have recently found that
the reactions of [MoCl(�3-allyl)(CO)2(N�N)] (N�N� 2,2�-bi-
pyridine or 1,10-phenanthroline) complexes with alkaline alk-
oxides or hydroxide allow the straightforward preparation of
new alkoxo or hydroxo compounds.[13] Here we report the
application of a similar method to the synthesis of the first
molybdenum amido complexes with single Mo-amido bonds,[14]


and a study of their structure and reactivity.


Results and Discussion


The complex [MoCl(�3-C3H4-Me-2)(CO)2(phen)] (1)[15] reacts
with an equimolar amount of KN(H)Ar (Ar� phenyl or
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4-methylphenyl (p-tolyl)) (generated in situ from the corre-
sponding arylamine and KN(SiMe3)2) in tetrahydrofuran
(THF). The reactions are instantaneous at �78 �C and are
accompanied by a change in the color of the solution from
garnet to red-brown. The IR spectrum of the product displays
two intense �CO bands at frequencies significantly lower than
those of the precursor 1.[16] This is consistent with a
substitution of the Cl ligand by an amido group. Thus, the
stronger �-donor character of the latter increases the electron
density available for back-donation from the metal center to
the CO ligands. The red-brown arylamido complexes 2a
(Ar�Ph) and 2b (Ar� p-tolyl), obtained as single products,
could be isolated in good yield after a simple workup
procedure (see Experimental Section). The 1H NMR spectra
of 2a ± b showed the presence of an intact �3-methallyl group,
confirming that the metal, and neither the allyl ligand nor the
carbonyls,[17] has been the site of the amide attack, in line with
our recent results employing alkyl,[18] alkoxide,[13b] or hydrox-
ide[13c] nucleophiles toward molybdenum chloro complexes
such as 1. Broad, one-hydrogen singlets at �� 3.88 (2a) and
3.90 ppm (2b) in CD2Cl2 were assigned to the nitrogen-
bonded hydrogen of the amido ligands.[19] The 1H and
13C NMR spectra indicate, besides of the presence of the
N(H)Ar group, the existence of a molecular mirror plane and,
therefore, the geometry depicted in Scheme 1 for the amido


Scheme 1. Synthesis of the amido complexes 2a and 2b from the chloro
precursor 1.


complexes [Mo(N(H)Ar)(�3-C3H4-Me-2)(CO)2(phen)]
(2a,b). The molecular structure of 2b in the solid state was
determined by single-crystal X-ray diffraction. A thermal
ellipsoid plot is displayed in Figure 1, and selected distances
and angles are given in Table 1.
The Mo�N(amido) bond length of 2.105(4) ä, is signifi-


cantly longer than the value of 1.924(8) ä found in the
complex [Mo(NO)(NMe2)(dttd)] (see Scheme 2a),[20] for
which a double Mo�N bond resulting from p�� d� donation
has been inferred from its high barrier to rotation of the


Figure 1. Structure of 2b (thermal ellipsoid (30%) plot).


Scheme 2. a) Graphic representation of the compound [Mo(NO)-
(NMe2)(dttd)];[20] b) hydrogen exchange between the two nitrogens in 5a
makes the two aryl groups equivalent.


Mo�N bond. This complex seems appropriate for a compar-
ison because it shares with our amido complexes the 18-
electron configuration, the lack of bulky substituents, the
pseudooctahedral geometry and the presence of strongly �-
acceptor coligands (NO, CO). The greater length in 2b is
consistent with a single bond, with which this complex attains
an 18-electron configuration. For amido complexes like 2a,b,
a repulsive interaction between the amido lone electron pair
and filled molybdenum d orbitals can be expected to weaken
the Mo�N(amido) bond and to enhance the basicity and
nucleophilicity of the amido ligand.[21, 22] However, this can be
compensated for, at least in part, by lone pair delocalization
into the amido aryl substituent, and by donation of electron
density from the amido to the carbonyl ligands using the metal
d orbitals (push-pull).[21] The importance of the first factor in
the stabilization of the amido complexes is strongly supported
by the consistent failure of our attempts to isolate related
amido derivatives lacking aryl substituents. In fact, low-valent
amido complexes without aryl groups are very rare and, as
expected, they are much more reactive than arylamido
counterparts.[23] A structural consequence of the lone pair
delocalization involving the aryl substituent is the fact that,
even for complexes in which amido�metal p��d� dona-
tion is forbidden, a planar geometry is often found around the
amido nitrogen atom. Thus, for 2b the N�H hydrogen atom
on the amido nitrogen atom was located in the difference
maps (H3 and H53 for the two molecules present in the
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Table 1. Selected bond lengths [ä] and angles [�] for complex 2b.


Mo(1)�C(2) 1.962(4) Mo(1)�N(3) 2.105(4)
Mo(1)�C(1) 1.962(5) Mo(1)�N(1) 2.266(3)
Mo(1)�C(3) 2.356(4) Mo(1)�N(2) 2.260(4)
Mo(1)�C(4) 2.280(4) N(3)�C(31) 1.370(6)
Mo(1)�C(5) 2.354(4)
C(2)-Mo(1)-C(1) 80.07(18) C(1)-Mo(1)-N(2) 168.79(16)
C(2)-Mo(1)-N(3) 92.96(17) N(2)-Mo(1)-N(1) 72.72(12)
C(1)-Mo(1)-N(1) 89.92(16) C(1)-Mo(1)-N(3) 89.92(16)
C(2)-Mo(1)-N(2) 102.02(16) C(31)-N(3)-Mo(1) 136.1(3)







FULL PAPER J. Pe¬rez et al.


asymmetric unit), given a fixed temperature factor (Uiso�
0.08) and its coordinates were freely refined. The sum of
angles around the amido nitrogen atoms was found to be
358.4(6) and 358.0(6)� for the two molecules in the asym-
metric unit, indicating the planarity of the amido group. With
regard to the presence of the CO coligands, their role in
accepting, at least in part, the electron density donated by the
amido group is indicated by the lowering in the �CO values
mentioned above. However, it must be noticed that none of
the carbonyl groups of complexes 2a,b are trans to the amido
ligand, the geometry that maximizes the mutual stabilization
of �-donor/�-aceptor ligands.[24]


The reaction of the amido complex 2b with an equimolar
amount of the acid HOTf (OTf� trifluoromethylsulfonate)
affords the salt [Mo(�3-C3H4-Me-2)(NH2Ar)(CO)2(phen)]-
OTf (3-OTf, Ar� p-tolyl) (Scheme 3), which could be
isolated in high yield by crystallization (see Experimental
Section).[25]


Scheme 3. Protonation of the amido complex 2b to afford the amino
complex 3-OTf. Deprotonation of 3-OTf regenerates 2b.


The IR spectrum of 3-OTf showed two strong, similarly
intense carbonyl bands at wavenumbers significantly higher
than those of 2b. This is consistent with the formation of a
cationic cis-dicarbonyl complex. In its 1H NMR spectrum, a
single broad signal at �� 5.49 ppm is assigned to the two N�H
amine hydrogens. The structure of 3-OTf was determined by
single-crystal X-ray diffraction (Figure 2 and Table 2). The


Figure 2. Structure of 3-OTf (thermal ellipsoid (30%) plot). Structure of 4
(thermal ellipsoid (30%) plot).


cation, in regard to the geometry around the metal, is
isostructural with the amido precursor; that is consistent with
one p-tolylamine ligand bound to a {Mo(�3-C3H4-Me-
2)(CO)2(phen)} fragment in the position trans to the allyl
group.[26] There is a strong hydrogen bond (N(3) ¥¥¥ O(91)�
3.050(5) ä) N�H ¥¥¥O interaction (showed as a dashed line in
Figure 2) involving one amine N�H bond and one of the
oxygen atoms of the triflate anion. The Mo�N(amine)
(2.303(3) ä) bond is longer than the corresponding distance
in the amido complex 2b (see above), as expected for a dative
bond compared with a covalent one.[28] The distance between
the amine nitrogen atom and the ipso-carbon atom of the p-
tolyl group is longer in 3-OTf (1.449(5) ä) than in 2b
(1.370(6) ä), indicating that significant delocalization of the
nitrogen lone pair of the amido ligand takes place involving
the aryl group. This feature has been found in other arylamido
complexes[29] and explains the planarity of the di-p-tolylamido
ligand found in the related complex [Mo(�3-C3H4-Me-
2)(NAr2)(CO)2(phen)],[14] a similar 18-electron species for
which p�� d� to molybdenum would also be forbidden.
The formation of 3-OTf as the single product in the reaction


of 2b with the very strong acid HOTf shows that the
protonation of the amido ligand is strongly favored over that
of the allyl group, the latter being a known reaction of some
(allyl)molybdenum dicarbonyl complexes.[18] The fact that the
product of the reaction is the cationic amino complex, isolated
as the triflate salt, stands in contrast to the quantitative
formation of the neutral triflato complex in the reaction of the
related alkyl or alkoxo complexes with HOTf,[13b, 18a] and
reflects the better ligating properties of amines in comparison
with alkanes or alcohols. In fact, compound 3-OTf can be
obtained by reaction of the triflato complex [Mo(�3-C3H4-Me-
2)(OTf)(CO)2(phen)] with p-tolylamine.[25, 30] Deprotonation
of the amino complex with strong bases (nBuLi, KN(SiMe3)2)
cleanly affords 2b, thus offering an alternative access to the
amido complex. Although for the molybdenum compounds
reported here both methods are satisfactory, it has been found
in some instances that the deprotonation of coordinated
amines is a better choice due to the enhancement of the
acidity of the amine resulting from its coordination to a
cationic metal center.[31] The amido complex 2b did not react
with a weak acid such as phenylacetylene (pKa� 23.2).[32]
Thus, the basicity of the amido group is tempered by the
presence of the aryl group as an amido substituent and of the
�-acceptor carbonyl ligands, as it was suggested above
(however, as will be described below, 2b reacts with the
weakly acidic maleimide (pKa� 10.8)[33]).
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Table 2. Selected bond lengths [ä] and angles [�] for complex 3-Otf.


Mo(1)�C(2) 1.979(5) Mo(1)�N(3) 2.303(3)
Mo(1)�C(1) 1.964(5) Mo(1)�N(1) 2.243(3)
Mo(1)�C(3) 2.256(4) Mo(1)�N(2) 2.239(3)
Mo(1)�C(4) 2.318(4) N(3)�C(31) 1.449(5)
Mo(1)�C(5) 2.329(4)
C(2)-Mo(1)-C(1) 81.6(2) C(1)-Mo(1)-N(2) 100.98(16)
C(2)-Mo(1)-N(3) 88.19(15) N(2)-Mo(1)-N(1) 73.72(12)
C(1)-Mo(1)-N(1) 169.71(15) C(1)-Mo(1)-N(3) 88.55(16)
C(2)-Mo(1)-N(2) 167.61(16) C(31)-N(3)-Mo(1) 116.9(2)
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With a good preparative method at hand, we have explored
the reactivity of the new amido complexes. Complex 2a reacts
with carbon disulfide to afford the new complex 4 (Scheme 4),
which was characterized by IR and NMR spectroscopy (see
Experimental Section) in solution, and by X-ray diffraction in


Scheme 4. Insertion of CS2 into a M�N(amido) bond gives compound 4,
featuring a monodentate dithiocarbamate ligand.


the solid state (see Figure 3 and Table 3). The molecule of 4
consists of a {Mo(�3-C3H4-Me-2)(CO)2(phen)} fragment
bonded to one of the sulfur atoms of a N-phenyldithiocarba-
mate ligand, resulting from the formal insertion of CS2 into
the Mo�N bond,[34] trans to the allyl ligand.


The Mo�S length in 4 (2.508(3) ä) is very close to that in
the complex [Mo{SC(NPh)OCH3}(�3-C3H4-Me-2)(CO)2-
(phen)],[13b] obtained by reaction of the corresponding


methoxo complex with phenylisothiocyanate (2.493(2) ä);
the two C�S bond lengths (1.711(9) ä and 1.689(9) ä) are
intermediate between single and double bond values,[35] and
similar to those found in [CpM{SC(S)NR2}(CO)3] complexes
(M�Cr, W).[36] The solution spectroscopic data of 4 (see
Experimental Section) agree well with the structure found in
the solid state.
It is instructive to compare the reaction of 2a with CS2 to


yield 4 with the formation of complex [Mo(�3-C3H4-Me-2)-
(SC(OMe)NPh)(CO)2(phen)][13b] (containing a monodentate
xanthate group) by reaction of CS2 with the methoxo complex
[Mo(�3-C3H4-Me-2)(OMe)(CO)2(phen)]. Thus, whereas at
room temperature the formation of 4 takes 15 min, the
insertion of CS2 into the Mo�O bond is instantaneous.[13b] The
�CO values of the amido complex 2a are slightly lower than
those of the methoxo derivative (1931 and 1843 cm�1 in
CH2Cl2). This can be taken as an indication of a more
electron-rich fragment for the amido complex, which could
therefore be expected to be more nucleophilic. The fact that
the reaction with CS2 is faster for the alkoxo complex than for
its amido counterpart can thus be attributed to a more
difficult approach of the CS2 molecule to the more sterically


congested amido ligand. A sim-
ilar predominance of steric ef-
fects in the reactions with car-
bon disulfide has been previ-
ously found for the series
[Re(OR)(bipy)(CO)3] (R�Me,
Et, tBu).[13b]


Dithiocarbamate derivatives
are known for different oxida-
tion states of virtually every
metal.[37] In most of these com-
pounds the dithiocarbamate li-
gand acts as an S,S�-bidentate
chelate, and the monodentate
coordination mode is rare. In
complex 4 this coordination is
enforced by the saturated nature
of the metal fragment.[36]


Complex 2b reacted with p-
tolylisothiocyanate[38] to afford
[Mo(�3-C3H4-Me-2){SC(NHAr)-


NAr}(CO)2(phen)] (5a) (Ar� p-tolyl), the product of the
formal insertion of the isothiocyanate into the Mo�N-
(amido) bond (Scheme 5). The IR and 1H NMR spectra
indicated the incorporation of the isothiocyanate and the
formation of a single product, but did not allow the proposal
of its structure, and low solubility precluded the acquisition of
the 13C NMR spectrum. The structure of 5a was determined
by single-crystal X-ray diffraction, and the results are
presented in Figure 4 and Table 4. The molecule contains a
N,N�-di(p-tolyl)thioureato ligand bonded through the sulfur
atom to a {Mo(�3-C3H4-Me-2)(CO)2(phen)} fragment. The
Mo�S length (2.5081(9) ä) is similar to that found in 4 (see
above), and the bond lengths C(10)�N(3) (1.382(4) ä) and
C(10)-N(4) (1.273(4) ä) correspond to a single and double
bond, respectively. The geometry of the SCN2 moiety is
planar, as indicated by the value of 360� for the sum of angles
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Figure 3.


Table 3. Selected bond lengths [ä] and angles [�] for complex 4.


Mo(1)�C(2) 1.965(8) Mo(1)�S(1) 2.5114(18)
Mo(1)�C(1) 1.958(8) S(1)�C(7) 1.718(7)
Mo(1)�C(3) 2.316(7) S(2)�C(7) 1.695(7)
Mo(1)�C(4) 2.296(7) C(7)�N(3) 1.351(9)
Mo(1)�C(5) 2.344(7) N(3)�C(31) 1.413(9)
C(2)-Mo(1)-C(1) 83.9(3) C(1)-Mo(1)-S(1) 95.2(2)
C(2)-Mo(1)-N(1) 166.3(3) C(7)-S(1)-Mo(1) 116.9(3)
C(1)-Mo(1)-N(1) 98.7(2) N(3)-C(7)-S(2) 123.4(5)
C(2)-Mo(1)-N(2) 102.2(2) N(3)-C(7)-S(1) 117.1(5)
C(1)-Mo(1)-N(2) 170.3(3) S(2)-C(7)-S(1) 119.5(4)
N(2)-Mo(1)-N(1) 73.68(18) C(7)-N(3)-C(31) 133.6(6)
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Scheme 5. Insertion of isothiocyanates into an M�N(amido) bond is the
origin of compounds 5a ± b.


Figure 4. Structure of 5a (thermal ellipsoid (30%) plot).


around C(10). In the 1H NMR spectrum the two p-tolyl
groups are seen as equivalent and no signal is observed for the
N(3)-bonded hydrogen. These facts are consistent with a shift
of this hydrogen between N(3) and N(4), as represented in
Scheme 2b, in solution. To check this, we sought to study the
reaction of PhNCS with an amido complex similar to 2b, but
lacking the N�H bond. Thus, the product of the reaction of
phenylisothiocyanate with [Mo(N(Me)Ph)(�3-C3H4-Me-2)-
(CO)2(phen)] (2c) (generated from 1 and potassium N-
methyl-N-phenylamide) displayed spectroscopic and analyt-
ical data (see Experimental Section) consistent with a [Mo(�3-


C3H4-Me-2){SC(N(Me)Ph)NPh}(CO)2(phen)] (5b) formula-
tion, and, in contrast with 5a, two inequivalent (1H and
13C NMR spectra) phenyl groups, supporting the rationale
given above for the NMR equivalence of the two aryl groups
of 5a.
The amido complex 2b reacted with maleic anhydride to


afford the ring-opened product 6 showed in Scheme 6.[39] The
most relevant spectroscopic data of 6 are the two one-
hydrogen singlets at �� 5.45 and 5.44 ppm, due to the two


Scheme 6. Reaction of 2b with maleic anhydride affords 6, resulted from
the ring opening and insertion into a M�N(amido) bond.


different olefinic H atoms, and a broad one-hydrogen singlet
at �� 12.70 ppm attributed to an N�H group. The structure of
6 was confirmed by X-ray diffraction, and the result is
displayed in Figure 5, with selected distances and angles
collected in Table 5. The molecule of 6 features a {Mo(�3-
C3H4-Me-2)(CO)2(phen)} fragment bonded to one of the


Figure 5. Structure of 6 (thermal ellipsoid (30%) plot).
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Table 4. Selected bond lengths [ä] and angles [�] for complex 5a.


Mo(1)�C(2) 1.962(3) S(1)�C(10) 1.780(3)
Mo(1)�C(1) 1.943(4) N(3)�C(10) 1.382(4)
Mo(1)�C(3) 2.338(3) N(4)�C(10) 1.273(4)
Mo(1)�C(4) 2.270(3) N(3)�C(31) 1.413(3)
Mo(1)�C(5) 2.340(3) N(4)�C(41) 1.411(4)
Mo(1)�S(1) 2.5081(9)
C(2)-Mo(1)-C(1) 81.78(13) N(1)-Mo(1)-S(1) 78.52(6)
C(2)-Mo(1)-N(1) 167.03(10) N(2)-Mo(1)-S(1) 79.78(6)
C(1)-Mo(1)-N(1) 99.68(11) C(10)-S(1)-Mo(1) 111.96(9)
C(2)-Mo(1)-N(2) 103.86(11) N(3)-C(10)-S(1) 114.9(2)
C(1)-Mo(1)-N(2) 169.27(11) C(10)-N(4)-C(41) 123.2(2)
N(2)-Mo(1)-N(1) 72.77(8) N(4)-C(10)-S(1) 124.6(2)
C(1)-Mo(1)-S(1) 91.36(9) N(4)-C(10)-N(3) 120.4(2)
C(2)-Mo(1)-S(1) 88.58(9)


Table 5. Selected bond lengths [ä] and angles [�] for complex 6.


Mo(1)�C(2) 1.924(7) O(3)�C(7) 1.252(7)
Mo(1)�C(1) 1.938(7) O(4)�C(7) 1.243(7)
Mo(1)�C(3) 2.308(6) O(5)�C(10) 1.206(6)
Mo(1)�C(4) 2.225(8) C(7)�C(8) 1.515(7)
Mo(1)�C(5) 2.317(6) C(8)�C(9) 1.293(6)
Mo(1)�O(3) 2.148(4) C(9)�C(10) 1.501(8)
N(3)�C(10) 1.341(7) N(3)�C(31) 1.433(7)
C(2)-Mo(1)-C(1) 80.8(3) C(8)-C(9)-C(10) 134.8(6)
C(2)-Mo(1)-O(3) 91.0(2) O(5)-C(10)-N(3) 124.7(7)
C(1)-Mo(1)-O(3) 90.9(2) O(5)-C(10)-C(9) 120.2(7)
C(7)-O(3)-Mo(1) 124.5(4) N(3)-C(10)-C(9) 115.1(6)
O(4)-C(7)-O(3) 126.7(7) C(10)-N(3)-C(31) 125.7(6)
O(4)-C(7)-C(8) 118.8(7) C(9)-C(8)-C(7) 130.4(6)
O(3)-C(7)-C(8) 115.1(7)
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carboxylato oxygens of the carbamoylpropenoato ligand
resulting from the coupling between maleic anhydride and
the amido group. The localized C(8)�C(9) double bond
features a C�C length (1.293(6) ä) clearly shorter than those
between the adjacent single C�C bonds (C(7)�C(8)�
1.515(7) ä, C(9)�C(10)� 1.501(8) ä). An intramolecular hy-
drogen bond between the uncoordinated carboxylato oxygen
and the amido N�H hydrogen (N(3)�O(4)� 2.704(9) ä) is
shown by means of the dashed line in Figure 5.
The reactions of the amido complexes 2a, b with CS2, p-


tolylisothiocyanate, and maleic anhydride are a manifestation
of the nucleophilicity of the amido ligands. Thus, the amido
attack to the electrophilic carbon atom of the substrate would
afford a zwitterionic intermediate or transition state. The
intramolecular displacement of the resulting nitrogen-bonded
ligand by the sulfur or oxygen terminus would be driven by
the charges of the atoms involved (cationic nitrogen and
anionic sulfur or oxygen), and would afford the observed
products. This rationale, shown in Scheme 7, is in line with our
proposal for the insertion of organic electrophiles into the
metal�OR bonds of low-valent alkoxo complexes of Groups
6 ± 7 metals.[13a,b] A driving force for the overall reactions
would be the relief of filled ± filled (metal ± lone pair)
interactions present in the amido reagent, since the lone pairs
on the donor atom of the anionic ligand of the products are
stabilized by delocalization with the conjugate �S, �NAr or
�O group.[21]


In contrast to the reactions described previously, complex
2b reacts with maleimide to afford the product of the simple
acid ± base exchange shown in Scheme 8. The product, the
amido complex 7, was characterized by IR and NMR
spectroscopy in solution and by single crystal X-ray diffrac-
tion (see Figure 6 and Table 6) in the solid state. The IR
spectrum of 7 in the �CO region consists of the two expected


Scheme 8. Compound 7 is obtained by acid ± base metathesis between 2b
and maleimide.


Figure 6. Structure of 7 (thermal ellipsoid (30%) plot). a) Structure of 8
(thermal ellipsoid (30%) plot); b) structure of 8-urea (thermal ellipsoid
(30%) plot).


cis-Mo(CO)2 bands (at frequencies considerably higher than
those of the amido precursor 2b, reflecting the electron-
withdrawing ability of the carbonyl groups within the
maleimide moiety), and a band at 1728 cm�1 due to the
™organic∫ C�O groups. In the 1H NMR spectrum, the two


olefinic hydrogen atoms are
equivalent, in agreement with
the symmetric structure (con-
firmed by its 13C NMR spectrum,
see Experimental Section) rep-
resented in Scheme 8, and in
contrast with the ring-opened
product 6 described above.[40]


The Mo�N(amido) bond length
in 7 (2.212(3) ä) is somewhat
longer than that found in 2b,
reflecting the fact that the mal-
eimidato ligand is a weaker do-
nor than the p-tolyl group, as
mentioned above with regard to
the IR spectra.
The reaction of the amido


complex 2b with p-tolylisocya-
nate afforded a single molybde-
num cis-dicarbonyl product 8
(Scheme 9), as judged from the
two similar intensity bands in the
�CO region of the IR spectrum.
However, the NMR spectra of
the product showed a multitude
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Scheme 7. Proposed mechanisms for the formation of complexes 4, 5a,b, and 6.
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Scheme 9. The trinuclear compound 8 was obtained in the reaction of 2b
with p-tolNCO, CO2 or lactide.


of peaks, suggestive of the presence of several organic by-
products. Complex 8 was also obtained in the reactions of 2b
with carbon dioxide and with the lactide 3,6-dimethyl-1,4-
dioxane-2,5-dione. From the reaction of 2b and CO2, single
crystals of 8, whose IR spectrum matched that of the crude
reaction product in the �CO region, could be obtained by slow
diffusion of hexane into a concentrated solution of 8 in
CH2Cl2. One of them was used for a structural determination
by means of X-ray diffraction. The results, which are
displayed in Figure 7a and Table 7, indicate that the molecule
of 8 consists of a tetraoxomolybdato(��) group bridging two
{Mo(�3-C3H4-Me-2)(CO)2(phen)} fragments. A similar struc-
ture was recently found by Limberg et al. in the product of the
reaction of [Mo(�3-C3H4-Me-2)(O�CMe2)(CO)2(bipy)]BF4
with sodium molybdate.[41]


In the reaction between 2b and (p-tolyl)NCO, the product
has been found to be a hydrogen-bonded adduct between 8
and N,N�-di(p-tolyl)urea. A view of the results of the X-ray
determination is displayed in Figure 7b. Although its accuracy
is limited, the connectivity is well established (see Exper-
imental Section), including the interaction between the N�H
bonds of the urea and the terminal oxo groups of the
tetraoxomolybdato(��) bridge. Ureas are conventionally syn-
thesized by reactions of amines and isocyanates.[42] McElwee-
White found that tungsten carbonyl complexes catalyze the
carbonylation of amines to ureas.[43] The mechanism of urea
formation in the reaction reported here is not presently clear
and remains under study. The reactions of isocyanates,[44]


CO2,[45] and lactides[46] with metal amido complexes have
been previously studied. Legzdins et al. found that p-
tolylisocyanate was polymerized by the amido alkyl complex
[WCp*(NO)(CH2CMe3)(NHCMe3)], whereas the reaction
with the amido alkoxo complex [WCp*(NO)(OC-
Me3)(NHCMe3)] affords a mixture of two products resulting
from isocyanate insertion into W�O and W�N(amido)
bonds.[34a] Boncella and Villanueva found that isocyanates


Figure 7.


react with [Pd(NHPh)(Ph)(PMe3)2] to yield the products of
formal isocyanate insertion into the N�H bond.[39] We
recently offered a rationalization for the formation of N�H
or M�N insertion products.[47] Magnesium and zinc amides
polymerize lactides, and the latter insert carbon dioxide to
afford carbamate complexes.[48]


In contrast with those results, the metal oxidation and
scission of the C�O bond of the isocyanate found in the
reaction of 2b with (p-tolyl)NCO and CO2 are reminiscent of
the results obtained by Mayer and Bryan[49] in the reaction
with the tungsten(��) complex [WCl2(PMePh2)4] (Sche-
me 10a). Metal oxidation and rupture of the isocyanate
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Table 6. Selected bond lengths [ä] and angles [�] for complex 7.


Mo(1)�C(2) 1.956(5) N(3)�C(7) 1.378(5)
Mo(1)�C(1) 1.945(5) O(3)�C(7) 1.224(5)
Mo(1)�N(1) 2.232(3) O(4)�C(8) 1.217(5)
Mo(1)�N(2) 2.238(3) C(7)�C(9) 1.488(6)
Mo(1)�N(3) 2.212(3) C(9)�C(10) 1.317(6)
N(3)�C(8) 1.376(5)
C(2)-Mo(1)-C(1) 81.8(2) C(8)-N(3)-C(7) 106.7(4)
C(1)-Mo(1)-N(3) 87.17(17)


Table 7. Selected bond lengths [ä] and angles [�] for complex 8.


Mo(1)�O(31) 2.099(4) Mo(3)�O(34) 1.719(5)
Mo(2)�O(32) 2.118(3) Mo(3)�O(32) 1.768(4)
Mo(3)�O(33) 1.706(4) Mo(3)�O(31) 1.782(4)
C(2)-Mo(1)-O(31) 87.9(2) O(34)-Mo(3)-O(32) 110.2(2)
C(52)-Mo(2)-O(32) 88.4(3) O(33)-Mo(3)-O(31) 110.3(2)
O(33)-Mo(3)-O(34) 107.8(2) O(34)-Mo(3)-O(31) 110.5(2)
O(33)-Mo(3)-O(32) 109.55(19) Mo(3)-O(31)-Mo(1) 151.3(2)
Mo(3)-O(32)-Mo(2) 144.2(2)
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Scheme 10. Results obtained by a) Mayer and b) Rothwell in the reactions
of compounds of WII with isocyanates and CO2.


C�N bond was found by Rothwell for the tungsten(��) complex
[W(OC6HPhMe2-�6-C6H5)(OC6HPh2-2,6-Me2-3,5)(�1-dppm)]
(Scheme 10b; dppm� diphenylphosphanylmethane).[50]
The formation of 8 in the reactions reported here implies


that one third of the molecules of the molybdenum reagent
are oxidized to MoVI, resulting in the loss of their carbonyl,
phenanthroline and allyl ligands. In addition, all amido group
are lost. The oxidation of the metal to MoVI in the reactions of
2b with mild oxidants such as (p-tolyl)NCO, CO2 or lactide
reflects the strong donation of electron density to the metal
center from the amido ligand.[21] For the less electron-rich
[Mo(�3-C3H4-Me-2)(OMe)(CO)2(phen)],[13b] the reaction
with (p-tolyl)NCO affords the insertion product.
We have not been able to identify the exact nature of the


elimination products. The possibility that the electrons lost by
the molybdenum oxidized to MoVI can be used to create new
bonds in the elimination products is attractive, and is currently
being explored by us.
To conclude, this work reports the synthesis of the first


molybdenum amido complexes without amido�metal �-
donation (and, therefore, with a single Mo�N(amido) bond),
a feature imposed by their saturated (18-electron) nature.
Destabilizing interactions between the amido lone pair and
Mo filled d orbitals, partly moderated by delocalization of the
amido electron density into (a) the aryl substituent, and
(b) strong �-acceptor CO groups (using the metal d orbitals),
result in isolable yet highly reactive complexes, which insert
CS2, arylisothiocyanate and maleic anhydride and are oxi-
dized by (p-tolyl)NCO, CO2 and a lactide.


Experimental Section


General conditions are given elsewhere.[13b]


Crystal structure determination for compounds 2b, 3-OTf, 5a, 6, 7, and 8;
general description : A suitable crystal was attached to a glass fiber and
transferred to a Bruker AXS SMART 1000 diffractometer with graphite
monochromatized MoK� X-radiation and a CCD area detector. A hemi-
sphere of the reciprocal space was collected up to 2�� 48.6�. Raw frame
data were integrated with the SAINT[51] program. The structure was solved
by direct methods with SHELXTL.[52] A semiempirical absorption
correction was applied with the program SADABS.[53] All non-hydrogen


atoms were refined anisotropically. Hydrogen atoms were set in calculated
positions and refined as riding atoms, with a common thermal parameter.
All calculations and graphics were made with SHELXTL. Crystal and
refinement data are presented in Tables 8 and 9.


Regarding the structure of compound 8-urea, up to four well-shaped
prismatic crystals of suitable dimensions were measured. For all of them,
after solving the structure, a severe disorder was found, affecting the allyl
and two carbonyl groups attached to one Mo atom (Mo(2) in Figure 7b),
the corresponding groups of the other Mo atom having normal features.
Unfortunately, it was not possible to model the disorder, and the pertaining
atoms were constrained to behave as those of the chemically equivalent,
non-disordered half. As a consequence of the disorder, the final result is of
poor quality. Nevertheless, the connectivity within the coordination sphere
around Mo(1), the molybdate group and the molecule of urea can be
stablished unambiguously and with enough accuracy.


Crystal structure determination for 4 : The crystal structure was solved by
Patterson methods, by using the program Dirdif.[54] Anisotropic least-
squares refinement was carried out with SHELXL-97.[55] All non-hydrogen
atoms were anisotropically refined. Hydrogen atoms were geometrically
placed and refined riding on their parent atoms. An empirical absorption
correction was applied by using XABS2.[56] Geometrical calculations were
carried out with PARST.[57] The crystallographic plot was made with
PLATON.[58] All calculations were done at the University of Oviedo
Scientific Computer Center and X-Ray group computers. Crystal and
refinement data are presented in Table 8.


CCDC-206831 (2b), CCDC-206832 (3), CCDC-206833 (4), CCDC-
206834 (5a), CCDC-206835(6), CCDC-206836 (7), CCDC-206837 (8),
and CCDC-206838 (8-urea) 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).
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Table 8. Crystal data for 2b, 3-OTf, and 4.


2b 3-OTf 4


formula C29H31MoN3O3 C52H48F6Mo2N6O10S2C27H25Cl4MoN3O4S2
fw 565.51 1286.96 725.36
cryst. system orthorhombic triclinic orthorhombic
space group P212121 P1 P212121
a [ä] 12.1748(8) 11.383(2) 10.9390(4)
b [ä] 17.3496(9) 13.064(3) 11.6011(4)
c [ä] 25.0304(16) 19.602(4) 23.1152(8)
� [�] 90 75.631(4) 90
� [�] 90 79.298(3) 90
� [�] 90 89.252(4) 90
V [ä3] 5287.1(6) 2773.0(9) 2933.42(18)
Z 8 4 4
T [K] 293(2) 299(2) 120(2)
�calcd [gcm�3] 1.421 3.083 1.642
F(000) 2336 2608 1464
�(MoK�) [ä] 1.54184 0.71073 1.54184
crystal size [mm]0.20� 0.20� 0.120.11� 0.23� 0.27 0.15� .07� .07
� [mm�1] 4.336 1.218 8.600
scan range [�] 3.10��� 70.07 1.61��� 23.30 4.26��� 69.38
no of ref.
measured


10736 12436 10094


no of indepen-
dent ref.


9920 7911 5200


data/restraints/
parameters


9920/0/659 7911/0/723 5200/0/350


goodness-of-fit
on F2


0.672 1.032 1.021


R1/Rw2 [I� 2�(I)]0.0319/0.0776 0.0378/0.0921 0.0505/0.1158
R1/Rw2 (all data) 0.0511/0.0849 0.0519/0.1019 0.0793/0.1285







FULL PAPER J. Pe¬rez et al.


[Mo(NHPh)(�3-C3H4-Me-2)(CO)2(phen)] (2a): KN(SiMe3)2 (1 mL of a
0.5� solution in toluene, 0.50 mmol) was added to THF (10 mL) and the
solution was cooled to �78 �C. Aniline (0.046 mL, 0.50 mmol) was added,
the mixture was allowed to reach room temperature, and then added to a
solution of 1 (0.200 g, 0.473 mmol) in THF (10 mL) with a cannula. The
mixture was stirred for 30 min. The solvent was evaporated under vacuum,
the residue was extracted with CH2Cl2 (20 mL) and the solution filtered
through a short column of diatomaceous earth. In vacuo concentration and
addition of hexanes (20 mL) caused the precipitation of a purple micro-
crystalline solid, which was washed with hexanes and dried under vacuum
(0.160 g, 70%). Elemental analysis calcd (%) for C24H21MoN3O2: C 60.13,
H 4.41, N 8.76; found: C 60.35, H 4.65, N 8.49; IR (CH2Cl2): �	 � 1928, 1841
(�CO) cm�1 (s); 1H NMR (CD2Cl2): �� 8.96 (dd, JH2,3� JH9,8� 5.1 Hz, JH2,4�
JH7,9� 1.4 Hz, 2H; H2,9), 8.46 (dd, 2H, JH4,3� JH7,8� 7.9 Hz; H4,7), 7.99 (s, 2H;
H5,6), 7.77 (dd, 2H; H3,8), 6.84, 6.66, and 6.21 (m, 5H; Ph), 3.88 (br s, 1H;
N�H), 3.00 (s, 2H; Hs), 1.49 (s, 2H; Ha), 0.63 ppm (s, 3H, �3-C3H4(CH3)-2);
13C{1H} NMR (CD2Cl2): �� 231.0 (CO), 161.2, 151.8, 144.6, 137.5, 130.6,
128.9, 127.7, 125.3, 116.1, and 112.8 (phen and Ph), 87.6 (C2, �3-C3H4(CH3)),
55.6 (C1 and C3, �3-C3H4(CH3)-2), 20.0 ppm (�3-C3H4(CH3)-2).


[Mo{NH(p-tol)}(�3-C3H4-Me-2)(CO)2(phen)] (2b): a) KN(H)(p-tol)
(0.26 mmol, prepared from (p-tolyl)NH2 and KN(SiMe3)2 as described
for 2a) in THF (10 mL) was added to a solution of 1 (0.100 g, 0.236 mmol)
in THF (10 mL) at �78 �C. After the mixture had been stirred for 10 min,
the solvent was evaporated to dryness, the residue was extracted with
CH2Cl2 (2� 5 mL), filtered (Celite), and evaporated. The solid was
dissolved in THF (10 mL), layered with hexane (20 mL) and, after standing
at �20 �C for two days, red crystals were obtained (0.107 g, 80%).
Elemental analysis calcd (%) for C25H23MoN3O2 ¥ THF: C 61.59, H 5.52, N
7.43; found: C 61.71, H 5.71, N 7.65; IR (CH2Cl2): �	 � 1926, 1839 (�CO) cm�1;
1H NMR (CD2Cl2): �� 8.94 (dd, JH2,3� JH9,8� 5.0 Hz, JH2,4� JH7,9� 1.3 Hz,
2H; H2,9), 8.45 (dd, JH4,3� JH7,8� 8.6 Hz, 2H; H4,7), 7.99 (s, 2H; H5,6), 7.76
(dd, 2H; H3,8), 6.69, 6.66, 6.60, and 6.57 (AA�BB�, 4H; C6H4), 3.90 (br s, 1H;
N�H), 3.00 (s, 2H; Hs), 2.08 (s, 3H; C6H4�CH3), 1.48 (s, 2H; Ha), 0.64 ppm
(s, 3H; �3-C3H4(CH3)-2); 13C{1H} NMR (CD2Cl2): �� 231.4 (CO), 158.8,
151.7, 144.5, 137.4, 130.6, 129.4, 127.7, 125.3, 121.7, and 115.8 (phen and
C6H4), 87.8 (C2, �3-C3H4(CH3)), 68.1 (C1 and C3, �3-C3H4(CH3)-2), 26.0
(C6H4�CH3), 20.1 ppm (�3-C3H4(CH3)-2).


b) KN(SiMe3)2 (154 �L of a 0.5� solution in toluene, 0.077 mmol) was
added to a solution of 3-OTf (see below) (0.050 g, 0.077 mmol) in THF


(10 mL) at �78 �C. The color of the solution immediately changed from
orange to deep red. After the mixture had been stirred for 15 min, the
solvent was evaporated, the residue was dissolved in CH2Cl2 and filtered
through diatomaceous earth. In vacuo concentration and precipitation with
hexanes afforded a red microcrystalline solid (0.035 g, 92%) whose
spectroscopic data matched those given above for 2b.


[Mo{NH2(p-tol)}(�3-C3H4-Me-2)(CO)2(phen)]OTf (3-OTf): HOTf (triflic
acid) (9 �L, 0.100 mmol) was added to a cooled (�78 �C) solution of 2b
(0.050 g, 0.101 mmol) in THF (10 mL). The solution immediately turned
orange and two new bands appeared in the CO region of the IR spectrum in
solution. The solvent was evaporated under vacuum, the residue was
dissolved in CH2Cl2, filtered through diatomaceous earth, concentrated
and layered with hexanes. After 12 h at room temperature orange crystals
of 3-OTf were obtained (0.060 g, 93%). Elemental analysis calcd (%) for
C26H24F3MoN3O5S: C 48.53, H 3.75, N 6.53; found: C 48.91, H 3.97, N 6.55;
IR (CH2Cl2): �	 � 1958, 1876 (�CO) cm�1; 1H NMR (CD2Cl2): �� 9.20 (dd,
JH2,3� JH9,8� 4.9 Hz, JH2,4� JH7,9� 1.3 Hz, 2H; H2,9), 8.61 (dd, JH4π3� JH7,8�
8.1 Hz, JH4,5� JH7,6� 1.1 Hz, 2H; H4,7), 8.00 (s, 2H; H5,6), 7.92 (dd, 2H; H3,8),
6.57, 6.54, 6.03, and 6.00 (AA�BB�, 4H; C6H4), 5.49 (br s, 2H; NH2), 3.13 (s,
2H; Hs), 2.09 (s, 3H; C6H4�CH3), 1.56 (s, 2H; Ha), 0.60 ppm (s, 3H; �3-
C3H4(CH3)-2); 13C{1H} NMR (CD2Cl2): �� 224.5 (CO), 154.0, 145.3, 139.7,
139.4, 134.3, 131.2, 130.5, 128.2, 129.6, 128.3, 126.5, 120.1 (phen and C6H4),
82.5 (C2, �3-C3H4(CH3)-2), 56.2 (C1 and C3, �3-C3H4(CH3)-2), 20.8
(C6H4�CH3), 18.9 ppm (�3-C3H4(CH3)-2); 19F NMR (CD2Cl2): ��
�78.9 ppm.
[Mo(�3-C3H4-Me-2){SC(S)(N(H)Ph)}(CO)2(phen)] (4): CS2 (7 �L,
0.110 mmol) was added to a solution of 2a (0.050 g, 0.104 mmol) in THF
(20 mL) and the solution was stirred for 15 min. The solvent was
evaporated to dryness and the red solid was dissolved in CH2Cl2 (10 mL).
Slow diffusion of hexane (25 mL) into a solution of 4 at room temperature
afforded red crystals (0.065 g, 86%), one of which was used for X-ray
diffraction. Elemental analysis calcd (%) for C25H21MoN3O2S2 ¥ 2CH2Cl2: C
44.70, H 3.47, N 5.79; found: C 44.25, H 3.64, N 5.91; IR (CH2Cl2): �	 � 1940,
1854 (�CO), 1512 cm�1 (�C�S); 1H NMR (CD2Cl2): �� 10.59 (s; N�H), 9.00
(dd, JH2,3� 5.01 Hz, JH2,4� 1.4 Hz, 2H; H2,9), 8.49 (dd, JH4,3� 8.2 Hz, JH4,5�
1.2 Hz, 2H; H4,7), 7.96 (s, 2H; H5,6), 7.82 (dd, 2H; H3,8), 7.71 and 7.17 (m, 5H;
Ph), 3.15 (s, 2H; Hs), 1.78 (s, 2H; Ha), 0.62 ppm (s, 3H, �3-C3H4(CH3)-2);
13C{1H} NMR (CD2Cl2): �� 228.36 (CO), 205.48 (C�S), 152.18, 144.70,
138.67, 138.02, 135.60, 130.82, 129.39, 127.85, 125.60, and 123.52 (phen and
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Table 9. Crystal data for 5a, 6, and 7.


5a 6 7 8


formula C33H29MoN4O2S 0.5CH2Cl2 C33H33MoN3O6 C22H17MoN3O4 0.25CH2Cl2 C18H15Mo1.5N2O4


fw 683.06 663.56 504.56 467.23
cryst. system triclinic triclinic tetragonal monoclinic
space group P1 P1 I41/a P21
a [ä] 11.035(3) 11.062(2) 30.926(6) 12.152(2)
b [ä] 11.556(3) 12.598(2) 30.926(6) 10.968(2)
c [ä] 14.163(3) 13.614(2) 9.666(3) 14.208(3)
� [�] 112.792(4) 99.656(4) 90 90
� [�] 105.168(4) 109.673(3) 90 108.275(4)
� [�] 90.018(4) 110.323(4) 90 90
V [ä3] 1596.5(6) 1585.7(5) 9245(4) 1798.3(6)
Z 2 2 16 4
T [K] 293(2) 293(2) 299(2) 293(2)
�calcd [gcm�3] 1.421 1.390 1.450 1.726
F(000) 698 684 4072 928
�(MoK�) [ä] 1.54180 0.71073 0.71073 0.71073
crystal size [mm] 0.12� 0.20� 0.32 0.06� 0.11� 0.12 0.05� 0.06� 0.30 0.05� 0.08� 0.22

 [mm�1] 0.596 0.461 0.657 1.087
scan range [�] 1.63� �� 23.40 1.68��� 23.31 1.32� �� 23.32 1.51� �� 23.29
no of ref. measured 7105 7201 20203 8162
no of independent ref. 4559 4544 3331 4884
data/restraints/ parameters 4559/0/398 4544/0/390 3331/0/290 4884/1/462
goodness-of-fit on F2 1.003 0.946 1.023 0.986
R1/Rw2 [I� 2�(I)] 0.0305/0.0840 0.0526/0.0640 0.0374/0.0588 0.0328/0.0491
R1/Rw2 (all data) 0.0336/0.0863 0.1191/0.0717 0.0782/0.0654 0.0398/0.0503







Molybdenum Amido Complexes 4132±4143


Ph), 87.85 (C2, �3-C3H4(CH3)), 56.69 (C1 and C3, �3-C3H4(CH3)), 18.86 ppm
(�3-C3H4(CH3)).


[Mo(�3-C3H4-Me-2){SC(N(p-tol))(NH(p-tol))}(CO)2(phen)] (5a): p-Toly-
lisothiocyanate (0.018 g, 0.128 mmol) was added to a solution of 2b
(0.050 g, 0.101 mmol) in THF (15 mL) and stirred for 30 min. The solvent
was evaporated in vacuo, the red residue was dissolved in CH2Cl2 (10 mL),
layered with hexane (20 mL), and placed at �30 �C, affording red needles
of 5a (0.056 g, 80%), one of which was used for the structure determination
by X-ray diffraction. Elemental analysis calcd (%) for C33H30MoN4O2S ¥
5CH2Cl2: C 58.73, H 4.56, N 8.17; found: C 59.05, H 4.32, N 8.41; IR
(CH2Cl2): �	 � 1941, 1857 (�CO) cm�1; 1H NMR (CD2Cl2): �� 8.84 (dd,
JH2,3� JH9,8� 5.0 Hz, JH2,4� JH7,9� 1.3 Hz, 2H; H2,9), 8.32 (dd, JH4,3� JH7,8�
8.3 Hz, 2H; H4,7), 7.79 (s, 2H; H5,6), 7.65 (dd, 2H; H3,8), 7.21, 7.03, 6.77,
6.57(br s, 8H; 2� qAB), 2.90 (s, 2H; Hs), 2.24 (br s, 6H; C6H4�CH3), 1.55 (s,
2H; Ha), 0.53 ppm (s, 3H, �3-C3H4(CH3)-2).


[Mo(�3-C3H4-Me-2){SC(NPh)(NMe(Ph)}(CO)2(phen)] (5b): A solution of
KN(Me)Ph (prepared in situ from HN(Me)Ph (0.032 mL, 0.300 mmol) and
KN(SiMe3)2 (0.600 mL of a 0.5� solution in toluene, 0.300 mmol) in THF
(10 mL) was added to a solution of 1 (0.100 g, 0.236 mmol) in THF (10 mL)
cooled to�78�C. The brown solution was stirred for 30 min [IR (THF): �	 �
1927, 1843 cm�1 (s)) and the solvent was removed in vacuo. The residue was
dissolved in CH2Cl2, filtered through diatomaceous earth, evaporated to
dryness and washed with hexanes (3� 10ml). The amido complex [Mo(�3-
C3H4-Me-2)(N(Me)Ph)(CO)2(phen)) was redissolved in THF (20 mL),
PhNCS (0.028 mL, 0.240 mmol) was added and the brown solution was
stirred for 8 h. After evaporation, the residue was extracted with CH2Cl2,
filtered through diatomaceous earth and layered with hexanes. After 12 h
at room temperature, brown crystals were obtained (0.085 g, 57%).
Elemental analysis calcd (%) for C32H28MoN4O2S: C 61.14, H 4.49, N
8.91; found: C 60.97, H 4.65, N 9.23; IR (CH2Cl2): �	 � 1943, 1866 (�CO) cm�1;
1H NMR (CD2Cl2): �� 8.56 (dd, JH2,3� 5.01 Hz, JH2,4� 1.4 Hz, 2H; H2,9),
8.34 (dd, JH4,3� 8.2 Hz, JH4,5� 1.2 Hz, 2H; H4,7), 7.89 (s, 2H; H5,6), 7.60 (dd,
2H; H3,8), 7.43 (m, 2H; Ph), 7.24 (m, 3H; Ph), 6.99 (m, 3H; Ph), 6.71 (m,
2H; Ph), 3.66 (s, 3H; NCH3), 2.85 (s, 2H; Hs), 1.42 (s, 2H; Ha), 0.48 ppm (s,
3H; �3-C3H4(CH3)-2); 13C{1H} NMR (CD2Cl2): �� 228.96 (CO), 167.04
(C�S), 153.25, 151.98, 149.10, 144.36, 136.77, 130.18, 128.76, 128.24, 127.61,
127.41, 126.25, 126.00, 124.95, 123.63, 123.29, 120.85 (phen and 2�Ph),
85.35 (C2, �3-C3H4(CH3)), 53.14 (C1 and C3, �3-C3H4(CH3)), 41.21 (NCH3),
18.84 ppm (�3-C3H4(CH3)).


[Mo(�3-C3H4-Me-2){OC(O)CH�CHC(O)(NH(p-tol))}(CO)2(phen)](6):
Maleic anhydride (0.010 g, 0.101 mmol) was added to a solution of 2b
(0.050 g, 0.101 mmol) in THF (10 mL) and the solution was stirred for 1 h.
After evaporation to dryness the residue was dissolved in CH2Cl2, filtered
through diatomaceous earth, and evaporated. The solid was dissolved in
THF and layered with hexanes (10 mL) to afford red crystals of 6 (0.051 g,
76%). Elemental analysis calcd (%) for C29H25MoN3O5 ¥ THF: C 59.73, H
5.01, N 6.33; found: C 59.91, H 4.80, N 6.54; IR (CH2Cl2): �	 � 1955, 1874,
1781 (�CO) cm�1; 1H NMR (CD2Cl2): �� 12.70 (br s; N�H), 9.27 (dd, JH2,3�
5.01 Hz, JH2,4� 1.4 Hz, 2H; H2,9), 8.43 (dd, JH4,3� 8.2 Hz, JH4,5� 1.2 Hz, 2H;
H4,7), 7.91 (s, 2H; H5,6), 7.74 (dd, 2H; H3,8), 7.49 and 7.13 (qAB, JHA,B� 8.2,
4H; p-tol), 5.45 (s, 1H;�CH), 5.44 (s, 1H;�CH), 3.68 (s, 2H; Hs), 2.33 (s,
3H; C6H4�CH3), 1.39 (s, 2H; Ha), 0.81 ppm (s, 3H; �3-C3H4(CH3)-2);
13C{1H} NMR (CD2Cl2): �� 226.95 (CO), 171.95 (OC�O), 163.22 (OC�O),
152.59, 138.39, 133.29, 133.00, 132.83, 130.50, 129.54, 127.63, 124.94, and
120.12 (phen and C6H4), 145.21 (C�C), 137.16 (C�C), 87.85 (C2, �3-
C3H4(CH3)), 68.15 (C1 and C3, �3-C3H4(CH3)), 21.02 (C6H4-CH3),
19.35 ppm (�3-C3H4(CH3)).


[Mo(�3-C3H4-Me-2){NC(O)CH�CHC(O)}(CO)2(phen)] (7): Maleimide
(0.010 g, 0.110 mmol) was added to a solution of 2b (0.050 g, 0.101 mmol)
in THF (10 mL) and the mixture was stirred for 2 h. The solvent was
removed under vacuum, the solid residue was extracted with CH2Cl2,
filtered through diatomaceous earth and precipitated again with hexanes
affording a red microcrystalline solid. By slow diffusion of hexanes into a
concentrated solution of 7 in CH2Cl2, red crystals were obtained (0.042 g,
82%) one of which was used for X-ray analysis. Elemental analysis calcd
(%) for C22H17MoN3O4 ¥ 0.25CH2Cl2: C 52.96, H 3.49, N 8.32; found: C
52.74, H 3.25, N 8.54; IR (CH2Cl2): �	 � 1948, 1863, 1728 (�CO) cm�1;
1H NMR (CD2Cl2): �� 9.44 (dd, JH2,3� 5.01 Hz, JH2,4� 1.4 Hz, 2H; H2,9),
8.43 (dd, JH4,3� 8.2 Hz, JH4,5� 1.2 Hz, 2H; H4,7), 7.88 (s, 2H; H5,6), 7.78 (dd,
2H; H3,8), 6.01 (s, 2H;�CH), 3.06 (s, 2H; Hs), 1.46 (s, 2H; Ha), 0.62 ppm (s,
3H; �3-C3H4(CH3)-2); 13C{1H} NMR (CD2Cl2): �� 226.87 (CO), 183.09


(OC�O), 154.81, 145.31, 137.70, 135.80, 127.18, 123.90 (phen), 129.80 (C�C),
80.53 (C2, �3-C3H4(CH3)), 54.65 (C1 and C3, �3-C3H4(CH3)), 18.22 ppm (�3-
C3H4(CH3)).


[{Mo(�3-C3H4-Me-2)(CO)2(phen)}2(�2-MoO4)] (8): a) CO2 was bubbled
through a solution of 2b (0.050 g, 0.101 mmol) in THF (10 mL) for 1 h. The
color of the solution changed from deep red to purple. The solution was
filtered through diatomaceous earth, concentrated and layered with
hexane, affording purple crystals of 8, one of which was employed in an
X-ray study. b) Lactide 3,6-dimethyl-1,4-dioxane-2,5-dione (0.015 g,
0.101 mmol) was added to a solution of 2b (0.050 g, 0.101 mmol) in THF
(10 mL) and the solution was stirred for 7 h. After this time the purple
solution was worked up as described above.


[{Mo(�3-C3H4-Me-2)(CO)2(phen)}2(�2-MoO4)] ¥ N,N�-di(p-tolyl)urea (8-
urea): p-tolylNCO (29 �L, 0.230 mmol) was added to a solution of 2b
(0.113 g, 0.229 mmol) in THF (20 mL). Immediately, the color of the
solution changed from deep red to purple. After the mixture had been
stirred for 30 min, the solvent was evaporated under vacuum. The residue
was dissolved in CH2Cl2, filtered through diatomaceous earth, and
precipitated again with hexanes. By slow diffusion of hexanes into a
concentrated solution of 8 in THF, purple crystals were obtained, one of
which was used for X-ray diffraction (0.070 g, 79%). The results showed the
compound to consist of an adduct 8 ¥N,N�-di(p-tolyl)urea. Elemental
analysis calcd (%) for C51H46Mo3N6O9: C 52.14, H 3.94, N 7.15; found: C
51.82, H 3.70, N 7.45; IR (THF): �	 � 1950, 1876 (sh), 1864 (�CO) cm�1;
1H NMR (CD2Cl2): �� 8.83 (dd, JH2,3� 4.69 Hz, JH2,4� 1.4 Hz, 4H; H2,9),
7.87 (dd, JH4,3� 8.22 Hz, JH4,5� 1.57 Hz, 4H; H4,7), 7.27 (s, 2H; H5,6), 7.18
(dd, 4H; H3,8), 2.72 (s, 4H; Hs), 1.08 (s, 4H; Ha), 0.42 (s, 6H; �3-C3H4(CH3)-
2); N,N�-di(p-tolyl)urea: 6.78, 6.74, 6.35, 6.30 (AA�BB�, 8H; C6H4),
2.31 ppm (s, 6H; C6H4-CH3).
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Zwitterionic Silenes: Interesting Goals for Synthesis?


Henrik Ottosson*[a]


Abstract: Properties of silenes, as a
function of increased reversal of the
Si�C bond polarity, have been examined
through quantum-chemical calculations.
The aim of this study was to identify
silenes that can be of general interest for
organic synthesis. The calculations were
carried out primarily with the B3LYP
hybrid density functional method, but
also with the CASSCF, MP2,
MP4(SDQ), and CCSD(T) methods.
The study was performed on Z2Si�CXY
compounds which were divided into
three sets that differ with regard to their
Si substituents (Z), and with their C
substituents (X and Y) varying from


weakly to strongly �-electron-donating
groups. The charge at the Si atom (q(Si))
was used as a measure of the extent of
reversed silicon ± carbon bond polarity.
For each of the three sets, the variation
in silicon ± carbon bond lengths (rSi�C)
and extent of Si pyramidalization (�Si)
in relation to q(Si) follow three separate
curves. Silenes with strongly �-electron-
donating X and Y groups are completely
described by zwitterionic (reverse-po-


larized) resonance structures. Such zwit-
terionic silenes are singly (Si�C) rather
than doubly bonded (Si�C), and have a
distinctly pyramidal Si atom due to
negative charge localization. These si-
lenes also have much lower heats of
dimerization than the parent silene.
Finally, inversion barriers of zwitterionic
silenes are increased by electron-with-
drawing substituents, and this enables
computational design of silenes with
their Si atoms as chiral centers. It is
hoped that such chiral zwitterionic si-
lenes can find use in organic synthesis.


Keywords: electronic structure ¥
reversed polarization ¥ silenes ¥
silicon ¥ zwitterions


Introduction


Silenes (i.e. , compounds with Si�C bonds) are highly labile at
ambient conditions and in contrast to alkenes they often
dimerize in the absence of reaction partners.[1] Apeloig and
Karni demonstrated that kinetic stabilization of such species
is obtained by lowering their Si�C bond dipole moments
through electron delocalization from � electron-donating
groups,[2] and the first stable and solid silene, 1,1-bis(trime-
thylsilyl)-2-(trimethylsiloxy)-2-(1-adamantyl)-1-silaethene,
generated by Brook and co-workers,[3] is an elegant example
in which this type of stabilization is operative (Scheme 1). In
this silene, a zwitterionic resonance structure of type II
contributes to the electronic structure and leads to a smaller
Si�C bond dipole; the term reversed polarity was coined for


Scheme 1. Possible resonance structures of a silene with � electron-
donating substituents on the carbon atom.


the � conjugative effect that reduces the natural Si���C��


polarization.[2] Indeed, Apeloig and Karni found through ab
initio calculations at the Hartree ± Fock level that ™reversed
polarity of the � bond (i.e., Si���C��) is the most important
single electronic factor that reduces the reactivity of silenes;
the energies of � and �* orbitals are less significant∫.[2] In a
series of laser flash photolytic studies, Leigh and co-workers
probed the reactivities of transient silenes substituted at either
the Si or C atom toward MeOH.[4] They found that �-donor/�-
acceptor substituents at Si enhance the electrophilicity of the
Si�C bond, whereas �-acceptor/�-donor substituents at Si and
�-donor substituents at C have the opposite effect. This
verifies that the silicon ± carbon bond polarity is the main
factor affecting the reactivity of silenes.


However, is there a limit to the contribution of a
zwitterionic resonance structure of type II, or are there
silenes for which it fully describes the electronic structure?


[a] Dr. H. Ottosson
Department of Organic Chemistry, Institute of Chemistry
Box 599, Uppsala University, 75124 Uppsala (Sweden)
Fax: (�46)18-471-3818
E-mail : Henrik.Ottosson@kemi.uu.se


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author: Three tables with
symmetries, absolute and relative energies, atomic charge at Si, rSi�C,
�Si of the silenes, and �EST of silylenes and carbenes. Cartesian
coordinates of the 184 different silene conformers are available upon
request from the author.


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200204583 Chem. Eur. J. 2003, 9, 4144 ± 41554144







4144±4155


Chem. Eur. J. 2003, 9, 4144 ± 4155 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4145


In the latter case, the formal Si�C double bond will transform
into a Si�C single bond, and the Si atom should resemble the
Si of a silyl anion. Silenes in which there is lowered or reversed
silicon ± carbon bond polarity will also have reduced tenden-
cies to form the dipole ± dipole complexes that should precede
dimerization. Such silenes would thus be stabilized kinetically
toward dimerization, but what about their thermodynamic
stability?


Among the Si�C bonded compounds that have been
studied so far, the silene reported by Brook and co-workers,[3]


the 4-silatriafulvenes reported by Kira and co-workers,[5] the
1-silaallenes of West and co-workers,[6] and our 1,1-bis(trime-
thylsilyl)-2-amino-2-siloxysilenes[7] have lower Si�C bond
polarities than the parent silene. In this regard, 2-sileno-
lates[8, 9] are also interesting, since these systems can have a
negative charge localized to Si, and depending on the extent
of charge localization they may be designated as Si���C��


polarized silenes. Indeed, our recent X-ray crystal structure of
1-tBu-2,2-bis(trimethylsilyl)-2-silenolate revealed that this
2-silenolate is Si�C singly bonded,[9] proving that they are
strongly affected by reversed polarization. The silaketene
H2SiCO studied by Maier and co-workers[10] and the [1,2-
C6H4[N(R)]2C ± Si[N(R)]2C6H4-1,2 (R�CH2tBu)] silylene ±
carbene complex of Lappert and co-workers[11] should also
be noted, since these formally could be written as Si�C
bonded; however, in reality these compounds are donor± ac-
ceptor complexes with the utmost weak silicon ± carbon
bonds.


In neutral silenes and 1-silaallenes with reduced silicon ±
carbon bond polarities, silicon ± carbon bond distances within
1.693 ± 1.917 ä were either observed or calculated.[3, 5±7] In the
parent 2-silenolate a silicon ± carbon distance of 1.926 ä was
calculated at the HF/6-31G(d) level,[8] and in our recent
crystal structure of 1-tBu-2,2-bis(trimethylsilyl)-2-silenolate
an Si�C bond with the same length was measured.[9] In
Lappert×s silylene ± carbene complex a distance as long as
2.162 ä was observed.[11] The extended silicon ± carbon bonds
in these compounds are contrasted by the silicon ± carbon
distances of 1.7039 and 1.692 ä for H2Si�CH2 andMe2Si�CH2


measured by millimeter and microwave spectroscopy,[12, 13]


and the silicon ± carbon distances of 1.702 ± 1.741 ä in the
aryl-, alkyl-, and/or silyl-substituted silenes reported by
Apeloig et al. and Wiberg et al.[14, 15] Moreover, Si pyramid-
alizations were calculated for the parent 2-silenolate,[8]


variously substituted 4-silatriafulvenes,[5] and in 1,1-bis(trime-
thylsilyl)-2-amino-2-siloxysilenes[7] and observed in our recent
2-silenolate,[9] in H2SiCO,[10] and in the [1,2-C6H4[N(R)]2C ±
Si[N(R)]2C6H4-1,2 (R�CH2tBu)] complex.[11] It was also
concluded that negative charge in the silylene ± carbene
complex is located at Si,[11] and its long silicon ± carbon bond
can be rationalized by very extensive reversed polarization.
Bonding situations intermediate between those of a double-
bonded silene and the silylene ± carbene complex are easy to
envision.


The bonding and electronic structure of heavy alkenes has
attracted considerable attention throughout recent decades.
Carter and Goddard,[16] as well as Malrieu and Trinquier (in
the so-called CGMT theory),[17] connected the bond strength
and deviation from planarity of double-bonded X2A�BY2


compounds to the sum of the singlet ± triplet energy splitting
(��EST) of the X2A: and Y2B: fragments.[18] It was shown that
heavy alkenes with X and Y as � donor groups have
nonclassical trans-bent structures with pyramidal A and B
atoms when the two interacting fragments have singlet ground
states and when Equation (1) is valid.


��EST� 1³2E���[1� (q1� q2)/2]��q1q2� f(E���) (1)


In this formula, � is a proportionality factor set to
200 kcalmol�1, q1 and q2 are the partial charges of the p�
orbitals of the AX2 and BY2 fragments, and E��� is the total
A�B bond energy.[17a] The CGMT theory was applied by
Karni and Apeloig, and later by Chen, Su, and Chu when
exploring the geometries of disilenes, digermenes, and ger-
masilenes,[19, 20] and it was found that the double bond lengths,
the tendency toward trans bending, and the bond dissociation
energies correlate linearly with ��EST. Some alternative ways
to view the bonding in heavy alkenes were also put forward.
Jacobsen and Ziegler showed that the trans bending and the
bond weakening stem from enhanced interatomic as well as
intra-atomic Pauli repulsion,[21] whereas Liang and Allen
revealed that geometries of Group 14 A�A double bonds are
determined by both their intrinsic � ± �* separation and
substituent electronegativity.[22]


Kira and co-workers found a connection between the
aromaticity of the three-membered ring in 4-silatriafulvene
derivatives and their Si�C bond lengths, but no direct
correlation between the ring aromaticity and the extent of
Si pyramidalization was revealed.[5] However, increased
aromaticity in this system implies increased importance of a
resonance structure with a cyclopropenium ring and a
negatively charged Si atom (i.e., a zwitterionic type II
structure). Thus, an alternative way to look at the Si
pyramidalizations in silenes influenced by reversed polar-
ization may be found by analogy with silyl anions. The latter
are distinctly pyramidal,[23] and an increased contribution of
reversed polarization in silenes should lead to successively
less positively charged and more pyramidal Si atoms. The
theory of reversed polarization may thus also explain Si
pyramidalizations, and its connection to the CGMT theory
should be sought.


We will now analyze how closely the reversed polarization
effect is connected to the geometric structures of formally
Si�C bonded species, and how the extent of reversed polar-
ization affects their thermodynamic stability. Moreover, are
there additional aspects of silenes strongly influenced by
reversed Si�C bond polarization that render them interesting
from experimental points of view? For example, can silenes be
tailored that have inversion barriers sufficiently high to
prevent inversion at temperatures used in organic synthesis?
If so, one may computationally design a silene with Si as a
chiral center. These and other issues will be analyzed next.


Computational details : Geometry optimizations were carried
out at the B3LYP/6-31�G(d) level for all silenes.[24, 25] The
characters of the stationary points were checked at the
B3LYP/6-31�G(d) level by frequency calculations. Atomic
charges were calculated by natural population analysis[26] by
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using the B3LYP/6-31�G(d) densities. One silene which is
strongly influenced by reversed polarization was also opti-
mized at the CASSCF/6-31�G(d) level, as well as at
MP4(SDQ) and CCSD(T) levels by using the 6-311�G(2d)
basis set of McLean and Chandler for Si,[27] and the 6-311�
G(d,p) basis set for all other atoms.[28] To simulate the action
of a polar solvent on the structures of some selected silenes,
we used the continuum model (PCM) of Tomasi and co-
workers.[29] The nature of the bonding interaction in the
silicon ± carbon bond was investigated with the help of the
calculated electron density distribution �(rb) and the energy
density distribution H(rb) at the bond critical point rb, as
described by Cremer and Kraka.[30] The Gaussian 98 program
package was used throughout the study,[31] except for the
electron density analysis for which AIM2000 was used.[32]


Results and Discussion


The aim of this study was to probe how a gradually increasing
contribution of reversed polarization to the electronic struc-
ture of silenes affects their geometric structures and thermo-
dynamic stabilities. For this purpose, three sets of Z2Si�CXY
silenes (Scheme 2 and Table 1), differing with regard to the


Scheme 2. Investigated compounds.


substituent Z, were studied (set A : Z�H; set B : Z�Me;
set C : Z� SiH3). The X and Y groups chosen were the
increasingly more � electron-donating substituents H, Cl, SH,
F, OH, and NH2. We also included monoanionic, formally
Si�C bonded systems Z2Si�CXY� with X�H, Cl, SH, F, OH,
or NH2, and Y�� S�, O�, or NH�. A total of 117 formally
Si�C bonded compounds, which exist in 184 different con-
formations, were studied. We refrained from including silenes
with Z�NH2, OH, or F, since these substituents form
intramolecular hydrogen bonds with some of the X and Y
substituents and this would bias the study on the connection
between reversed polarity and geometry. For complete data
on individual silenes see the Supporting Information.


Electronic structure of Si���C�� and Si���C�� polarized
silenes : To investigate the vast number of different silenes,


an inexpensive method yielding correct results for all silenes is
required. The choice naturally falls on a density functional
theory (DFT) method, but it needs to be proven that this
method performs well for both naturally (Si���C��) and
reverse-polarized silenes (Si���C��).


For the parent silene 1 A the Si�C distance has been
determined as 1.7043 ä at the CCSD(T)/cc-pV(Q,T)Z lev-
el,[12] which is in excellent agreement with the value of
1.7039 ä measured by millimeter-wave spectroscopy.[12] The
corresponding B3LYP/6-31�G(d) value is 1.713 ä. For 1 B,
the B3LYP/6-31�G(d) Si�C distance is also 1.713 ä, and the
distance found through microwave spectroscopy is 1.692 ä.[13]


Thus, B3LYP/6-31�G(d) gives Si�C distances for naturally
polarized silenes that are slightly longer than those measured,
but they are well within an acceptable range. As can be
expected, the multiconfigurational character of 1 A, as
revealed by T1-diagnostics of the CCSD/6-311�G(d)//
B3LYP/6-31�G(d) wave function,[33] is low because the norm
of the singles amplitude vector (0.015) is below the threshold
value for multireference character (0.02).


AT1-diagnostics of the CCSD/6-311�G(d)//B3LYP/6-31�
G(d) wave function of H2Si�C(NH2)2 (21 A) (i.e., a silene
strongly influenced by reversed polarization) gives the norm
of the singles amplitude vector as 0.019. Moreover, a
CASSCF(10,8)/6-31�G(d) calculation on 21 A, with the
active space including the �(SiC), �*(SiC), the two lp(N),
and the four �(SiH2) and �*(SiH2) orbitals, showed that the
dominant electron configuration corresponds to the RHF
configuration and that it constitutes 96% of the CASSCF
wave function. It is thus justified to use single-reference
determinant methods for naturally polarized silenes as well as
for silenes strongly influenced by reversed polarity. It is not
surprising that the CASSCF(10,8)/6-31�G(d) and HF/6-31�
G(d) geometries of 21 A are similar (CASSCF: rSi�C� 1.979 ä
and �Si� 287.1� ; HF: rSi�C� 1.983 ä and �Si� 282.9�).


To obtain benchmark values for geometrical parameters of
21 A, a CCSD(T) optimization was performed with preceding
MP2 and MP4(SDQ) optimizations. The CCSD(T)/6-311�
G(2d,d,p) calculation results in rSi�C� 1.934 ä and �Si�
284.6�, whereas the values at the MP2/6-311�G(d,p) and
MP4(SDQ)/6-311�G(2d,d,p) levels are 1.918 ä and 285.4�,
and 1.938 ä and 282.7�, respectively. On going to the
inexpensive B3LYP/6-31�G(d) level we obtain rSi�C�
1.930 ä and �Si� 287.5�, which are in good agreement with
the MP4 and CCSD(T) results. The Si ±C bond length at the
MP2 level is slightly underestimated. In conclusion, B3LYP/6-
31�G(d) properly describes naturally as well as reverse-
polarized silenes. Moreover, 21 A is a silene with a silicon ±
carbon single bond and with a structure intermediate between
that of a regular Si�C bonded silene and the weak carbene ±
silylene complex of Lappert and co-workers.[11] It should
largely be described by the resonance structures of type II,
and we therefore call it a zwitterionic silene.


Cleavage of the Si�C bond in 21 A yields a carbene and a
silylene which are both ground state singlets. At B3LYP/6-
31�G(d) and CCSD(T)/6-311�G(2d,d,p) levels these cleav-
age products are 52.0 and 51.4 kcalmol�1 above 21 A, respec-
tively. For 21 B and 21 C the corresponding B3LYP energies
are 40.1 and 55.2 kcalmol�1, in contrast to the complex


Table 1. Numbering of investigated compounds.


Y X
H Cl SH F OH NH2


H 1 ± ± ± ± ±
Cl 2 3 ± ± ± ±
SH 4 5 6 ± ± ±
F 7 8 9 10 ± ±
OH 11 12 13 14 15 ±
NH2 16 17 18 19 20 21
S� 22 23 24 25 26 27
O� 28 29 30 31 32 33
NH� 34 35 36 37 38 39
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[(CH)2(NH)2]C ± Si[(NH)2(CH)2] for which the silicon ± car-
bon bond dissociation energy was merely 3.2 kcalmol�1.[11] We
reason that alkyl and silyl substitution at Si in 21 gives single-
bonded silenes that are stable to dissociation, even though the
Si�C bond dissociation energies in 21 A ± 21 C are only 45 ±
60% when compared to that of a normal Si�C single bond
(�90 kcalmol�1).[34] The Si�C bond dissociation energies are
similar to those of tetraaminoethylenes (dissociation of
(H2N)2C�C(NH2)2 requires 43.5 kcalmol�1 at the B3LYP/6-
31�G(d) level), which are moderately stable species when
kept away from oxygen and moisture.[35] However, these
dissociation energies may not fully represent the bond
strengths of 21 A ± 21 C because of the divalent state stabili-
zation energies (DSSE) that preferentially stabilize the
silylenes and carbenes relative to the radicals into which an
ordinary Si�C bonded compound dissociates.[34] For example,
it is known that the double bond dissociation energies of
H2Si�SiH2, H2Ge�SiH2, and H2Ge�GeH2 are smaller than
the single bond dissociation energies of H3Si�SiH3,
H3Ge�SiH3, and H3Ge�GeH3, as a result of DSSE.[36] The
sum of the DSSEs of the silylene and carbene fragments of
21 A ± 21 C are significant (59.1 (21A), 63.4 (21 B), and
47.0 kcalmol�1 (21 C) at the B3LYP/6-31�G(d) level) and
explain the low Si�C bond dissociation energies.


However, the zwitterionic silenes can also be regarded as
donor ± acceptor complexes, and it was revealed by Frenking
and co-workers that even strong dative bonds are not
necessarily covalent.[37] For this reason, the electron density
at the Si�C bond critical point of 21 Awas analyzed according
to the Cremer±Kraka criteria.[30] This analysis shows that the
Si�C bond is covalent because the energy density H(rb) is
negative at the bond critical point (�0.300 hartreeä�3 at the
B3LYP/6-31�G(d) level and �0.274 hartreeä�3 at the MP2/


6-31�G(d) level). In line with being a weakened Si�C single
bond, the H(rb) of 21 A is less negative than for H3Si�CH3


(H(rb)��0.435 hartreeä�3 at the B3LYP/6-31G� (d) level),
and the electron density is reduced (�(rb)� 0.643 eä�3 in 21 A
and 0.772 eä�3 in H3Si�CH3). The rotational barrier of 21 A
(4.2 kcalmol�1 at the B3LYP/6-31�G(d) level) supports the
conclusion of a silicon ± carbon single bond. This is in contrast
to the corresponding barrier of 1 A, which is calculated as
37 kcalmol�1 at the MCSCF/3-21G level.[38] For Me2Si�CH2


the rotational barrier has been estimated experimentally in
the range 34 ± 44 kcalmol�1.[39, 40]


Silene geometries : The optimal geometries of a few repre-
sentative silenes and 2-silenolates are shown in Figure 1,
including both Si���C�� and Si���C�� polarized silenes. As
seen when following one set, there is a connection between
q(Si) and silicon�carbon bond length as well as �Si. Strong �


electron donors at C cause silicon�carbon bond elongations
and pyramidalizations of Si, whereas modest inductive
electron withdrawal/donation exerted by the methyl/silyl
substituents at Si leads to only small geometrical changes.
Moreover, the carbon�nitrogen bonds in 16 and 21 are
intermediate between C�N double bonds and C�N single
bonds (the carbon ± nitrogen bond distances in H2N�CH3 and
HN�CH2 at the B3LYP/6-31G� (d) level are 1.467 and
1.273 ä, respectively). Interestingly, the carbon ± nitrogen
bonds are generally shorter in 21 than in 16. In contrast to
methyl/silyl substituents at Si that do not lead to further
geometric distortion of an already zwitterionic silene, strong �
electron donor substituents at the Si of a zwitterionic silene
further elongate and weaken the silicon ± carbon bond.[11] This
results from stabilization of the singlet state of the silylene
leading to an even larger ��EST than in the silenes presently


Figure 1. Optimal geometries and atomic charges at the Si atom of 1 A ± 1C, 16 A ± 16 C, 21A ± 21 C, and 28 A ± 28C at the B3LYP/6 ± 31�G(d) level
(distances [ä], angles [�], and charges [e]).
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studied.[16] Ultimately, one reaches a point at which the silene
should be described as a weak donor ± acceptor complex
between a carbene and a silylene (cf. Lappert×s carbene ± si-
lylene complex).[11] However, � donor substituents on Si of a
naturally polarized silene have no drastic structural effect.[11]


In addition to weakening the silicon�carbon bond, an
amino, alkoxy, or halo substituent at the Si atom of a
zwitterionic silene counteracts the reduction of the positive
charge at this atom. Whereas q(Si) is 0.25 e in 21 A, it is 1.20 e
in F2Si�C(NH2)2. The connection between the electrophilicity
and substitution at the Si atom was previously probed by
Leigh and co-workers through laser flash photolytic studies of
the reactivity of transient silenes towards MeOH.[4] For the
silenes investigated it was found that inductively withdrawing
substituents on Si increase the reactivity. In 21 C, on the other
hand, the silene Si atom is essentially neutral (�0.01 e), so
that it will be less electrophilic and this silene should have a
fundamentally different reactivity than Si���C�� polarized
silenes. Indeed, unexpected reactivities for Si�C bonded
compounds were recently detected by the groups of Sekiguchi
and Kira when investigating H2O and MeOH addition to
persilyl-substituted 1-silaallene and to a 4-silatriafulvene.[5e, 41]


It was found that the O atom adds to the C and not to the Si
end of the Si�C bond, supporting a partial reversal of the Si�C
bond polarity. In support of this changed reactivity, Apeloig
and co-workers very recently found that silenes with sub-
stituents that strongly reduce the silene polarity have high
energy barriers for addition of H2O.[42]


With regard to the 2-silenolates 28 A ± 28 C, the optimal
geometries of these species are also best represented by a
resonance structure of type II (Figure 1). The variation in
geometry with Z is only small so that this conclusion applies to
all 2-silenolates. The carbon ± oxygen bond distances at the
B3LYP/6-31�G(d) level are slightly longer than in H2C�O
(1.209 ä), but considerably shorter than in H3C�OH
(1.425 ä). The calculated structures are similar to the X-ray
crystal structure recently determined by us.[9]


The Si atomic charges of the 2-silenolates (0.06 e (28 A),
0.62 e (28 B), and �0.13 e (28 C)) also resemble those of the
silyl anions H2MeSi� (0.02 e), Me3Si� (0.59 e), and
(H3Si)2MeSi� (�0.11 e). Although the agreement is excellent
in q(Si) of the silyl anions and 2-silenolates, this comparison is
not fully justified, since it assumes that the extent of inductive
electron withdrawal from Si by a CHO group and by a methyl
group are similar.[43, 44] Nevertheless, the geometry data and
the charge distribution of the 2-silenolates indicate that these
species are fully described by a resonance structure with the
negative charge localized at Si. This is somewhat surprising
from electronegativity reasons, but the C�O � bond is much
stronger than the Si�C � bond. Thus, 2-silenolates and
zwitterionic silenes are closely related, since they both are
dominated by type II resonance structures. Consequently,
these species should have similar reactivities.


A polar solvent environment has, according to PCM-
B3LYP/6-31�G(d) calculations, only a modest influence on
geometries of 2-silenolates, zwitterionic, and naturally polar-
ized silenes. In a highly polar medium with the same dielectric
constant as water, 21 A and 28 A have rSi�C and �Si values of
1.951 and 1.889 ä, and 272.5 and 285.0�, respectively, which


are similar to the corresponding gas-phase values (Figure 1). In
the naturally polarized silene 1A, the silicon ± carbon distance
is 1.730 ä in water, as compared to 1.713 ä in the gas phase.


Reversed silicon ± carbon bond polarization seems to have
no distinct and predictable effect on the relative stabilities of
various silene conformers. However, the relative stability of a
particular conformation is also influenced by, for example,
steric demand and does not solely reflect the energetic
influence of reversed polarization.


Dependence of rSi�C and �Si on q(Si) and �EST: One aim of
the study was to probe the connection between geometric
structure and reversed silicon ± carbon bond polarization. As
an approximation it is assumed that q(Si) within each of the
three separate sets of silenes can be used as a measure of the
extent of reversed polarization. This neglects differences in
the inductive electron withdrawal from Si by the various CXY
units, and also the change in electronegativity of Si when
going from an sp2-hybridized Si in a planar silene to an sp3-
hybridized Si in a pyramidalized one. Bergman and Hinze
determined the sp2 and sp3 hybrid orbital electronegativities
of Si according to the Pauling scale as 2.44 and 2.23,
respectively.[43] This small difference may justify neglect of
the difference in inductive electron withdrawal from Si
exerted by, for example, a methyl group in a silene with a
planar versus pyramidal Si atom.


For each set of silenes, the dependence of rSi�C on q(Si) is
described by a separate curve (Figure 2A). Each of these
curves can be partitioned in two parts, with good linear
correlations between q(Si) and rSi�C for the parts of the curves
that correspond to pyramidalized structures. For the planar
silene structures, there is no correlation between Si�C bond
length and q(Si). It is noteworthy that the neutral and anionic
species contained in the study are described by the same
curves, indicating that silenes and, for example, 2-silenolates
are closely related.


The Si atoms also become progressively more pyramidal
with lower q(Si), and they level at values of �Si within 280 ±
300� (Figure 2B). The dependence of �Si on q(Si) is sigmoidal
as expected, since 360� is the upper limit and the values of �Si
for silyl anions should be the lower limit. Indeed, at the
B3LYP/6-31�G(d) level, the H2MeSi�, (H3Si)2MeSi�, and
Me3Si� ions have �Si values of 289.2�, 292.2�, and 293.7� that
are similar to the values of strongly zwitterionic (reverse-
polarized) silenes. This supports the interpretation that the
zwitterionic resonance structure II is dominant in the descrip-
tion of the electronic structure of silenes such as 21. The point
along the q(Si) coordinate at which the pyramidalization
starts is also the breakpoint on the rSi�C versus q(Si) plot.


The differences in the extent of pyramidalization of silenes
with the same X and Y but with different Z groups are small,
as was similarly noted above for the three silyl anions
H2MeSi�, Me3Si�, and (H3Si)2MeSi�. Consequently, the lower
parts of the curves level at similar values, and the small
variation in the �Si could be caused by steric rather than
electronic reasons because both set B and C level at values of
�Si that are higher than that of set A. This also agrees with our
finding that �Si in the crystal structure of the potassium 1-tBu-
2,2-bis(trimethylsilyl)-2-silenolate (317.8�) is larger than in the
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calculated structure of a K�(OMe2)3-coordinated 2-silenolate
in which the TMS groups are changed to SiH3 groups
(307.0�).[9] However, Liang and Allen also showed that the
substituent electronegativity determines the extent of trans
bending/pyramidalization of Group XIVA�A double bonds,
with electronegative substituents leading to more trans-bent/
pyramidal structures than less electronegative substituents.[22]


In line with this finding, F2Si�C(NH2)2 has a �Si value of
278.5� at the B3LYP/6-31�G(d) level (i.e., slightly lower than
those of 21 A ± 21 C).


A connection between reversed polarization and CGMT
theory should exist because of the breakpoint in the curves
relating rSi�C and �Si to q(Si), and because the CGMT theory
shows that pyramidalizations in heavy alkenes set in when
��EST� f(E���) with f� 1³2[1� (q1� q2)/2]��q1q2 (for the
meaning of �, q1, and q2 see the introduction).[16, 17] To probe
the connection between reversed Si�C bond polarization and
the CGMT theory, q(Si) was plotted against ��EST (Figure 3),
in which ��EST is the sum of the singlet ± triplet energy gaps of
the interacting silylene and carbene units of the silene. Both
the ��EST calculated at the carbene and silylene geometries
frozen as in the corresponding silenes (��EST(sp)), and at the
optimal geometries of the silylenes and carbenes in their
singlet and triplet states (��EST(opt)) are given. For a listing
of the ��EST values of the carbene and silylene fragments of
1 A ± 21 A see the Supporting Information. As can be seen,
q(Si) depends linearly on ��EST, and the correlation is
particularly good with ��EST(sp) (Figure 3A). A fair corre-
lation is obtained with ��EST(opt) (Figure 3B). A possible
explanation for the better correlation with ��EST(sp) than


��EST(opt) could be found from an analysis of the interacting
orbitals of the carbene and silylene fragments.


A silene can be pictured as a combination of one triplet
silylene with both unpaired electrons having � spins and one
triplet carbene with both unpaired electrons having � spins
(Figure 4). Since it is mainly the energy of the second SOMO
of the triplet carbene (i.e., the p�-type orbital) that is raised
when going from a carbene with a low�EST to one with a large
�EST (Figure 4B), the filled �(SiC) orbital of the silene will
become progressively less localized at C and more localized at
Si. The increased contribution of the 3p�(Si) AO in this filled
MO will lead to a larger electron density at Si and this atom
gradually becomes more similar to the Si of silyl anions. Since
the electronic structure, as reflected by orbital energies and
�EST, at the geometries that the carbene and silylene frag-
ments adopt in the silenes determines the relative charge
transfer to Si, a better correlation between q(Si) and ��EST is
obtained with ��EST(sp) than with ��EST(opt) (Figure 3A
versus Figure 3B). Because of the linear correlation between
q(Si) and ��EST, the geometric parameters depend on ��EST


in the same way as they depend on q(Si) (Figure 5). As the
correlation between q(Si) and ��EST is better for ��EST(sp)
than for ��EST(opt), this also applies for the correlation
between the geometrical parameters rSi�C and �Si and ��EST


(Figure 5A and B versus Figure 5C and D). For silenes with
pyramidal Si, there is a linear dependence of rSi�C and �Si on
��EST(sp), whereas the correlation is truly modest with
��EST(opt).


According to CGMT theory, the breakpoint corresponds to
the point at which ��EST� f(E���),[17] and for pyramidalized


Figure 2. Dependence of A) Si�C bond length (rSi�C) and B) the sum of valence angles at Si (�Si) on the atomic charge at Si (q(Si)) based on B3LYP/6 ± 31�
G(d) calculations (atomic charges from natural population analyses).
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Figure 3. Atomic charges at Si (q(Si)) as a function of the sum of the
singlet ± triplet energy splittings of the carbene and silylene fragments
(��EST) of neutral silenes 1A ± 21 A. A) ��EST calculated at geometries of
the silylene and carbenes frozen as in the corresponding silenes
(��EST(sp)), and B) ��EST calculated at the optimal geometries of the
silylene and carbenes of the corresponding silenes (��EST(opt)). Results
obtained from (U)B3LYP/6 ± 31�G(d) calculations.


silenes ��EST� f(E���).[45] The derivation of Equation (1)
assumed freely geometry-optimized carbenes and silylenes in
their singlet and triplet states. A result in agreement with
Equation (1) is also only observed with ��EST(opt), and the
validity is only approximate. For planar silenes near the
breakpoint, and for slightly pyramidalized silenes, ��EST(opt)
is just somewhat smaller than f(E���), whereas for planar
silenes ��EST(opt)� f(E���), and for strongly pyramidal
silenes ��EST(opt)� f(E���). For example, for the planar
silene 7 A, ��EST(opt) is 32.5 kcalmol�1 and f(E���) is
60.3 kcalmol�1 at the B3LYP/6-31�G(d) level. On the other
hand, for 10 Awith �Si� 338.5�, ��EST(opt) is 72.6 kcalmol�1,
and f(E���) is 64.1 kcalmol�1, and for the strongly pyramidal
21 A (�Si� 287.5�) ��EST(opt) is 73.4 kcalmol�1 and f(E���) is
70.1 kcalmol�1. For 8 A, which is planar but close to the
breakpoint, ��EST(opt) is 53.5 kcalmol�1 and f(E���) is
65.9 kcalmol�1. However, even for the slightly pyramidal
11 Aa with �Si� 355.5�, the ��EST(opt) is 44.7 kcalmol�1 and
f(E���) is 63.1 kcalmol�1. Thus, the application of Equa-
tion (1) to assess exactly when pyramidalization of silenes sets


Figure 4. Orbital interaction for the formation of A) �(SiC), �*(SiC) MOs
and B) �(SiC) and �*(SiC) MOs from one triplet H2Si: silylene and one
triplet XYC: carbene. Orbital energies from UHF/6 ± 31�G(d)//B3LYP/
6 ± 31�G(d) calculations on carbene and silylene structures taken as in 1A
and 21 A. Spin contaminations of the UHF wave functions were small
(maximum �S2�� 2.004).


in seems difficult. Similar results are obtained at the MP2/6-
31G� (d) level.


According to Carter and Goddard, the ��EST can also be
used to deduce the bond dissociation energy Ediss of a
substituted alkene XYC�CX�Y� [Eq. (2)], where Eint(C�C)
is the intrinsic C�C bond energy, obtained from ethylene as
172� 2 kcalmol�1.[16] This suggests a linear relationship be-
tween the ��EST values of the two carbene fragments and the
C�C bond dissociation energy of the substituted alkene, and
this relationship has indeed been verified computationally for
substituted alkenes and disilenes.[19, 46] As seen in Figure 6 this
relationship also applies to the neutral silenes 1 A ± 21 A for
which ��EST values have been calculated.


Ediss(XYC�CX�Y�)�Eint(C�C)� [�EST(CXY)��EST(CX�Y�)] (2)


Thermodynamic stability in relation to reversed polariza-
tion : Silenes normally dimerize in the absence of reaction
partners,[1] and the aptitude for dimerization as a function of
extent of reversed Si�C bond polarization should be of
interest. Gusel�nikov et al. recently found that substituents R
influence the dimerization energy (Edim) of R2Si�CH2 silenes
into 1,3-disilacyclobutanes.[47] Silyl groups lower Edim by
�4 kcalmol�1 when compared to the parent silene (Edim�
�78.3 kcalmol�1 at the MP4/6-311G(d)//MP2/6-31G(d) lev-
el). On the other hand, when R�F, Edim is even more
exothermic by �37 kcalmol�1.


Substitution at the C end of the silene also affects the
dimerization energies. We considered both the head-to-tail
dimerization into 1,3-disilacyclobutanes and the head-to-head
dimerization into 1,2-disilacyclobutanes (Figure 7). Only
neutral H2Si�CXY silenes were included in this part of the
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Figure 6. Dependence of Si�C bond dissociation energies of silenes 1A ±
21A on the sum of the singlet ± triplet energy splittings (��EST(opt)) of the
interacting carbene and silylene fragments. Results from B3LYP/6 ± 31�
G(d) calculations.


study. A screening of the relative energies was done at the
B3LYP/3-21G(d) level in cases for which several diastereom-
ers of a particular 1,2- or 1,3-disilacyclobutane exist, or in
cases for which the dimer has conformational flexibility. The
most stable conformer was further optimized with B3LYP/6-
31�G(d). Certain conformers of some dimers (e.g., that of
21 A) have intramolecular hydrogen bonds, and inclusion of
these in the analysis would bias the dependence of Edim on
q(Si). Such conformers were therefore excluded, and those of
lowest energy that are not hydrogen-bonded were included
instead. Previously, Apeloig and Karni found that the
variation in thermodynamic stability toward dimerization
was small among different silenes,[2] but they used only


monosubstituted silenes, and the
strongest � electron donors were
hydroxy and siloxy groups. The
present set of silenes provides a
more extensive test whether re-
versed silicon ± carbon bond po-
larization enhances the thermo-
dynamic stability toward dimeri-
zation.


At the B3LYP/6-31�G(d) lev-
el the energies released upon
head-to-tail dimerization of
H2Si�C(NH2)2 (21 A) and
H2Si�C(NH2)(OH) (20 A) are
27.3 and 31.2 kcalmol�1, respec-
tively, and these energies are
closer to that of ethylene (Edim


��16.7 kcalmol�1) than to that
of 1 A (Edim��79.3 kcalmol�1).
The 4-silatriafulvene of Kira and
co-workers[5] releases 46.4 and
45.2 kcalmol�1 upon head-to-tail
and head-to-head dimerization,
indicating that this silene is less
influenced by reversed polariza-
tion than 21 A. It is noteworthy


that there is no apparent preference for head-to-tail or head-
to-head dimerization, neither for naturally polarized nor
reverse-polarized (zwitterionic) silenes (Figure 7). The de-
pendence of Edim on q(Si) is not linear, and the reduction in
Edim, when compared to that of 1 A, is small for silenes that are
moderately affected by reversed polarization (e.g., H2Si�-
CHOH for whichEdim is�63.6 and�62.7 kcalmol�1 for head-
to-tail and head-to-head dimerization, respectively).


Figure 7. Energies for dimerization of 1A ± 21 A into the corresponding
head-to-tail and head-to-head dimers. Results from B3LYP/6 ± 31�G(d)
calculations.


Silyl substituents on Si lowers q(Si) as compared to H, and
21 C should be the neutral silene in this study with the least
electrophilic Si and lowest tendency to form dipole ± dipole
complexes. In addition, Edim of 21 C at the B3LYP/6-31G� (d)
level is even lower than that of 21 A (�13.7 kcalmol�1 for the


Figure 5. Dependence of (A and C) Si�C bond length (rSi�C), and (B and D) the sum of valence angles at Si
(�Si) of 1A ± 21 A, on the sum of the singlet ± triplet energy splittings of the carbene and silylene fragments
(��EST) at the B3LYP/6 ± 31�G(d) level. A) and B) ��EST calculated at geometries of the silylene and
carbenes frozen as in the corresponding silenes (��EST(sp)). C) and D) ��EST calculated at the optimal
geometries of the silylene and carbenes of the corresponding silenes (��EST(opt)).
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head-to-tail dimer). The methyl group has the opposite effect,
as 21 B releases 40.0 kcalmol�1 upon dimerization. Strongly
electron-withdrawing substituents at Si lead to even higher
dimerization energies (vide infra). Since such substituents also
increase the electrophilicity and counteract the reduction of
the silicon ± carbon bond dipole moment caused by reversed
polarization, they presumably lower the kinetic stability of
such silenes towards both dimerization and nucleophilic
attack. It is noteworthy that the same trend in Edim is followed
by the zwitterionic silenes 21 as the naturally polarized silenes
previously studied by Gusel�nikov and co-workers.[47]


Dimerization is only one of the reaction channels leading
away from the silene; the others are various rearrangements.
A detailed exploration of all possible rearrangement path-
ways is outside the scope of the present study. Instead we use
relative energies of H2Si�CX2 as compared to X2Si�CH2


silenes (X�F, Cl, SH, OH, or NH2) as rough indicators of
their stabilities, and presumably also their aptitudes to
rearrange. The effect of substituents on the Si�C bond energy
was previously determined by Apeloig and Karni through
isodesmic reactions.[2]


Photochemically as well as thermally initiated exchange of
the positions of TMSO(C) and TMS(Si) substituents has been
observed by Brook and co-workers.[48] Clearly, the stronger
Si�O and Si�F bonds (relative to C�O and C�F bonds)
extensively stabilize (HO)2Si�CH2 and F2Si�CH2 over
H2Si�C(OH)2 and H2Si�CF2 (Table 2), similarly as was
concluded by Apeloig and Karni.[2] However, the energy


difference between (H2N)2Si�CH2 and H2Si�C(NH2)2 is
smaller and it approaches the energy difference between
Me2Si�CH2 and H2Si�CMe2. Alkyl substituents on the C
atom have no rearrangement aptitude, and one could hope
that the same applies to amino groups at this position.


The dimerization energies are considerably higher for 1,1-
dihalo- or 1,1-dihydroxy-substituted silenes than for the
isomeric 2,2-disubstituted variants (Table 2). The pattern of
increased thermodynamic stability towards dimerization upon
increased importance of reversed polarization is thus elusive
for some silenes. Because of the particularly large differences
in relative energies, 2,2-dialkoxy, disiloxy, or dihalo-substitut-
ed silenes may rearrange to their 1,1-disubstituted isomers,
and subsequently dimerize. This process should be less likely
for 2,2-diamino-substituted silenes.


Silene inversion : Since the charge of Si in zwitterionic silenes
resembles that of Si in silyl anions, the structure around this
atom in these silenes and in silyl anions should be influenced
by substituents similarly. Interesting properties of both types
of species are their pyramidal structures and inversion
barriers (Einv). It is known that electron-withdrawing sub-
stituents increase Einv of silyl anions,[49] in accordance with a
Walsh analysis of AX3 species with eight valence electrons.[50]


The inversion barriers of silenes with pyramidal Si atoms are
influenced in the same way, as revealed by B3LYP, MP2, and
CCSD(T) calculations of Z2Si�C(NH2)2 silenes 21 A ± 21 I
(Table 3).


Table 2. B3LYP/6 ± 31�G(d)-computed data of H2Si�CX2 and X2Si�CH2 silenes.[a]


H2Si�CX2 X2Si�CH2


X Sym rSi�C �Si Edim q(Si) Sym rSi�C �(Si�C)[b] q(Si) Edim Erel
[c]


H C2v 1.713 360.0 � 79.3 0.934 ± ± ± ± ± ±
SiH3 C2v 1.715 360.0 � 68.3 1.111 C2v 1.730 0.0 0.482 � 68.9 1.0
Me C2v 1.728 360.0 � 63.4 0.869 C2v 1.713 0.0 1.508 � 78.4 � 16.6
NH2 Cs 1.930 287.5 � 27.3 0.250 C2 1.704 15.8 1.862 � 80.5 � 34.0
SH C1 1.736 360.0 � 60.1 0.976 C2 1.707 7.1 1.135 � 88.8 � 43.8
Cl C2v 1.734 360.0 � 69.2 0.929 C2v 1.696 0.0 1.325 � 98.0 � 69.1
OH Cs 1.884 296.1 � 41.4 0.297 C2 1.698 0.0 2.024 � 97.6 � 58.2
F Cs 1.775 338.5 � 68.4 0.576 C2v 1.685 0.0 2.089 � 109.9 � 86.6


[a] Data includes bond lengths [ä], angles [�], and energies [kcalmol�1]. [b] �(Si�C) corresponds to the dihedral angle X-Si-C-H. [c] Energy difference
E[X2Si�CH2]�E[H2Si�CX2].


Table 3. Geometry, charge, and energy data for Z2Si�C(NH2)2 silenes.[a]


Silene Sym Einv B3LYP/
6 ± 31�G(d)


Einv CCSD(T)/
6 ± 311�G(d,p)//
B3LYP/
6 ± 31�G(d)


Einv MP2/
6 ± 311�G(d,p)//
B3LYP/
6 ± 31�G(d)


rSi�C �Si q(Si) Ediss
[b] DSSE[c] ��EST(opt) �(X ± Si ±C ±N)[d]


21A, H2Si�C(NH2)2 Cs 10.3 6.6 4.3 1.930 287.5 0.25 52.0 59.1 73.4 14.7
21B, Me2Si�C(NH2)2 Cs 6.0 3.0 0.4 1.912 304.8 0.80 40.1 63.4 81.4 14.3
21C, (H3Si)2Si�C(NH2)2 Cs 6.4 5.1 3.5 1.931 300.3 � 0.01 55.2 47.0 61.1 13.7
21D, F2Si�C(NH2)2 C1 38.4 34.9 31.8 2.080 278.5 1.20 30.5 94.8 127.1 13.2
21E, Cl2Si�C(NH2)2 Cs 33.8 29.0 26.3 2.030 287.5 0.74 39.4 79.9 105.9 13.4
21F, (F3C)2Si�C(NH2)2 Cs 25.1 ± 23.5 1.974 286.6 0.68 62.7 64.6 80.7 13.7
21G, (HO)2Si�C(NH2)2 C1 29.7 28.2 25.9 1.992 284.0 1.06 35.2 91.4 116.9 6.8
21H, (H2N)2Si�C(NH2)2 Cs 19.3 17.0 14.8 1.965 295.7 0.99 20.1 89.0 109.9 8.6
21I, Ph2Si�C(NH2)2 C1 7.8 ± 6.3 1.938 303.5 0.83 40.4 62.2 79.4 17.9


[a] Data includes distances [ä], angles [�], charges [e], and energies [kcalmol�1]. [b] Energy required for dissociation into Z2Si: and (H2N)2C: fragments. [c] Sum
of the divalent state stabilization energies of the X2Si and C(NH2)2 unit of each silene, calculated in accordance with ref. [34]. [d] Dihedral angle measuring the
twist of the Z2Si and C(NH2)2 planes relative to each other at the transition state for inversion.
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A rise in Einv on going from H to F substituents on Si of
4-silatriafulvene was reported by Kira and co-workers.[5c] The
4,4-difluoro-4-silatriafulvene has an Einv of 10.4 kcalmol�1 at
the MP2/6-311��G(d,p) level, whereas this barrier is merely
1.4 kcalmol�1 for the parent 4-silatriafulvene. One could
argue that silenes with even higher inversion barriers (e.g.,
21 F) have difficult electronic structures, but T1-diagnostics of
the CCSD/6-311�G(d)//B3LYP/6-31�G(d) wave function
reveal that both ground and transition states are properly
described by a single-reference method.[51] It is noteworthy
that the more precise CCSD(T) values are flanked by the
B3LYP and MP2 values; the last two methods presumably
give slightly too high and low Einv values, respectively. The
inversion barrier in 28 A is 13.1 kcalmol�1 at the B3LYP/6-
31�G(d) level (i.e., slightly higher than that of 21 A), and the
Einv of 2-silenolates should be tunable by substitution in the
same way as those of neutral zwitterionic silenes.


From Table 3 it becomes apparent that there is a linear
correlation between �Si andEinv (R2� 0.737), whereas there is
a poor correlation between q(Si) and Einv (R2� 0.381). For
example, 21 B has a more positively charged Si atom than in
21 F, but Einv of the latter compound is fourfold higher.
Trifluoromethyl substituents therefore seem appropriate if
one searches for a silene with a high Einv, without an
excessively positive Si atom. The same applies to Cl sub-
stituents. An interesting feature of the transition states for
inversion of 21 A ± 21 I is the slight twisting �(X-Si-C-N) of
the planes of the silylene and carbene units (Table 3).


A rewarding property of CF3 substituents is that they
increase the energy for dissociation into carbenes and
silylenes, in contrast to other substituents that raise Einv.
One could initially assume a connection between the sili-
con�carbon bond lengths of 21 A ± 21 I and their dissociation
energies (Ediss), but there is none (an attempted linear
correlation gives R2� 0.14). However, the ��EST can be used
to estimate Ediss as proposed by Carter and Goddard,[16] even
though the linear correlation between these two properties is
worse for 21 A ± 21 I (R2� 0.601) than for 1 A ± 21 A (R2�
0.854, Figure 6). When the two sets of silenes are added
together the correlation factor becomes R2� 0.823. Further-
more, a perfect linear correlation between DSSE and ��EST


of the carbene fragments CXY of substituted alkenes has
previously been found,[46] and a good linear correlation
between these properties also exists for silenes 21 A ± 21 I
(R2� 0.984). As seen in Table 3, neither the ��EST nor DSSE
of (F3C)2Si�C(NH2)2 (21 F) are excessively high, and there-
fore, this silene should have a considerable Ediss. Those of the
silenes 21 A ± 21 I with high ��EST(opt) and DSSE generally
have low Ediss.


The inversion barriers of 21 D ± 21 G (Table 3) should be
sufficiently high to prevent inversion at ambient temper-
atures. Since a few chiral silyl anions have been reported,[52]


one can postulate that silenes and 2-silenolates with Si as a
chiral center are also possible. A few examples of such species
are given in Figure 8 together with their Einv, rSi�C, �Si, and
q(Si) values. The silicon ± carbon bonds in these compounds
are single bonds, so their rotational barriers are low and they
should resemble that of 21 A which is 4.2 kcalmol�1 at the
B3LYP/6-31�G(d) level. As was similarly found with 21 A


Figure 8. Optimal geometries of three XYSi�C(NH2)2 silenes and one
XYSi�CH(O�) silenolate, geometries of their transition states for inver-
sion, energies for inversion (Einv), and atomic charges at Si (q(Si)). Results
from B3LYP/6 ± 31�G(d) calculations (bond lengths [ä], angles [�],
energies [kcalmol�1], and charges [e]).


and 28 A, the inversion barrier is higher in the 2-silenolate
than in the 2,2-diamino-silene with the same Si substituents.


If the two C substituents differ from each other, as in a
chiral 2-silenolate, then it is likely that both E and Z isomers
of the chiral species are populated at temperatures used in
organic synthesis, unless one of them is destabilized by, for
example, steric congestion. The rotational flexibility is a
drawback but stems from the fact that a chiral silene/2-
silenolate is only achievable at the expense of the Si�C double
bond. From the results presented in Table 3, we can conclude
that most suitable Si substituents seem to be two fluorinated
alkyl groups of different size. However, the generation of a
chiral zwitterionic silene or 2-silenolate based on this frame-
work is likely to be synthetically challenging.


Conclusion


A computational investigation was carried out on silenes
Z2Si�CXY (Z�H, Me, or H3Si; X�H, SH, Cl, F, OH, or
NH2; Y�H, SH, Cl, F, OH, NH2, O�, S�, or NH�). These were
grouped into three sets depending on Z: set A with Z�H,
set B with Z�Me, and set C with Z� SiH3. It was found that
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the inexpensive hybrid DFT method B3LYP is equally able to
describe the geometries of both Si���C�� and Si���C��


polarized silenes as CCSD(T). The calculations reveal that
the Si�C bond gradually elongates and the Si atom pyramid-
alizes as reversed polarization becomes increasingly more
important. Silenes with two strongly � electron-donating
substituents at C are fully described by zwitterionic resonance
structures of type II (Scheme 1). Such silenes have Si�C single
bonds and distinctly pyramidal Si atoms with �Si similar to
silyl anions, and we call these species zwitterionic silenes. The
geometries of neutral zwitterionic silenes are similar to those
of anionic species, such as 2-silenolates. A plot of rSi�C versus
q(Si) of the various Si�C bonded compounds reveals two
linear parts separated by a breakpoint at which the Si
pyramidalization also sets in. A connection between CGMT
theory and that of reversed polarization was found.


Silenes influenced by reversed polarization are less prone to
dimerize than the parent silene, and dimerization energies of
fully zwitterionic silenes can be as low as 14 kcalmol�1. There
is no clear preference for head-to-tail or head-to-head
dimerization for either type of silene. However, a possible
reaction channel for the reverse-polarized 2,2-dialkoxy-sub-
stituted silenes is rearrangement to their 1,1-disubstituted
isomers, since the energy gain in this process is large
(�60 kcalmol�1 at the B3LYP/6-31�G(d) level). These
rearranged silenes would dimerize easily, since some further
100 kcalmol�1 is gained in this process. Inductively electron-
donating substituents at Si lower the dimerization energy,
whereas the opposite is true for inductively withdrawing
substituents, in a similar manner as previously concluded by
Gusel�nikov.[47]


The charge at the Si atom of zwitterionic silenes resembles
that of silyl anions, and the influence of Si substituents on the
properties of silyl anions and zwitterionic silenes is similar.
Inductively electron-withdrawing substituents at Si raise their
Einv values, and silenes with inversion barriers as high as
35 kcalmol�1 are found computationally. The high Einv in
zwitterionic silenes enables computational design of silenes
with chiral Si atoms. It now needs to be probed if these chiral
silenes can be realized. Together with our recent finding that
reactions of dienes with zwitterionic silenes proceed more
selectively in a [4�2] manner than with naturally polarized
silenes, we hope that these findings could render silenes of
general interest to synthetic organic chemistry.
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Waste-Free and Facile Solid-State Protection of Diamines, Anthranilic Acid,
Diols, and Polyols with Phenylboronic Acid


Gerd Kaupp,* M. Reza Naimi-Jamal, and Vladimir Stepanenko[a]


Abstract: Phenylboronic acid (2) reacts
quantitatively by ball-milling in the solid
state with o-phenylendiamine, 1,8-dia-
minonaphthalene, anthranilic acid, py-
rocatechol, pyrogallol, pinacol, bicyclic
cis-diols, mannitol, and inositol to form
the five- or six-membered cyclic phenyl-
boronic amides or esters. Catalysts or
other auxiliaries are strictly excluded as
they are not required and would have to
be removed after the reactions. These
varied model reactions provide pure
protected products without the necessity


of further purifying workup and the
potential for protection chemistry is
demonstrated. Some of the reactions
can also be quantitatively performed if
stoichiometric mixtures of the reactants
are co-ground or co-milled and heated
to appropriate temperatures either be-
low the eutectics or above the melting


points. The temperatures are much high-
er in the latter case. Similar reactions in
solution suffer from less than 100%
yield of the mostly sensitive compounds
that are difficult to purify and thus
create much waste. The hydrolysis (de-
protection) conditions of the products
are rather mild in most cases. Therefore,
this particularly easy access to hetero-
boroles, heteroborolanes, heterobori-
nones, heteroborines, and heterobori-
nines is highly valuable for their more
frequent use in protective syntheses.


Keywords: diamines ¥ environmen-
tally benign ¥ phenylboronic acid ¥
polyols ¥ solid-state reactions


Introduction


Protection (deprotection) remains an important task in the
field of bi- or polyfunctional alcohols, acids, amines, and thiols
with mixed functionalities.[1] Both protection and deprotec-
tion should be easy and quantitative in order to save precious
components and to minimize waste. We describe here
particularly versatile applications of phenylboronic acid in
protection chemistry. The protection reactions occur quanti-
tatively in stoichiometric mixtures without solvents, catalysts,
or other auxiliaries. Deprotection is easily achieved by rather
mild techniques in most cases.


Results and Discussion


Free amino and hydroxy groups frequently require protection.
If they are present in 1,2- or in favorable 1,3-positions, cyclic
amides or esters may be formed for that purpose. The
synthesis of some 1,3,2-dioxaborolanes/-dioxaborinines,[2] and
1,3,2-diazaborolanes/-diazaborinines[3] (five- and six-mem-
bered heterocyclic aryl boronic acid esters and amides) has


been described. These cyclization reactions of 1,2-diamines
and 1,2-diols were performed in solution or at functionalized
polymer surfaces with yields ranging from 21 to 97%. We
have now found that they proceed quantitatively in the solid-
state or in stoichiometric melts, even though two equivalents
of water are released per ring closure and must be removed
during the reaction in some cases. For protection purposes, we
chose unsubstituted phenylboronic acid (2) because it is most
readily available and yields well crystallized protected prod-
ucts.


Aromatic 1,2- and peri-diamines : The most profitable solid-
state technique provides compound 3 in quantitative yield
without waste if equimolar mixtures of the reagents 1 (m.p.
103 ± 105 �C) and 2 (m.p. 217 ± 220 �C) are co-ground in a
mortar at room temperature and heated to 40 �C in a vacuum
for 1 h. Alternatively the mixture of reagents can be melted at
100 ± 110 �C in a vacuum, while the water of reaction is
removed by evaporation from the hot melt (Scheme 1). This
reaction is superior to the corresponding solution reaction,
which gave a 79%[3] or 92%[4] yield and required purifying


Scheme 1. Quantitative synthesis of 3 from a stoichiometric melt.
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workup. The deprotection of 3 has been described,[5] and it can
also be quantitatively performed in boiling aqueous Na2CO3.
1,8-Diaminonaphthalene (4) reacts with 2 in the solid state


at 0 �C and provides the six-membered diazaborinine 5 in
quantitative yield (Scheme 2). Previously, 5 was obtained by
reaction of 4 with phenylboronic dichloride in benzene (3 h
reflux, 64%)[6] or with phenylboronic anhydride (100 ± 140 �C,
71%).[7]


Scheme 2. Quantitative solid-state synthesis of 5 in a ball-mill.


Now, both products 3 and 5 can be obtained directly in the
pure state without the need for further purification when
starting with the pure reagents. There are no difficulties with
intermolecular bridging, and linear boronic amides do not
form with the new technique. Compound 5 is not easily
deprotected but requires strong acid or strong base.[6] It is
unusually stable, except for slow oxidation with oxygen, and
may be useful for electrophilic aromatic substitutions.


Anthranilic acid : If equimolar mixtures of anthranilic acid (6)
and phenylboronic acid (2) are ball-milled, compound 7 with
its O,B,N six-membered ring is quantitatively formed, again
without waste (Scheme 3). Both, a primary amino and a
carboxylic acid group are protected here. The same product 7
was obtained in a solution reaction, however, in only 90%
yield.[3]


Scheme 3. Quantitative solid-state synthesis of 7 in a ball-mill.


The deprotection of 7 with aqueous NaHCO3 at 90 �C is
complete after 1 h to give the sodium salt of 6 and
PhB(OH)ONa.
Reactions of natural �-amino acids with phenylboronic acid


have not been described in the literature. The �-amino acid �-
proline reacts with 2 in the solid state (60 �C) and in a melt
(100 �C), however, it was not yet possible to get a pure cyclic
product due to facile hydrolytic deprotection. On the other
hand, the reaction shows promise as a route for obtaining
3,1,2-oxazaborilidin-4-ones if the water of reaction is effi-
ciently removed under the reaction conditions. N-acylated or
N-tosylated amino acids seem to lack reactivity and require
phenylboronic dichloride for their protection.[8]


Aromatic 1,2-diols : Pyrocatechol (8) and pyrogallol (10) react
quantitatively with phenylboronic acid when stoichiometric
mixtures are ball-milled at 80 �C (Scheme 4 and Scheme 5). In
the case of 11, the yield is increased from 98% to 100% by


Scheme 4. Quantitative solid-state synthesis of 9 in a ball-mill.


Scheme 5. Quantitative solid-state synthesis of 11 and its use as a
protected reagent.


drying the product in a vacuum at 80 �C. The yields of 9 and 11
in solution were 51%[9] and 90%[2] , respectively.
The free hydroxy group in 11 can be quantitatively


benzoylated to give 12 (Scheme 5). Conversely, the yield of
12 in the pyridine solution reaction was only 65%.[2]


Compound 12 is a precursor to 1-benzoyloxy-2,3-dihydroxy
benzene (13) by deprotection with mannitol.[2] The depro-
tection of 9 and 11 can also be achieved by heating with
aqueous NaHCO3 to 40 �C for 2 h.


Aliphatic 1,2-diols : The cyclization reaction of aliphatic 1,2-
diols is equally versatile and waste-free with pinacol (14).
Ball-milling of a stoichiometric mixture of 14 and 2 at 0 �C
gives quantitatively 15 (Scheme 6). Previous reactions in
solution afforded 15 with yields of 59%[10] or 80%.[11]


Scheme 6. Quantitative solid-state synthesis of 15 in a ball-mill.


Interestingly, also the [3.3.3]heteropropellanes 17 can be
quantitatively obtained by the solid ± solid technique when
stoichiometric mixtures of 16 a or 16 b[12] and 2 are ball-milled
at 50 or 95 �C, respectively (Scheme 7). The polyfunctional


Scheme 7. Quantitative solid-state synthesis of heteropropellanes 17.
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propellanes 17 are remarkably stable crystalline compounds.
The deprotection of 15 and 17 a, b in 0.01� HCl, followed


by neutralization is achieved under rather moderate con-
ditions.


Polyhydroxy compounds: mannitol and inositol : Sugar alco-
hols and cyclic polyalcohols form both five- and six-mem-
bered ring heterocycles with phenylboronic acid.[13] Interest-
ingly, some of these reactions occur also in the solid state. This
observation is of great importance as such protection with
easy deprotection gains increased importance in carbohydrate
chemistry.


�-Mannitol (18) reacts quantitatively with three molecules
2 in the ball-mill to give the 1:2,3:4,5:6-product 19 (Scheme 8)
as a nonsticky powder which has the same structure as the
product obtained in solution in only 68% yield.[10, 13] The


Scheme 8. Quantitative solid-state reaction of mannitol with phenylbor-
onic acid.


(R,R,R,R)-configuration has been confirmed by X-ray crystal
structure analysis.[14] Interestingly, the solution-state chemis-
try of 18 and 2 seems to favor a cyclic diester of mannitol in
which both primary OH groups are free for chemical
reaction.[15] However, the crystals that separate from solution
are the triester 19. Avery easy partial deprotection in aqueous
solution is clearly indicated and can be used for selective
reactions of 19.
The cyclic hexol myo-inositol (20) reacts with phenyl-


boronic acid (2) in a 1:3 ratio in the ball-mill at 95 �C to give
the racemic tris-borolic ester 21 with one five-membered and
two six-memebered rings according to the relative positions of
the OH groups in the initial chair conformation of 20 in 100%
yield (Scheme 9). Compound 21 corresponds in all respects to


Scheme 9. Quantitative solid-state reaction of myo-inositol with phenyl-
boronic acid.


the quantitatively obtained product from the melt at 230 �C
and to the previously reported product from the correspond-
ing solution reaction (75%).[16] The molecular structure of 21
was confirmed by X-ray crystal structure analysis.[16] The
deprotection is quantitative if 21 is dissolved in 0.01� HCl and
left for 1 h at room temperature.


Conclusion


Our solid-state or solvent-free techniques for obtaining cyclic
phenylboronic esters and amides are largely superior to their
syntheses in solvents, as we get the products in pure form
directly in quantitative yield when starting with stoichiometric
mixtures of pure reactants excluding auxiliaries. The neces-
sary reaction temperatures vary, but solid-state conditions can
be found at considerably lower temperatures than the melt
reactions in most cases. Finely co-ground or co-milled
powders can be heated to appropriate temperatures for
quantitative reaction in the solid state in favorable cases of
melting points. This option is of importance if the required
reaction temperature exceeds the more comfortable heating
capabilities of the milling equipment. Melt reactions suffer
from the higher temperatures that must be applied, but the
yield may also remain quantitative in favorable cases,
although the risk of side reactions increases in melt reactions.
Large amounts of water are released in the polyol reactions,
but it is not necessary to use the phenylboronic anhydride for
improvement as the water of reaction can be removed by
moderate heating in a vacuum. The high crystallinity of the
phenylboronic esters or amides is very favorable. Certainly,
extensions to tailor-made protections with substituted aryl-
boronic acids instead of 2 are possible, if required.
Remarkably, the same products occurred exclusively in the


solid-state polyol reactions, these products crystallized in
much lower yield from the solution reactions. Apparently, the
most stable conformations are reactive and lead to the more
stable boronic esters both in the solid state and in the liquid
state. However, it remains to be clarified if further products
remain in the mother liquors of the solution reactions. The
protection of diols, diamines, amino acids, and polyols is of
widespread importance in organic syntheses and the versa-
tility of the solid-state technique or, if necessary, the solvent-
free stoichiometric melt technique is particularly promising in
that respect. The deprotections of the various boronic esters
or amides are generally successful under mild conditions but
vary markedly. Thus, the cyclizations that are facilitated by
acid require weak base for the reversion, but acid-catalyzed
hydrolysis followed by neutralization is successful if the
cyclization requires elevated temperatures.
Ten varied examples in this work cover a broad range and


should be helpful for further progress in this field of research
as the protections occur waste-free and provide the highly
sensitive products without the requirement for purifying
workup.


Experimental Section


Melting points were determined with a Gallenkamp melting point
apparatus and are uncorrected. IR spectra were recorded with a Perkin-
Elmer 1720-X FT-IR spectrometer using potassium bromide pellets. All
NMR spectra were recorded on a Bruker WP 300 at 300 MHz (1H) or
75 MHz (13C). CDCl3/[D6]DMSO mixtures contained up to 20%
[D6]DMSO. All � values refer to the internal standard TMS. The 13C
resonances of the carbon atoms that were directly bound to the boron atom
were not always found due to the quadrupole nuclei 10B and 11B. No
particular effort was undertaken to make these signals visible as these did
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not have a high diagnostic value. Mass spectra were obtained on a Finnigan
MAT 212 System. Uniform heating of the stoichiometric melts without
partial distillation or sublimation was carried out in closed flasks in a
preheated oven. The ball-mill for the 2 mmol runs was a Retsch MM 2000
swing-mill with a 10 mL stainless steel double-walled beaker with fittings
for circulating coolants. Two stainless steel balls with 12 mm diameter were
used. Ball-milling was performed at a 20 ± 25 Hz frequency usually at room
temperature (without circulating liquid the temperature did not rise above
30 �C). Water of the appropriate temperature was circulated for heating or
cooling. Completion of the solid-state reactions was checked by IR
spectroscopy in KBr and weight, and product purity by m.p. and 1H NMR
spectroscopy.


2-Phenyl-2,3-dihydro-1H-1,3,2-benzodiazaborole (3)


a) Solid-state reaction : A mixture of o-phenylendiamine (1, 108 mg,
1.00 mmol) and phenylboronic acid (2, 122 mg, 1.00 mmol) was co-ground
at room temperature and then heated to 40 �C in a vacuum for 1 h to give
pure 3 (195 mg; 100%) after drying at 80 �C in a vacuum.


b) Melt reaction : A mixture of o-phenylendiamine (1, 216 mg, 2.00 mmol)
and phenylboronic acid (2, 244 mg, 2.00 mmol) was heated in an evacuated
100 mL flask in a drying oven for 30 min, briefly evacuated, heated for
another 30 min, and evacuated at 80 �C for 1 h. A quantitative yield
(388 mg, 100%) of 3 (m.p. 207� 208 �C; ref. [4]: 213 ± 214 �C) was obtained.
The deprotection of 3 was achieved according to reference [5] or by
refluxing 3 (200 mg) in 5% aqueous Na2CO3 solution (10 mL) for 8 h,
followed by extraction with dichloromethane to obtain 1 in almost
quantitative yield.


2-Phenyl-2,3-dihydro-1H-2-boraperimidine or 2-phenyl-2,3-dihydro-1H-
naphtho[1,8-de][1,3,2]diazaborinine (5): Crystalline 1,8-diaminonaphtha-
lene (4, 158 mg, 1.00 mmol) and 2 (122 mg, 1.00 mmol) were ball-milled at
0 �C for 1 h. Compound 5 was dried in a vacuum at 50 �C and obtained in
spectroscopically pure form (244 mg, 100%). It was stored under argon or
N2. 5 : m.p. 90.5 ± 91.5 �C; ref. [6]: 92.5 ± 93.5 �C (corrected, under N2; after
three recrystallizations and four sublimations). IR (KBr): �� � 2433, 1628,
1603, 1515, 1485, 1414 cm�1; 1H NMR (CDCl3): �� 7.70 ± 7.60 (m, 2H),
7.50 ± 7.35 (m, 3H), 7.15 ± 7.08 (m, 2H), 7.05 ± 7.00 (m, 2H), 6.42 (�d, 2H),
6.15 ppm (br p, 2NH); 1H NMR (CDCl3/[D6]DMSO, 1:1 v/v): �� 7.92 ± 7.73
(m, 2H), 7.50 ± 7.19 (m, 3H� 2NH), 7.13 ± 7.00 (m, 2H), 6.98 ± 6.85 (m, 2H),
6.50 ppm (�d, 2H); 13C NMR (CDCl3): �� 141.1 (2C), 136.3, 134.0, 131.4
(2C), 130.1, 128.1 (2C), 127.5 (2C), 119.8, 117.6 (2C), 105.9 ppm (2C);
13C NMR (CDCl3/[D6]DMSO, 1:1 v/v): �� 141.2 (2C), 135.7, 133.6, 131.4
(2C), 129.5, 127.4 (2C), 127.0 (2C), 119.0, 116.5 (2C), 105.4 ppm (2C);
HRMS (70 eV): calcd for C16H13BN2: 244.1172; found 244.1170.


2-Phenyl-1,2-dihydro-benzo[a][1,3,2]-oxazaborinin-4-one : Crystals of an-
thranilic acid (6, 274 mg, 2.00 mmol) and 2 (244 mg, 2.00 mmol) were ball-
milled for 1 h at room temperature. After drying at 80 �C in a vacuum,
spectroscopically pure crystals of 7 (445 mg, 100%) were obtained; m.p.
224� 226 �C; ref. [3]: 228 �C. Complete deprotection was achieved by
boiling 7 (200 mg) in 5% NaHCO3 solution (20 mL) for 1 h.


2-Phenyl-1,3,2-benzodioxaborole (9): Pyrocatechol (8, 110 mg, 1.00 mmol)
and 2 (122 mg, 1.00 mmol) were ball-milled at 80 �C for 1 h or co-ground in
a mortar and heated to 115 �C for 1 h. Compound 9 was obtained in
spectroscopically pure form (196 mg, 100% in both cases) after drying at
80 �C in a vacuum; m.p. 108 �C; ref. [9]: 110 �C. The deprotection of 9
(200 mg) in 5% NaHCO3 (10 mL) was complete after 2 h at 40 �C.
Compound 8 was extracted with dichloromethane.


2-Phenyl-1,3,2-benzodioxaborole-4-ol (11): Pyrogallol (10, 252 mg,
2.00 mmol) and 2 (244 mg, 2.00 mmol) were co-ground in a mortar and
heated in an evacuated flask to 40 �C for 2 h in a drying oven. After drying
at 80 �C in a vacuum, spectroscopically pure 11 (425 mg, 100%) was
obtained; m.p. 163 ± 165 �C; ref. [2]: 166 �C.


4-Benzoyloxy-2-phenyl-1,3,2-benzodioxaborole (12): The phenol 11
(212 mg, 1.00 mmol) and benzoyl chloride (141 mg, 1.00 mmol) were
heated to 90 �C for 3 h in an evacuated 100 mL flask in a drying oven.
The HCl gas was condensed to a cold flask (77 K) through a vacuum line.
The crystalline ester 12 was obtained in spectroscopically pure form
(316 mg, 100%); m.p. 176 �C; ref. [2]: 169 ± 170 �C.


1-Benzoyl-pyrogallol 13 : The deprotection of 12 with mannitol and
NaHCO3 and isolation of 13 followed the procedures of ref. [2].


2-Phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (15): Pinacol (14,
236 mg, 2.00 mmol) and 2 (244 mg, 2.00 mmol) were ball-milled at 0 �C
for 1 h. After drying in a good vacuum at room temperature, spectroscopi-
cally pure 15 (325 mg, 100%) was obtained; m.p. 35 ± 37 �C; ref.[10]: 29 ±
30 �C; ref. [11]: 28 ± 30 �C. The hydrolysis of 15 was most easily achieved in
0.1� HCl at room temperature for 1 h and 14 was almost quantitatively
extracted with dichloromethane after neutralization.


6,8-Dimethyl-10,11-benzo- (17 a) and 6,8-diphenyl-10,11-benzo-tricy-
clo[3.3.3.0]-3-bora-2,4-dioxa-6,8-diaza-9-oxo-7-thioxo-undecene-10 (17 b):
Compound 16a[12] (265 mg, 1.00 mmol) or 16b[12] (388 mg, 1.00 mmol) and 2
(122 mg, 1.00 mmol) were ball-milled at 50 �C or 95 �C, respectively, for 1 h.
After drying at 80 �C in a vacuum 17a (350 mg, 100%) or 17b (475 mg,
100%) was obtained in pure form.


Alternatively, co-ground 1:1 mixtures of 16 a, b and 2 were heated to 140 �C
for 1 h to form 17a, b in 100% yield.


17a : m.p. 222 ± 224 �C (decomp); IR (KBr): �� � 1733, 1603, 1333, 1076,
1033, 750, 698, 661, 619, 510 cm�1; 1H NMR (CDCl3): �� 8.00 ± 7.78 (m,
5H), 7.79 (m, 1H), 7.50 (m, 1H), 7.38 (m, 2H), 3.52 (s, 3H), 3.49 ppm (s,
3H); 13C NMR (CDCl3): �� 198.0, 189.9, 144.6, 137.3, 135.3 (2C), 134.8,
132.8, 131.8, 128.0 (2C), 126.2, 124.9, 100.6, 97.8, 30.1, 29.8 ppm; HRMS
(70 eV): calcd for C18H15BN2O3S: 350.0896; found 350.0896.


17b : m.p. 257 ± 259 �C; IR (KBr): �� � 3427, 1736, 1604, 1440, 1378, 1329,
1101, 747, 692 cm�1; 1H NMR (CDCl3): �� 8.00 ± 7.80 (m, 3H), 7.60 ±
7.30 ppm (m, 16H); 13C NMR (CDCl3): �� 189.1, 182.8, 144.6, 137.0,
136.0, 135.8, 135.5 (2C), 134.6, 133.0, 131.9, 129.8 (2C), 129.5 (2C), 129.3
(2C), 129.2 (3C), 129.1, 128.2 (2C), 126.0, 125.4, 101.7, 98.8 ppm; HRMS
(70 eV): calcd for C28H19BN2O3S: 474.1209; found 474.1209.


Deprotection (removal of the borole ring) of 17a, b to obtain 16 a, b with
quantitative yield was achieved by hydrolysis in 0.01� HCl, neutralization,
filtration, and washing with water.


(2R,3R,4R,5R)-1:2,3:4,5:6-O1:O2,O3:O4,O5:O6-tris(phenylboranato)-�-
mannitol (19): �-Mannitol (18, 364 mg, 2.00 mmol) and 2 (732 mg, 6 mmol)
were ball-milled at room temperature for 1 h and the solid nonsticky
product (IR) dried at 80 �C in a vacuum. Compound 19 (880 mg, 100%) was
obtained in pure form; m.p. 132 ± 133 �C, ref. [10]: 134 ± 135 �C. It was
identical to the product obtained from solution in 66% yield[10] and
structurally confirmed by X-ray diffraction.[14]


rac-1:2,3:5,4:6-O1:O2,O3:O5,O4:O6-tris(phenylboronato)-myo-inositol (21):
A mixture of myo-inositol (20) (360 mg, 2.00 mmol) and 2 (732 mg,
6 mmol) was ball-milled at 95 �C for 1 h or melted in a high vacuum at
230 �C for 1 h in a 250 mL flask. Pure nonsticky 21 (875 mg, 100%) was
obtained in both cases; m.p. 228 ± 230 �C; ref. [16]: 204 ± 208 �C. The 1H and
13C NMR spectra were identical with those of the product from the
analogous solution reaction,[16] the structure of which was confirmed by
X-ray diffraction.[16]


The deprotection of 21 to recover 20 was achieved in 0.01� HCl solution at
room temperature for 1 h.
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Solvatochromic Azamethine Dyes for Probing the Polarity of
Gold-Cluster-Functionalized Silica Particles


Stefan Spange,*[a] Dagmar Kunzmann,[c] R¸diger Sens,[b] Isabelle Roth,[a]
Andreas Seifert,[a] and Werner R. Thiel[d]


Abstract: Azamethine dyes of the mer-
ocyanine type [4-(N,N-di-n-butylami-
no)-2-methylphenyl]{2,4-di-keto-3-[N�-
(n-hexyl)]-5-cyano-6-methyl-3-pyridin-
io}-1-azamethine (1) and [4-(N,N-di-
ethylamino)-2-(N�-tert-butylcarboxy)-
amidophenyl]-{2,4-diketo-3-[N��-(n-hex-
yl)]-5-cyano-6-methyl-3-pyridinio}-1-
azamethine (2) have been used as sur-
face-polarity indicators for gold-cluster-
functionalized silica particles. Their UV/
Vis absorption maxima range from
about �� 600 to 700 nm as a function
of solvent polarity and are clearly sep-
arated from the surface plasmonUV/Vis


absorption band of gold (�� 520 ±
540 nm). Solvatochromism of both dyes
has been investigated in 26 solvents of
different polarity. The positive solvato-
chromic band shifts of 1 and 2 can be
well expressed in terms of the empirical
Kamlet ± Taft solvent polarity parame-
ters � and �*. They are mainly sensitive
to the dipolarity/polarizability (�* term;
70 ± 75%) and HBD (hydrogen-bond


donating) acidity (� term) of the solvent.
Both dyes adsorb readily on functional-
ized silica samples from solutions in 1,2-
dichloroethane or cyclohexane. The sur-
face polarities of gold-cluster-function-
alized silica particles, with and without
co-adsorbed �-cysteine and poly(eth-
ylenimine), have been investigated by
using these solvatochromic dyes. The
specific interaction of dye 2 with cys-
teine has been examined independently
by quantum-chemical calculations by
using the AM1 and PM3 methods.


Keywords: cluster compounds ¥
cysteine ¥ dyes/pigments ¥ gold ¥
silica ¥ solvatochromism


Introduction


Silica-surface functionalization with gold clusters[1±10] was
developed to chemisorb organic sulfides and disulfides
selectively onto these sites for constructing patterned surfaces
for biological and other applications.[1, 6, 9±11] While �-cysteine,
for example, does not adsorb onto bare silica from an aqueous
solution due to positive free energy of adsorption,[12] its


adsorption onto gold occurs strongly with covalent metal ± S
bonds,[13±16] and a well-defined dimeric structure with associ-
ated carboxyl groups on the gold 110 surface results.[17] The
residual silica surface is then suitable to be physically or
chemically modified with other organic functionalities that do
not interact with gold.[18±22] Two different environments on
one surface, surface silanols and gold nanoparticles, allow the
construction of tailor-made surfaces with multifunctional
properties.


Gold clusters and related metal nanoparticles are charac-
terized by their surface plasmon UV/Vis absorption band,
whose position and shape depends on particle size and the
polarity of the environment.[23±27] The interaction of an
inorganic surface with a metal cluster or a dye is a composite
of several effects. Acid ± base, ion ± dipole, dipole ± dipole,
dipole ± induced dipole and dispersion forces contribute to the
overall adsorption energy of a probe. Therefore, for the
interpretation of a UV/Vis spectrum of any adsorbed
chromophore, surface sites of different polarity as well as
different contributions of specific (acid ± base) and nonspe-
cific (dipolar-polarizable) interactions must be taken into
account. For this purpose, the LSER (linear solvent energy
relationship) of Kamlet and Taft, which was originally
developed for the quantification of intermolecular solute ±
solvent interactions, is well established.[28] The simplified
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Kamlet ±Taft equation applied to single UV/Vis spectra of
solvatochromic probe shifts is given in Equation (1):


�� � ��o � a� � b� � s(�* � d�) (1)


��o is the UV/Vis absorption maximum of the probe in a
reference system, for example a nonpolar medium, � de-
scribes the HBD acidity, � the HBA (hydrogen bond accept-
ing) ability and �* the dipolarity/polarizability of the solvents.
� is a polarizability correction term, which is 1.0 for aromatic,
0.5 for polyhalogenated and zero for aliphatic solvents; a, b, s
and d are solvent-independent correlation coefficients.[28] The
original Kamlet ± Taft solvent polarity parameters are aver-
aged values derived from numerous solvent-dependent phys-
icochemical processes.


It is expected that �*, � and � of the oxidic component
influence the surface plasmon UV/Vis band in a complex
manner. Such relationships have not yet been reported.


In recent years, solvatochromic dyes have been used to
study the surface polarity of functionalized silica particles and
related materials in terms of empirical polarity concepts
derived from solution chemistry,[29±33] for example, Reich-
ardt×s ET(30) or Kamlet and Taft×s �, � and �* scale.[34±37] Most
(solvent) polarity scales are empirical and based on kinetic,
thermodynamic, or spectroscopic data relating to certain
reference reactions. Significantly, different empirical solvent-
polarity scales correlate well with each other; this points to
the existence of an underlying common feature.[39±41] Empiri-
cal solvent-polarity scales based on spectroscopic measure-
ments usually employ changes in the UV/Vis absorption
maximum of an indicator in different solvents (solvatochrom-
ism).


Classification of the polarity of metal surfaces in terms of
empirical parameters is not established due to the lack of
suitable probes for this purpose. An attempt to study the
surface polarity of metal surfaces like gold with a solvato-
chromic probe was carried out by Knoll et al.[42] using a
merocyanine dye. Kamat et al investigated pyrene and other
fluorophores adsorbed on gold nanoparticles.[43] However, the
merocyanine dye responds solely to changes of pH, and
pyrene emission probably registers the surrounding environ-
ment of the gold cluster with the tenside layer and water.
Adsorptions of structurally different dyes on gold and silver
nanoparticles were reported by Franzen et al.[44] in order to
study the effect of the dye structure on the interaction
mechanism with the metal surface in relation to surface
enhanced Raman scattering (SERS). The interference of
electromagnetic and chemical mechanisms on the UV/Vis
absorption properties of the adsorbed dyes was thoroughly
discussed. However, the dyes used by Franzen are not genuine
solvatochromic compounds. Their UV/Vis shifts in the
adsorbed state is likely to be interfered with by weak
protonation equilibria derived from citrate stabilization and
other ™impurities∫ that cannot be avoided by the preparation
procedure applied. Genuine solvatochromic dyes, like Reich-
ardt×s ET (30) or push ± pull substituted aromatic compounds,
show linear shifts of the position of the solvatochromic UV/
Vis band as function of solvent polarity.


Unfortunately, the most commonly used solvatochromic
compounds have a UV/Vis band in the region of the surface
plasmon band of the metal particles that can induce electro-
magnetic interference. This will disturb a clean polarity
measurement.


Other long-wavelength-absorbing solvatochromic dyes,
such as merocyanine dyes,[45, 46] aminobenzodifuranones[47]


and methine dyes,[48] have their solvatochromic UV/Vis band
between �� 500 and 600 nm. A methionine dye (�� 600 nm)
was also used to link gold nanoparticles together, but only
aggregation behaviour could be detected by UV/Vis spectro-
scopy.[49]


In this communication, we report on two novel dyes 1 and
2[50] as polarity probes that show solvent-induced solvato-
chromic bands in the visible region of the UV/Vis spectrum
between about �� 600 and 700 nm, which are clearly sepa-
rated from the surface plasmon UV/Vis absorption band of
gold. The dyes are also suitable for observing the surface
polarity of coloured pigments such as iron oxides, organic azo-
pigments and functionalized iron oxide particles.[50c] There-
fore, this novel type of solvatochromic dye offers the
possibility of extend the established LSE concept for silicas
and synthetic polymers to coloured hybrid materials. The
chemical formulae of the two dyes are presented in Scheme 1.
They relate to the merocyanine type as reported in
ref. [46].


Scheme 1.


The solvatochromism of 1 and 2 was studied in 26 solvents
in order to determine the coefficients a, b and s according to
Equation (1). Adsorption on silica, amino-functionalized
silica and gold-cluster-functionalized silica particles was
studied, by employing the established transmission technique
in organic solvents as reported.[32] The influence of the co-
adsorption of �-cysteine and poly(ethylenimine) onto gold or
silica on the UV/Vis absorption of 1 and 2 adsorbed onto these
materials is used to observe specific adsorption effects on the
surface polarity of the individual patches.


The following abbreviations are used for the functionalized
silica particles in this study:


silica � H2N-(CH2)3-Si(OCH3)3 : silica ±NH2


silica ±NH2 � Au-solution : silica ±NH2�Au


silica ±NH2�Au � �-cysteine : silica ±NH2�Au/Cys
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Results and Discussion


Solvatochromic data : The UV/Vis absorption maxima of dyes
1 and 2 in 26 solvents at room temperature and the empirical
Kamlet ±Taft solvent polarity parameters �, � and �* used for
the multiple square analyses are summarized in Table 1.


Both dyes show a positive solvatochromism: increasing the
solvent polarity shifts the maximum of the UV/Vis absorption
band to higher wavelengths. The data range between �� 618
(in mesitylene) and �� 704 nm (in 1,1,1,3,3,3-hexafluoropro-
pan-2-ol) for 1 (��� 86 nm) and between �� 629 (in n-
hexane) and �� 691 nm (in formamide) for 2 (��� 63 nm).
Thus, the dipole moment of the electronic ground state is
significantly lower than that of the first excited state of the
molecule. The solvatochromic UV/Vis band shifts of 1 and 2
can be expressed by means of LSERs by using the Kamlet ±
Taft solvent parameters.


Aromatic solvents show anomalies. Quadruple solvent ±
solute interactions probably contribute to the solvation of
the dye in the electronic ground state; this causes an
additional hypsochromic shift of the solvatochromic UV/Vis
band. The following LSERs were calculated with data from
Table 1.


For nonaromatic solvents:


��max (1) [cm�1]� 10�3� 16.01� 0.533�� 1.24�*, (s/a� 2.26) (2)


n� 20, r� 0.976, sd� 0.12993, F� 0.0001 (r2� 0.95326)


��max (2) [cm�1]� 10�3� 15.726� 0.331�� 1.002�*, (s/a� 2.99) (3)


n� 20, r� 0.97, sd� 0.10181, F� 0.0001 (r2� 0.94103)


Considering the solvents altogether, satisfactory multiple
correlations have been calculated::


��max (1) [cm�1]� 10�3� 16.117� 0.612�� 1.244�*; (s/a� 1.92) (4)


n� 26, r� 0.945, sd� 0.19926, F� 0.0001 (r2� 0.89222)


��max (2) [cm�1]� 10�3� 15.830� 0.407�� 1.015�*, (s/a� 2.33) (5)


n� 26, r� 0.924, sd� 0.16921, F� 0.0001 (r2� 0.85391)


A typical fit is shown in Figure 1.


Figure 1. Calculated versus measured UV/Vis absorption maxima of dye 1
in 26 solvents.


According to Equation (1), both dyes are mainly sensitive
to the �* term of the environment, as indicated by the
coefficient ratio s/a. The influence of the � term can be
neglected. The solvatochromic shift range for dye 1 is slightly
larger than for dye 2. This can probably be attributed to the
intramolecular H bond of the ortho-amide substituent to the
azamethine nitrogen atom in dye 2. The extent of the
solvatochromic band shift of dye 2 reflects the influence of
the �* term, relative to the �-term, to a larger extent than dye
1 does. A similar result has been obtained for the structurally
related [4-N,N-diethylamino(phenyl)]-4-tert-butyl-1,3-thiazol-
2-[1,1-dicyanomethine]methene dye, which shows an out-
standing sensitivity to �* rather than to �.[48]


To explain the influence of the ortho-amido substituent, the
conformational behaviour of 2 was investigated by quantum
chemical calculations. Due to the size of the molecule, the
semiempirical methods AM1[51] and PM3[52] implemented in
the CS-MOPAC software were used. However, some addi-
tional structural restrictions had to be included in the search
for geometries with minimum energies. The bulky phenyl
substituent and the rigidity of the exo imine bond are
responsible for a helical twist of the heterocyclic ring system.
During the scanning of the PES for local minima, the chirality
of this ring was kept untouched to prevent redundant


Table 1. UV/Vis absorption maxima of dyes 1 and 2 measured in 26
various solvents at room temperature and the empirical Kamlet ±Taft
solvent polarity parameters �, � and �* of these solvents from ref. [39].


Solvent � � �* ��max10�3 [cm�1]
dye 1 dye 2


n-hexane 0.00 0.00 � 0.04 16.16 15.91
p-xylene 0.00 0.12 0.43 15.85 15.67
mesitylene 0.00 0.13 0.43 16.18 15.83
cyclohexane 0.00 0.00 0.00 15.80 15.65
triethylamine 0.00 0.71 0.14 15.90 15.65
toluene 0.00 0.11 0.54 15.65 15.55
diethyl ether 0.00 0.47 0.27 15.72 15.48
CCl4 0.00 0.10 0.28 15.55 15.38
benzene 0.00 0.10 0.59 15.46 15.36
anisole 0.00 0.32 0.73 15.36 15.22
THF 0.00 0.55 0.58 15.48 15.22
acetone 0.08 0.43 0.71 15.22 15.08
DCE[a] 0.00 0.10 0.81 15.04 14.92
CH2Cl2 0.13 0.10 0.82 14.97 14.88
DMF 0.00 0.69 0.88 14.99 14.88
nitromethane 0.22 0.06 0.85 14.90 14.86
n-butanol 0.84 0.84 0.47 15.06 14.86
ethanol 0.86 0.75 0.54 14.95 14.85
methanol 0.98 0.66 0.6 14.77 14.80
CHCl3 0.20 0.10 0.58 14.88 14.77
benzyl alcohol 0.60 0.52 0.98 14.66 14.64
DMSO 0.00 0.76 1.00 14.73 14.71
ethan-1,2-diol 0.90 0.52 0.92 14.31 14.58
TFE[b] 1.51 0.00 0.73 14.31 14.52
HFI[c] 1.96 0.00 0.65 14.20 14.49
formamide 0.71 0.48 0.97 14.25 14.47


[a] 1,2-dichloroethane. [b] 2,2,2-trifluoroethanol. [c] 1,1,1,3,3,3-hexafluoro-
propan-2-ol.
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calculations of enantiomers. Additionally, low-barrier rota-
tions of certain side chains (n-hexyl, methyl, tert-butyl, NEt2)
were not included in the scanning to minimize the number of
local minima. The E isomer of the amide group was preserved
since it is favoured energetically over the Z isomer. As a
summary of these considerations, the PES was scanned by
rotation around the arrowed bonds I ± III depicted in Fig-
ure 2; this resulted in 5 to 6 minimum conformations depend-
ing on the method applied. Figure 2 also shows the two


Figure 2. Optimized geometries (AM1) of the two conformations of 2 with
the lowest energies. The calculated atomic charges of marked atoms in 2A
are derived from the molecular electrostatic potential: C1 �0.13, N1
�0.39, C2 �0.54, O2 �0.44, N3 �0.39, C4 �0.68, O4 �0.45, C5 �0.56, C6
�0.15, CCN �0.53, NCN �0.37, NEt �0.30, HN �0.20.


conformations of dye 2 with the lowest energies, 2A and 2B,
which were obtained with AM1 (PM3 structures are similar).
Both have a weak hydrogen bond between the imine nitrogen
atom and the proton of the imide group. Other local minima,
which are not shown in Figure 2 were found to be just about
2 ± 8 kcal higher in energy. The difference of the heat of
formation between the two conformers 2A and 2B (��HF�
0.71 kcalmol�1 (AM1) and ��HF� 0.03 kcalmol�1 (PM3)) is
very small and below RT. The calculated dipole moment (� in
Debey, D) is slightly larger for 2B (�� 5.95 D (AM1) and
4.442 D (PM3)) than for 2A (�� 4.90 D (AM1) and 4.141 D
(PM3)).


A common feature of all the optimized structures is that the
imine group is only twisted by about 5� ; this indicates a certain
barrier to rotation for bond I. On the other hand, the barriers
to rotation around bonds II and III seem to be quite low, since
different rotamers of these bonds have been found in local
minimum structures. The methyl group in the six position of
the pyridine ring has only a sharp singlet signal at �� 2.5 ppm
in the 1H NMR spectrum at 293 K. Thus, a rapidly occurring
equilibrium between the two conformers takes place in


solution that is fast on the NMR timescale, and an average
of the two conformers is observed. Since the UV measure-
ments with 2 were carried out in nonpolar solvents, we
additionally optimized all the structures discussed here by
applying a conductor-like screening model (COSMO) with a
dielectric constant, 	� 1.92, typical for a nonpolar solvent.
The results are in complete agreement with the data discussed
above.


Adsorption on silica ±NH2�Au particles : The degree of
surface functionalization was precisely determined by quan-
titative elemental analysis and XPS spectroscopy (see Exper-
imental Section).


Adsorption of colloidal gold has been carried out in
aqueous solutions.[9] To keep stable conditions for the
silica ±NH2�Au particles, a residual water content on the
surface could not be avoided. Thus, quantitative determina-
tion of co-adsorbed organic functionalities is difficult to
determine compared with the former dried silica particles if
quantitative elemental analysis has been used.


The sizes of the gold clusters have been determined to be 5
to 20 nm by electron microscopy.[53] The surface plasmon UV/
Vis spectrum of the gold fraction is observed between �� 500
and 550 nm depending on morphology and pretreatment of
the silica batch used.[51]


Both dyes 1 and 2 readily adsorb on bare silica, silica ±NH2


and silica ±NH2�Au from cyclohexane or 1,2-dichloro-
ethane. The transparent slurries allow good quality UV/Vis
transmission spectra to be taken. The results of the UV/Vis
spectroscopic studies of 1 and 2 when adsorbed on the silica
particles have been compiled in Table 2.


The position of the UV/Vis absorption band of 1 adsorbed
on silica is comparable to that in 2,2,2-trifluoroethanol; this
indicates a similar polarity. By using �� 1� 0.1 and �*� 1�
0.1, which values have been established for silica particles in
1,2-dichloroethane,[32b] then ��max (1) on silica� 14240 cm�1 is
expected from Equation (2); it was found to be 14380 cm�1


(Table 2). This behaviour relates well to the solvent polarity
scale. In contrast, an unprecedented bathochromic shift is
observed when 2 is adsorbed on bare silica particles in 1,2-
dichloroethane. ��max (2) on silica� 15400 cm�1 has been calcu-
lated from Equation (3), experimentally it is found to be
14010 cm�1. The large difference between the expected and
measured UV/Vis band shifts of 2 adsorbed on silica can


Table 2. UV/Vis absorption maxima of dyes 1 and 2 when adsorbed on
different silicas, silica ±NH2 and silica ±NH2�Au in 1,2-dichloroethane meas-
ured in the transmission mode.


Silica sample Degree of ��max 10�3 [cm�1]
functionalization dye 1 dye 2
[�molm�2]


KG 60 ± 14.38 (15.58)[a] 14.01 (14.34)[a]


KG60 ±NH2 2.38 15.58 (15.00)[a] 14.61
KG-60 ±NH2�Au 2.38 14.65 (14.70)[a] 14.44
Aerosil 380 ± 14.44 (14.48)[a] 14.14 (14.15)[a]


Aerosil 380 ±NH2 2 14.63 (14.91)[a] 14.61
Aerosil 380 ±NH2�Au 2 14.50 (15.08)[a] 14.55


[a] Measured by the reflectance mode after particles had been filtered, washed
and dried.
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probably be attributed to a specific influence of dipolar/acidic
sites, because the UV/Vis shift of 2 when adsorbed on amino-
functionalized silicas relates to that of 1 and does not show
such additional bathochromic effect. However, either elec-
tronic or stereochemical reasons could be responsible for the
observed bathochromic shift of 2, which exceeds even the
effect of the polarity of 1,1,1,3,3,3-hexafluoropropan-2-ol or
formamide. We think that steric and electronic effects are
associated because co-operative effects take place due to the
different polar groups of dye 1 or 2, which can interact
simultaneously with two or three silanol groups. Thus, 2 can be
utilized for detecting outstanding dipolar/acidic sites on a
multifunctional surface.


Parameter � for bare silica is evidently larger than for
silica ±NH2; this is expected and in accord with literature
data.[32, 33] This is indicated by a significant hypsochromic shift
of the UV/Vis band of 1 or 2 from silica to silica ±NH2. It
amounts to ��� 10 nm. No significant differences in the UV/
Vis spectra are observed when using 1 and 2 as polarity
indicator between silica ±NH2 and silica ±NH2�Au. This is a
clear indication that both dyes observe the residual silica
surface and not the gold cluster sections.


The situation changes significantly when �-cysteine is co-
adsorbed on silica ±NH2�Au. The concentration of adsorbed
�-cysteine amounts to 5� 10�5 molg�1, which corresponds
well with the amount of immobilized gold cluster. Preliminary
experiments (S content determination by quantitative ele-
mental analysis) have confirmed that �-cysteine does not
adsorb on bare silica from water. This was expected and is
according to Basiuks studies.[12]


The UV/Vis spectra of 1 and 2 (about 10�4 gmol�1) when
adsorbed on silica, silica ±NH2�Au, silica ±NH2�Au/�-Cys
and silica ±NH2�Au with an adsorbed poly(ethylenimine)
(PEI) (Mn� 25000 gmol�1) layer have been measured. For
these studies we used silica (KG60) �NH2�Au, because
silica (aerosil 300¾) �NH2�Au batches are aggregates
consisting of Au and aerosil nano particles. Au-concentration
determination was poorly reproducible for the aerosil materi-
als.


Dye 1 is weakly sensitive to
the presence of co-adsorbed �-
cysteine compared with dye 2.
UV/Vis spectra of 2 adsorbed
on these samples are shown in
Figure 3.


A bathochromic shift of the
UV/Vis absorption band of 2
takes place when �-cysteine is
co-adsorbed on silica ±NH2�
Au [��max� 14200 cm�1] ; this in-
dicates the outstanding sensi-
tivity of 2 to dipolar/acidic sur-
face sites. The silica ±NH2�
Au/�-Cys site evidently shows
a larger polarity than silica ±
NH2�Au. We attribute this
result to the selective adsorp-
tion of 2 on �-cysteine aggre-
gates on the gold cluster sur-


Figure 3. UV/Vis absorption spectra of dye 2 when adsorbed on a) silica ±
NH2�Au, b) silica ±NH2�Au/PEI and c) silica ±NH2�Au/�-Cys in cyclo-
hexane slurry. The original UV/Vis spectra of silica ±NH2�Au, silica ±
NH2�Au/PEI and silica ±NH2/�-Cys, respectively, have been subtracted
from those of the dye-loaded sample to avoid the disturbing shoulder of the
gold plasmon resonance.


face.[16] In contrast, polyamine adsorption on silica ±NH2�
Au covers the acidic surface sites;[54] this is indicated by a
hypsochromic shift of 2 adsorbed on this sample [��max�
14600 cm�1] .


To get a deeper insight into the specific binding situation
between the azamethine dye 2 and �-cysteine, we also carried
out quantum-chemical calculations. In an analogous way to
dye 2 (see above), �-cysteine was investigated in both the
uncharged and the zwitterionic form. For the docking of the
amino acid by hydrogen bonding, two possible binding sites
were identified by stereoelectronic considerations (for atomic
charges see legend of Figure 2): the 4-oxo site of the
heterocyclic ring system, which is a structural motif of 1 too,
and a hydrogen-binding triad including the 2-oxo group, the
imine nitrogen atom and the proton of the amide moiety.
While this triad is destroyed in structure 2B (Figure 4), the
steric restrictions for the 4-oxo site are almost the same in
structures 2A and 2B. We therefore focused on calculating
the binding of �-cysteine to 2A.


Figure 4. Optimized geometries (AM1) and binding enthalpies [kcalmol�1; PM3 in italics] of three adducts of
uncharged �-cysteine and one adduct of zwitterionic �-cysteine (bottom right) with 2A.
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The uncharged form of �-cysteine [H2N-CH(CH2SH)-
COOH] can bind to the 4-oxo site through the NH2 protons
or the proton of the carboxyl group with calculated enthalpies
of about 3 ± 6 kcalmol�1. Additionally, different binding
modes to the triad have been found that are energetically
slightly more favourable (up to about 9 kcalmol�1). The
calculated thermodynamic data are in good agreement with
experimental data for the hydrogen-bond strength.[55] The
zwitterionic form of �-cysteine is also capable of binding to
the triad (�Hcalcd� 15.6 kcalmol�1) but a simple hydrogen
bond to the 4-oxo unit could not be found. However, a
combination of hydrogen bonding to O4/NCN and electrostatic
interaction to C6 binds the amino acid quite efficiently with a
�Hcalcd of about 13 kcalmol�1.


The molecular structure of the azamethine dye 2 differs
from its congener 1 only in the presence of the amide function
in the 2-position of the benzene ring. From the results of our
calculations we propose that this site, in collaboration with the
azamethine nitrogen atom and the 2-oxo group of the
heterocyclic ring system, is responsible for the special
interaction of 2 with gold supported �-cysteine. Figure 4
shows three options for an interaction of uncharged �-cysteine
and one example for an interaction of �-cysteine in its
zwitterionic form with 2.


Conclusion


Compounds 1 and 2 adsorb well onto acidic and dipolar
surfaces of functionalized silicas. Their solvatochromic UV/
Vis bands appear in the visible spectrum at about �� 700 nm;
this allows the investigation of coloured particles like gold-
cluster-functionalized silicas without spectral interference.
Small differences in the surface polarity of silica, silica ±NH2,
silica ±NH2�Au and silica ±NH2�Au/�-Cys can be meas-
ured by dye 2. Thus an applicable concept for determination
of polarity of coloured materials has been established.


Experimental Section


Novel dyes were synthesized by an acetic anhydride-catalyzed aldol
condensation from the corresponding para-substituted bis(n-alkylamino)
nitrosobenzene derivative and the N-hexyl-3-cyano-2-hydroxy-4-methyl-6-
ketopyridine according to ref. [50]. The structures of the novel dyes were
confirmed 1H and 13C NMR spectroscopy as well as by quantitative
elemental analyses.


Dye 1: 1H NMR (300 MHz, CDCl3): �� 1.19 (t, CH3), 1.48 (s, (CH3)3), 3.43
(q,-CH2-), 6.7 and 7.47 (d, CH aromatic), 7.8 (s, -CH�); 13C NMR: �� 13.79,
32.51, 39.86, 46.25, 54.10, 113.47, 115.02, 117.02, 121.18, 129.67, 136.11,
140.65, 152.48, 183.11, 191.19; elemental analysis calcd (%) for C28H40N4O2


(464.7): C 27.38, N 12.06, O 6.89, H 8.68; found C 27.5, N 12.2, O 7.1, H 8.6.


Dye 2 : 1H NMR (300 MHz, CDCl3): �� 1.19 (t, CH3), 1.48 (s, (CH3)3), 3.43
(q, -CH2-), 6.7 and.47 (d, CH arrogate), 7.8 (s, -CH�); 13C NMR: �� 13.79,
32.51, 39.86, 46.25, 54.10, 113.47, 115.02, 117.02, 121.18, 129.67, 136.11,
140.65, 152.48, 183.11, 191.19; elemental analysis calcd (%) for C28H38N5O3


(493.7): C 68.13, N 14.19, O 9.72, H 7.96; found C 68.2, N 14.2, O 9.9, H 8.0.


Gold-cluster-functionalized silica particles : Gold/silica particles were
synthesized by adsorption of colloidal gold solutions onto aminosilane-
functionalized silica particles (silica ±NH2) according to established
procedures from the literature.[7±9] The silica ±NH2 particles were also


synthesized by established procedures.[18±20, 32] Surface coverage of amino-
silane functionalization was calculated by Kovats× method.[56]


The gold concentration on the surface was determined by means of a
calibration curve by UV/Vis spectroscopy with a stock solution of colloidal
gold and presuming the difference of absorption intensity after the
adsorption process to amount to the surface concentration of gold.[51]


Surface gold concentrations were supported independently by XPS
measurements.[57]


Physical and chemical properties of the gold-cluster-functionalized silica
particles are given in the results part of this study.


UV/Vis measurements : The UV/Vis absorption maxima of the dyes 1, 2
and 3 adsorbed on the coloured particles were recorded by using a diode-
array spectrometer with glass-fibre optics. Preparation of the specific solid
particles is given in the results section. A solution of the probe dye in
cyclohexane or 1,2-dichloroethane (DCE) was simply added to the solid
material. Care must be taken to avoid overloading the surface with the
indicators used, as multilayer adsorption is expected in solution at higher
concentrations or interfering absorptions from the nonadsorbed dye from
the solution. Therefore, the amount of dye added was restricted to 2 ± 3 mg
of 1 or 2 per g solid, which is similar to the amount of immobilized gold. The
reproducibility of the UV/Vis spectra of the adsorbed dyes was good. The
mean error is less then �max� 2 nm and depends on residual amounts of
water.


The multiple regression analyses were performed with the Microcal Origin
5.0 statistics program.
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Fluorous Biphasic Catalysis: Synthesis and Characterization of Copper(�) and
Copper(��) Fluoroponytailed 1,4,7-Rf-TACN and 2,2�-Rf-Bipyridine
Complexes–Their Catalytic Activity in the Oxidation of Hydrocarbons,
Olefins, and Alcohols, Including Mechanistic Implications


MarÌa Contel,*[a] Cristina Izuel,[a] Mariano Laguna,*[a] Pedro R. Villuendas,[a]
Pablo J. Alonso,[b] and Richard H. Fish*[c]


Abstract: In this contribution on fluo-
rous biphasic catalysis (FBC), we pres-
ent the synthesis and characterization of
new copper complexes, and define their
role, as precatalysts, in the FBC oxida-
tion of hydrocarbons, olefins, and alco-
hols. Thus the previously reported, but
poorly characterized, fluoroponytailed
ligand, 2,2�-Rf-bipyridine (Rf� -
(CH2)3C8F17) 2, as well as the new CuII


fluoroponytailed carboxylate synthon
complex [Cu(C8F17(CH2)2CO2)2] 3, will
be addressed. Moreover, the reaction of
previously described ligands, 1,4,7-Rf-
TACN 1, or 2,2�-Rf-bipyridine 2 with 3
afforded new perfluoroheptane-soluble
CuII complexes, [Cu(C8F17(CH2)2-
CO2)2(Rf-tacn)] 4 and [Cu(C8F17(CH2)2-
CO2)2(Rf-bpy)] 5, respectively. The re-


action of 1 with [Cu(CH3CN)4]PF6 or
[CuCl] provided new CuI complexes,
which could be isolated and fully char-
acterized as [Cu(Rf-tacn)X�]X, in which
X�PF6 (6) or X��Cl (7) (soluble in
perfluoroheptane). The CuII and CuI


complexes, 4 ± 7, were characterized by
elemental analysis, mass spectrometry,
and IR, diffuse reflectance UV/Vis, and
EPR spectroscopies; complex 7 was also
characterized by 1H and 19F{1H} NMR
spectroscopy. Complexes 4 and 5, as well
as 6 and 7 generated in situ, were
evaluated as precatalysts for hydrocar-


bon and olefin functionalization. The
oxidation reactions of these substrates in
the presence of the necessary oxidants,
tert-butyl hydroperoxide (TBHP) and
oxygen gas, proceeded under FBC con-
ditions for 5, 7, and CuI salts with 2.
However, the complexes with ligand 2
could not be recycled, owing to signifi-
cant ligand dissociation. The CuII com-
plex 4, with the ligand 1, provide the
oxidation of 4-nitrobenzyl alcohol to
4-nitrobenzaldehyde under single-phase
FBC conditions at 90 �C with TEMPO
(2,2,6,6-tetramethylpiperidinyl-1-oxy)
and O2; the precatalyst 4, can be utilized
for an additional four catalytic cycles
without loss of activity. Plausible mech-
anisms concerning these FBC oxidation
reactions will be discussed.


Keywords: biphasic catalysis ¥
copper ¥ mechanisms ¥ N ligands ¥
oxidation


Introduction


The efficient, catalytic synthesis of alcohols, aldehydes,
ketones, and epoxides from alkanes and alkenes is a corner-


stone of global industrial research for the preparation of a
variety of products for world-wide consumption.[1] Homoge-
neous catalytic oxidation is more selective toward the above-
mentioned products and, in addition, the reactions are carried
out at lower temperatures than those used in heterogeneous
catalytic oxidation. Thus, the development of a homogeneous
oxidation process for alkane and alkene functionalization has
been an important goal in numerous industrial and academic
laboratories.[1] In order for this process to be industrially
practicable in view of economical and environmental con-
cerns, new and innovative approaches for the separation of
the homogeneous catalyst from the oxidation products are
still needed. In recent years, Horva¬th and Ra¬bai introduced
the concept of fluorous biphasic catalysis (FBC),[2] and
demonstrated that by using fluorocarbon solvents and mod-
ifying the homogeneous catalyst×s ligand structure with long-
chain perfluoroalkane derivatives (fluoroponytails) to make
the precatalyst soluble in the fluorocarbon phase, the products
of the catalytic reaction would be soluble in a separate solvent
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phase that is immiscible in the fluorocarbon phase; by
removing this second phase, the products are easily separated
from the precatalyst. It should also be noted that the
miscibility of perfluoroalkanes and perfluoroethers with the
products of alkane and alkene oxidation, such as alcohols,
aldehydes, ketones, and epoxides, is extremely low or
nonexistent.[3] This latter critical characteristic, and the fact
that perfluoroalkanes and perfluoroethers are very interesting
for their nonpolarity and extremely low intermolecular forces,
makes them ideal solvents for homogeneous biphasic catalytic
processes. The FBC concept has now been amply demon-
strated with the conversion of many examples of classic
organic catalytic reactions to the FBC paradigm,[4] amongst
them oxidation reactions.[5±11] However, there is still an urgent
need to synthesize and fully characterize new fluoropony-
tailed ligands and their metal complexes for unequivocal
structural identification, and in order to understand the
mechanisms of the oxidation chemistry under FBC reaction
conditions.[7d]


In this paper, we report on the synthesis and character-
ization of new CuI and CuII complexes with the previously
described fluorocarbon-soluble 1,4,7-triazacyclononane (Rf-
TACN)[7a] 1 and bipyridine (Rf-bpy)[10d] 2 ligands that contain
the fluoroponytail, C8F17-(CH2)3-. We demonstrate their
catalytic activity with hydrocarbons and olefins under FBC
oxidation conditions, with tert-butyl hydroperoxide (TBHP)
and the necessary oxygen gas, at room temperature. Further-
more, the oxidation of alcohols to aldehydes, under FBC
conditions, has also been performed with TEMPO (2,2,6,6-
tetramethylpiperidinyl-1-oxy) and oxygen gas at 90 �C, in-
volving one phase during the reaction and two phases on
cooling to room temperature. We also provide EPR results to
ascertain the fate of the precatalyst, while presenting plausible
mechanisms for all of these transformations under FBC
conditions.


Results and Discussion


Synthesis and characterization of Rf-CuI and Rf-CuII com-
plexes : In the field of FBC, several CuI derivatives with
fluoroponytailed amine ligands have been previously synthe-
sized. These complexes were prepared in situ from either
CuCl or CuBr ¥ SMe2 and the corresponding ligands, Rf-
macrocycles[7b] or Rf-bipyridine,[10d] and were evaluated in the
oxidation of alkanes and alkenes,[7b] or the oxidation of
alcohols,[8] respectively. Several other CuI complexes contain-
ing tri- or tetradentate amine ligands have been prepared in
situ in a similar manner, and have been used as precatalysts
for the cyclization of unsaturated esters[12] or living radical
polymerizations[13] under FBC conditions. However, these
complexes, usually generated in situ, were not isolated or
characterized properly. The synthesis consisted of the addition
of an excess of the CuI salt to a perfluorocarbon solution of
the fluoroponytailed amine ligand, and the new fluorocarbon-
soluble compound was characterized in some cases[7b] by the
UV/Vis spectrum of the resulting green solution. We believe
that not only the green color of the perfluorocarbon solutions,
but also the UV/Vis data, tentatively demonstrated that the
oxidation of the fluoroponytailed CuI complexes to CuII


derivatives was occurring. Thus, we wanted to synthesize
and isolate not only the CuI, but also CuII fluoroponytailed
complexes, as both CuI and CuII salts and complexes have
previously displayed catalytic activity in the homogeneous
oxidation of hydrocarbons, olefins, and alcohols.[14]


The fluoroponytailed ligands employed in this study were
the previously described fluorocarbon soluble 1,4,7-triazacy-
clononane (Rf-TACN),[7a] 1 and bipyridine (Rf-bpy),[10d] 2
ligands (Figure 1) that contained the C8F17-(CH2)3- group. The
convenient three carbon spacer in the fluoroponytail was
necessary, not only to insulate the amine from the powerful
electron-withdrawing effect of the perfluoroalkyl group, but
also to avoid a facile elimination reaction of HI when
synthesizing fluoroponytailed amine ligands by alkylation
reactions with C8F17(CH2)3I. The latter compound, along with
ligand 1, have been previously reported by Fish et al.[7a,d]


Although ligand 2 has been prepared before, its synthesis
was not completely described, and its characterization was not
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Abstract in Spanish: En esta contribucio¬n en cata¬lisis bifa¬sica
fluorada (FBC) presentamos la sÌntesis y caracterizacio¬n de
nuevos complejos de cobre y definimos su papel, como
precatalizadores, en la oxidacio¬n FBC de hidrocarburos,
olefinas y alcoholes. AsÌ, se describe la preparacio¬n y
caracterizacio¬n del ligando fluorado 2,2�-Rf-bipiridina 2
(Rf� -(CH2)3C8F17), que habÌa sido publicado anteriormente
pero sin datos experimentales sobre sÌntesis o caracterizacio¬n, y
la preparacio¬n del compuesto sinto¬n carboxilato
[Cu(C8F17(CH2)2CO2)2], 3. La reaccio¬n de los ligandos
previamente descritos 1,4,7-Rf-TACN, 1, o 2,2�-Rf-bipyridina,
2 con 3 permiten la formacio¬n de compuestos de CuII solubles
en perfluoroheptano como [Cu(C8F17(CH2)2CO2)2(Rf-tacn)],
4, y [Cu(C8F17(CH2)2CO2)2(Rf-bpy)], 5, respectivamente. La
reaccio¬n de 1,4,7-Rf-TACN, 1, con [Cu(CH3CN)4]PF6 o [CuCl]
genera nuevos compuestos de CuI que pueden ser aislados y
caracterizados completamente como [Cu(Rf-tacn)X�]X, con
X�PF6, 6, o X��Cl, 7 (soluble en perfluoroheptano). Los
compuestos de CuI y CuII, 4 ± 7, se han caracterizado por
ana¬lisis elemental, espectrometrÌa de masas, IR, UV/Vis
(reflectancia difusa) y espectroscopÌa de EPR. El derivado 7
ha sido caracterizado tambie¬n por espectroscopÌa de RMN de
1H y 19F{1H}. Los compuestos 4 y 5, asi como los derivados 6 y
7, generados in situ, se evaluaron como precatalizadores en la
funcionalizacio¬n de hidrocarburos y olefinas. Las reacciones
de oxidacio¬n de estos sustratos, en presencia de los oxidantes
necesarios, hidropero¬xido de tert-butilo (TBHP) y oxÌgeno gas,
se consiguen en condiciones FBC para 5, 7 y sales de CuI con el
ligando 2. No obstante, los compuestos con 2 no pudieron
reciclarse debido a una gran disociacio¬n del ligando. El
compuesto de CuII, 4, con el ligando Rf-TACN, 1, permite la
oxidacio¬n de alcoholes 4-nitro-bencÌlico a 4-nitro-benzaldehi-
do en condiciones FBC, monofase a 90 �C, con TEMPO
(2,2,6,6-tetrametilpiperidina-N-oxilo) y O2; el precatalizador,
4, puede ser utilizado durante cuatro ciclos catalÌticos adicio-
nales, sin pe¬rdida de actividad. Se discutira¬n mecanismos
posibles para estas reacciones de oxidacio¬n en condiciones
FBC.
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Figure 1. Perfluoroponytailed amine ligands 1 and 2.


provided. Thus, we have also described the synthesis and
characterization of 2.


In order to insure the fluorocarbon solubility of the CuII


complexes of ligands 1 and 2, we appended fluoroponytailed
groups to the metal complex we were going to utilize as a
synthon, as previously discovered by Fish et al., since metal
complexes with multiple charges and counter anions, such as
ClO4


�, PF6
�, or even Cl� would be very difficult to solubilize


in perfluorocarbons.[7a,d] Thus, the new CuII complex
[Cu(C8F17(CH2)2CO2)2] 3, was synthesized by reaction of
CuSO4 ¥ 5H2O in acetone with two equivalents of the triethy-
lammonium salt of the 3-Rf-alkylpropionic acid
C8F17(CH2)2CO2H; elemental analysis of 3 revealed a metal/
carboxylate ratio of 1:2. Complex 3 was found not to be
soluble in perfluorocarbons, soluble in trifluorotoluene, and
only partly soluble in CH2Cl2. It further appears that the
carboxylate group is chelating rather than being in a mono-
dentate coordination mode, as suggested by the small differ-
ence (�� 153 cm�1) observed between the asymmetric and
symmetric C�O stretches (�� 1573 and 1420 cm�1, respec-
tively) in its IR spectrum.[15] Its lack of solubility prevented us
from obtaining its UV/Vis spectrum in perfluoroheptane or
CH2Cl2 solutions. However, we were able to record the UV/
Vis spectrum in the solid state by using diffuse reflectance
measurements. The intense absorption band displayed by 3
(tentative structure given in Figure 2, Rf�C8F17-(CH2)3-) at
666 nm was in accordance with values found for other CuII


complexes.[16]


Figure 2. Tentative structure of complex 3.


The addition of ligands 1 or 2 to perfluoroheptane
suspensions of 3 allowed the total (for 1) or partial (for 2)
solubilization of the CuII complex at room temperature, giving
deep green solutions. In order to isolate these compounds, we
added ligands 1 and 2 to blue solutions of 3 in CH2Cl2, which
almost immediately produced green solids that could be
isolated and characterized as [Cu(C8F17(CH2)2CO2)2(Rf-tacn)]
4 and [Cu(C8F17(CH2)2CO2)2(Rf-bpy)] 5. Unfortunately, none
of the Cu complexes reported gave single crystals suitable for
X-ray analysis.


Complex 4 was found to be totally soluble in perfluor-
oheptane, while its UV/Vis spectrum in this solvent had only
one absorption band at 272 nm, which could be assigned to the
fluorous ligand. However, its diffuse reflectance spectrum
(solid state) showed two bands at 1013 and 700 nm that could


be directly attributed to a CuII complex.[16] The stoichiometry
of 4 was confirmed by elemental analysis and its LSIS-MS
spectrum displayed a signal at m/z 2063 (75%), which could
be assigned to the [M� {C8F17(CH2)2CO2}]� ion. The IR
spectrum had bands corresponding to the carboxylate group,
in addition to those that can be assigned to the Rf-TACN
ligand. It appears that the carboxylate group in 4 (tentative
structure in which Rf�C8F17-(CH2)3- in Figure 3) was in a
monodentate rather a chelating or bridging coordination
mode, resulting in the bigger difference (�� 229 cm�1)
observed between the asymmetric and symmetric C�O
stretches (�� 1632 and 1403 cm�1, respectively) in its IR
spectrum.


Figure 3. Tentative structure of compound 4.


Compound 5 was not soluble in cold perfluoroheptane, but
it could be solubilized in hot perfluoroheptane (above 40 �C).
Again, elemental analysis and LSIMS-MS confirmed the
composition of the compound. The UV/Vis spectrum, re-
corded in perfluoroheptane, showed one absorption band at
�� 246 nm, which can be assigned to the fluorous ligand, but
its diffuse reflectance spectrum (solid state) showed one
intense absorption band at 680 nm in accordance with values
obtained for CuII compounds.[16] In contrast to compound 4, it
appears that the carboxylate group in 5 is in a bidentate rather
than a monodentate coordination mode, as evidenced by the
smaller difference (�� 173 cm�1) observed between the
asymmetric and symmetric C�O stretches (�� 1569 and
1394 cm�1, respectively) in its IR spectrum. This is in
accordance with the bidentate coordination mode of the Rf-
bpy, which would allow the Rf-carboxylate groups to bind in a
chelating mode to the CuII center in 5 (Figure 4), while in 4 the
three N-donor atoms of the Rf-TACN appear to limit the
carboxylate coordination to the CuII to a monodentate mode.


Figure 4. Tentative structure of compound 5.


After synthesizing these paramagnetic CuII fluorous com-
pounds, we attempted the preparation of CuI complexes with
the more fluorocarbon soluble ligand 1, at room temperature.
In this case, we did not use Rf-carboxylate synthon 3, as it had
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been previously shown that the in situ synthesis of CuI-
fluorous amine derivatives could be achieved by using the CuI


salt and the corresponding fluoroponytailed ligands. The
addition of 1 to [Cu(CH3CN)4]PF6 or CuCl afforded an off-
white ([Cu(Rf-tacn)]PF6 6) and a white ([Cu(Rf-tacn)Cl] 7)
solid in moderate (36%), and high (78%) yields, respectively
(Figure 5). Satisfactory elemental analyses were obtained for


Figure 5. Tentative structures of 6 and 7.


both compounds, and their LSIMS-MS spectra had signals
that corresponded to the monocationic complexes, [Cu(Rf-
tacn)]� , atm/z 1573 for 6 (60%) and 7 (88%). Complex 6 was
only soluble in trifluorotoluene; however, compound 7 was
totally soluble in cold perfluoroheptane and partly soluble in
CHCl3, allowing for its characterization by 1H and 19F{1H}
NMR spectroscopy in CDCl3. UV/Vis data for 7 were also
obtained in perfluoroheptane, revealing two absorption bands
at 212 and 260 nm. However, its solubilility in CH2Cl2, or even
in CHCl3, was not enough to perform a cyclic voltammetric
study. In addition, the EPR spectra of 6 and 7 were silent, as
expected for CuI diamagnetic complexes. We also found that 6
and 7 were light sensitive, and that they could be easily
oxidized to CuII species (especially 6) after several hours at
room temperature. However, they could also be kept for
longer periods of time at �20 �C under argon, while being
protected from direct light exposure.


We mentioned in the introduction that the combination of
CuBr ¥SMe2 and 2 had produced a deep green solution in
perfluoroheptane,[8] but the characterization of this putative
CuI complex had not been reported thus far. When we
attempted the reaction between CuCl and 2 in trifluoroto-
luene in order to synthesize the compound analogous to 7, we
immediately obtained a deep green solution, from which a
deep green solid was isolated. Although its LSIMS-MS
spectrum displayed a prominent signal at m/z 1167 (100%),
which can be assigned to the species [M�Cl]� , its elemental
analysis did not fit with a stoichiometry of a complex like
[Cu(Rf-bpy)Cl]. This complex was partly soluble in trifluor-
otoluene and in cold perfluoroheptane (it was soluble in hot
perfluoroheptane) and thus we were not able to obtain its
NMR or UV/Vis spectra in perfluoroheptane solution. How-
ever, its green color, as well as its EPR spectrum, indicated
that a partial oxidation to a CuII complex had occurred.


The EPR spectra of solid, powdered samples of compounds
3, 4, 5, and 7, as well as the solid from the reaction of CuCl and
2, were measured at room temperature. Figure 6 shows the
EPR spectra of all the samples studied (spectra a ± e). In all
cases except for the CuI compound 7 (spectrum d), the EPR
spectra had signals from several CuII complexes. In the cases


Figure 6. X-band EPR spectra of powdered samples: a) complex 3 ;
b) complex 4 ; c) complex 5 ; d) compound 7; e) isolated complex from 2
and [CuCl].


of the CuII complexes, 3 (spectrum a), 4 (spectrum b), and 5
(spectrum c), as well as the putative CuI complex from CuCl
and 2 (spectrum e), there were strong indications of inter-
molecular exchange reactions.[17] This was particularly evident
in the EPR spectrum of compound 3 (spectrum a), and the
spectrum recorded with the solid from the reaction of CuCl
and 2 (spectrum e). In these EPR spectra, similar features
appeared at g1� 2, g2� 2.06 (spectrum a), and g1� 2.15, g2�
2.06 (spectrum e), suggesting a mixture of CuII complexes. In
accordance with the nature of 7, a CuI complex, no indication
of a CuII complex was detected in its silent EPR spectrum
(spectrum d).


Functionalization of alkenes, alkanes, and alcohols using
copper(��) complexes and in-situ-generated [Cu(Rf-ligand)]�


derivatives as precatalysts


Oxidation of alkenes and alkanes : The FBC oxidation results
for substrates cyclohexene, cyclohexane, and toluene in the
presence of fluoroponytailed copper complexes are presented
in Table 1. All of the experiments were carried out under
biphasic conditions in perfluoroheptane; the upper phase was
the substrate itself (Scheme 1). CuII complexes 4 and 5 were
dissolved in perfluoroheptane; however, we found it more


Scheme 1. Cyclohexene FBC oxidation with complex 7 as precatalyst.
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convenient to generate the CuI derivatives 6 and 7 in situ for
catalytic experiments by the addition of excess (2:1)
[Cu(CH3CN)4]PF6 or CuCl to the perfluoroheptane solutions
of 1, with subsequent filtration through celite to remove any
undesired excess of CuI salts. The molar ratio between the
substrate, the oxidant, and the catalyst was S/O/C�
5000:62.5:1 in all experiments.[7b]


The oxidation of alkenes and alkanes always provided a
mixture of alcohols and ketones. As previously described,[7a,b,d]


Table 1 demonstrates that the olefin with allylic hydrogens,
cyclohexene, provides the highest yield of oxidation products
with TBHP/O2. In the absence of O2 or TBHP, only negligible
amounts of cyclohexenol and cyclohexenone were detected,
which is fully indicative of an autoxidation reaction, that is,
both were necessary for oxidation to proceed (Table 1,
entries 4 and 5).[7a,d]


All of the complexes derived from the ligand 1, showed
catalytic activity (Table 1, entries 1 ± 3, 7 ± 9), but only 7
(prepared in situ from CuCl and Rf-TACN) afforded yields
or TON that could be compared with those previously
reported for CuCl and the fluoroponytailed macrocyclic
ligands derived from tetraazacyclotetradecane (Rf-CY-
CLAM)[7b] or [M(C8F17(CH2)2CO2)2(Rf-tacn)] (M�Mn,
Co).[7a,d] The first system afforded yields of 514% and TON
of 320 for the oxidation of cyclohexene to cyclohexenol and
cyclohexenone after eight hours.[7b] The latter complexes gave
yields of 650% and TON of 131 (M�Mn) after three hours or
750%, TON� 156 (M�CoII) after 20 hours.[7a,d] We found
that for the same substrate, yields of 136% (with a TON of 85)
were obtained after eight hours (entry 3) for 7, while after
24 hours (same conditions, entry 7) the yields and TON were
increased to 425% and 276, respectively. More importantly,
we were able to recover the fluorous phase and recycle it for a
second (entry 8) or a third (entry 9) catalytic experiment. The
overall yield was then 938% and the TON� 609, with the


catalytic activity decreasing to around 75% in the second run
and to half of the initial value in the third experiment. With
the Cu/Rf-CYCLAM system, the catalytic activity in a second
run decreased to half of its initial value (yield 248%, TON
155), and the authors mentioned that the hydrocarbon layer
turned increasingly blue.[7b] Moreover, in a second run
[Mn(C8F17(CH2)2CO2)2(Rf-tacn)] afforded a yield of 400%
(vs 650% in the first run).[7a,d]


We believed that 6 (formed in situ from [Cu(CH3CN)4]PF6


and 1) was not an efficient catalyst (entry 2) under FBC
conditions, owing to its lack of solubility in perfluoroheptane,
as shown with the isolated compound. The reaction of
cyclohexene with 7 (formed in situ) in the presence of
oxidants (H2O2/O2) was also studied (entry 6) but no oxida-
tion products were formed. Although complexes of CuII and
CuI with the Rf-bpy ligand 2 (entries 7 ± 11) did catalyze the
oxidation of cyclohexene (TBHP/O2), they could not be
recycled (see complex 5, entries 10 and 11; CuCl and ligand 2
(entries 13 and 14). We found that after the reaction had taken
place, the fluorous phase turned colorless, while the organic
layer became blue, indicating that CuII ions were present in
this upper layer. We believe that the different behavior
between the compounds with Rf-TACN and Rf-bpy ligands
might be due to the different coordination modes of these
ligands to the CuI and CuII centers, which may be related to
the steric and electronic properties of the catalytic active sites,
as well as their stability constants. In all oxidation experi-
ments, it was observed that the TBHP employed as a free
radical initiator was converted to tert-butyl alcohol and
acetone, indicative of tert-butyloxy radical formation.[7a,d] We
also attempted the oxidation of cyclohexane and toluene with
the best catalytic system, 7, generated in situ, and, as described
for the [M(C8F17(CH2)2CO2)2(Rf-tacn)] {M�MnII, CoII} sys-
tems,[7a,d] the yields of oxidation products were much lower
than for cyclohexene (entries 15 and 16, Table 1).
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Table 1. Alkene and alkane functionalization with fluorous CuII and CuI complexes under FBC conditions.[a]


Entry Substrate Oxidant Precatalyst t [h] Substrate Selectivity Ketone/ Total TON[e]


converted[b] [�mol] alcohol [%][c] aldehyde [%] yield [%][d]


1 cyclohexene TBHP/O2 4 8 175 3.2 96.8 35 22
2 cyclohexene TBHP/O2 [Cu(CH3CN)4]PF6 � Rf-TACN (6) 8 86 1.3 98.7 17 11
3 cyclohexene TBHP/O2 CuCl � Rf-TACN (7) 8 678 27 73 136 85
4 cyclohexene O2 7 8 12 ± 100 2.2 1.5
5 cyclohexene TBHP 7 8 13 ± 100 3 1.6
6 cyclohexene H2O2 7 8 8 ± 100 1.5 0.9
7 cyclohexene TBHP/O2 7 24 2210 21.8 78.2 425 276
8 cyclohexene TBHP/O2 fluorous recovered phase from entry 7 24 1601 29.3 70.7 308 200
9 cyclohexene TBHP/O2 fluorous recovered phase from entry 8 24 1068 18.6 81.4 205 133


10 cyclohexene TBHP/O2 5 8 1023 15.6 84.4 204 128
11 cyclohexene TBHP/O2 fluorous recovered phase from entry 10 8 13 ± 100 12 8
12 cyclohexene TBHP/O2 [Cu(CH3CN)4]PF6 � Rf-bipy 8 681 12.1 87.9 136 85
13 cyclohexene TBHP/O2 CuCl � Rf-bipy 8 590 13.8 86.2 113 74
14 cyclohexene TBHP/O2 fluorous recovered phase from entry 13 8 62 ± 100 12 8
15 cyclohexane TBHP/O2 7 24 39 43.3 56.7 7.5 5
16 toluene TBHP/O2 7 24 87 48.4 51.6 17 13


[a] Conditions: Hydrocarbon phase: Substrate (S)� 40 mmol; o-dichlorobenzene (internal standard)� 2 mmol; 70% tBuOOH (O)� 500 �mol. Fluoro-
carbon phase: precatalyst (8 �mol, see experimental section) in perfluoroheptane (2 mL). Molar ratio S/O/C 5000:62.5:1. T� 298 K. Reactions were carried
out in the dark in the presence of molecular oxygen. Products were identified by comparison with authentic samples by GC. [b] Determined by GC using the
internal standard method. [c] �mol product/�mol converted substrate. [d] Based on the added tBuOOH. [e] �mol converted substrate/�mol precatalyst.
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Oxidation of alcohols : The oxidation of alcohols to aldehydes
or ketones under FBC conditions has been performed under
an oxygen atmosphere both by Knochel et al. with a catalytic
system consisting of CuBr ¥ SMe2 and 2, prepared in situ, at
90 �C[8] and by Uemura et al.[9] with Pd(OAc)2 and fluoropo-
nytailed pyridines prepared in situ at 80 �C. In the first
example, the initiator was TEMPO and in the second case,
they used 3 ämolecular sieves. However, while the Cu system
used a small amount of fluorous ligand (2 mol%),[8] the Pd
system needed a much larger amount of fluorous ligand
(20 mol%).[9] Benzylic and allylic alcohols reacted faster than
aliphatic alcohols for both systems and, in general, high yields
were obtained.


The recyclability of the Cu system was demonstrated for the
oxidation of 4-nitrobenzyl alcohol to 4-nitrobenzaldehyde.
The reaction was performed eight times without a major loss
of catalytic activity. In the Pd system, the recyclability of the
precatalyst was demonstrated for six runs. It should also be
noted that no mechanistic information was available for this
transformation nor for the role of TEMPO in this FBC
oxidation reaction. More importantly, we believed that the
reported reaction between CuI salts and 2 also gave CuII


complexes during the reaction, while the oxidation of alcohols
with TEMPO/O2 with CuI and CuII salts in a homogeneous
system also suggested that CuII ions were responsible for
initiating the oxidation.[18] We then decided to study the CuII


complex 4 under single-phase FBC reaction conditions[4f] at
90 �C with 4-nitrobenzyl alcohol in the FBC oxidation to
4-nitrobenzaldehyde (Scheme 2).


Scheme 2. FBC oxidation of 4-nitrobenzylacohol with precatalyst, com-
plex 4.


The initial FBC mode at room temperature (Scheme 2)
includes 4 in the lower perfluoroheptane layer, while the
substrate alcohol, chlorobenzene, and TEMPO were in the
upper organic layer (Table 2). At 90 �C, in a now single
homogeneous phase, under an oxygen atmosphere for four


hours, conversion to the aldehyde was at 63% (entry 1) and
61% (entry 2) in the first and second runs, respectively,
showing that catalytic activity did not change during the
second run. This preliminary experiment helped to optimize
the FBC reaction conditions (entries 3 ± 5). We found it was
necessary to increase the amount of catalyst to 3.5 mol% and
the reaction time from 4 to 8 hours to obtain a 96%
conversion to the benzaldehyde product.


Autoxidation mechanism and the fate of the [Cu(Rf-tacn)]�


precatalyst in the oxidation of alkenes and alkanes


The TBHP/O2 initiated oxidation reactions presented here
are in agreement with an autoxidation mechanism involving
alkoxy (RO.) or alkoxyperoxy (ROO.�) radicals, in which the
reaction is initiated by tBuO. or tBuO2


. radicals produced
from redox reactions (Haber±Weiss process with CuI/CuII).
This mechanism is similar to that proposed by Fish et al. with
the [Mn(C8F17(CH2)2CO2)2(Rf-tacn)] catalytic system.[7a,d] It
has been previously reported that in the case of the substrate
cyclohexene, the allylic radical that forms is then trapped by
O2 (k� 1� 109��1 s�1) to provide cyclohexenylperoxy radi-
cals, which are able (ROO�H� 90 kcalmol�1) to homolyti-
cally remove a hydrogen from benzylic or allylic C�H bonds
(85 kcalmol�1), and hence propagate the radical reac-
tions.[19, 20] The secondary cyclohexenyl hydroperoxide that is
formed then decomposes catalytically in the presence of the
[Cu(Rf-tacn)Cl] precatalyst to give the alcohol and the ketone
products. Scheme 3 defines the initiation, propagation, termi-
nation, and product-forming steps for the sequence of
reactions [Eqs. (1) ± (8)].[7a,d] Moreover, the lower yields
observed in the case of cyclohexane are consistent with the
stronger C�H bond (95 kcalmol�1),[19] which implicates the
cyclohexylperoxy radical and thus causes a lowering of the
rate of the propagation step. The chain termination step
presumably comes mainly from the coupling of two cyclo-
hexenylperoxy radicals to give alcohol, ketone, and O2


[Russell-type mechanism, Scheme 3, Eq. (7)].[7a,d]
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Table 2. Oxidation of 4-nitrobenzyl alcohol to 4-nitrobenzaldehyde under
FBC conditions using 4 as precatalyst.[a]


Entry Catalyst % mol
catalyst


% mol
TEMPO


t [h] Conversion
[%][b]


TON[c]


1 4 2 3.4 4 63 31
2 RFP[d] from entry 1 ± 3.4 4 61 30
3 4 3.5 6 4 65 19
4 4 3.5 6 8 96 27
5 RFP from entry 4 ± 6 8 94 27
6 RFP from entry 5 ± 6 8 92 26
7 RFP from entry 6 ± 6 8 90 26
8 RFP from entry 7 ± 6 8 92 26
9 RFP from entry 8 ± 6 8 51 14


10 RFP from entry 9 ± 6 8 8 2


[a] Conditions: hydrocarbon phase: 4-nitrobenzyl alcohol, TEMPO; fluo-
rous phase: 4 in perfluoroheptane (2 mL). Reactions were carried out at
90 �C in the presence of molecular oxygen. [b] Measured by 1H NMR.
[c] �mol converted substrate/�mol catalyst. [d] Recovered fluorous phase.
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Scheme 3. Haber ±Weiss mechanism for the oxidation of cyclohexene with
precatalyst, complex 7.


In order to determine the redox chemistry occurring with
the starting complex, [Cu(Rf-tacn)Cl] 7, the best catalytic
system we found for the oxidation of cyclohexene under FBC
conditions, we carried out the following EPR experiments
(Figure 7, spectra a ± e). Compound 7 was dissolved in per-
fluoroheptane and then cyclohexene, o-dichlorobenzene (as
internal standard), and TBHP were added. The reaction
started in the presence of O2 and an aliquot from the
perfluoroheptane phase was removed and immediately frozen
at liquid nitrogen temperature (LNT) in an EPR tube, after
two hours of reaction. The EPR spectrum (measured at 77 K)
is shown in Figure 7 (spectrum a). There was no indication of
a CuII signal in this initial spectrum. This was in accordance
with the oxidation state of the precatalyst 7, whose CuI center
had also been previously confirmed by an EPR spectrum of a
solid sample (Figure 6, spectrum d).


The reaction was further followed by EPR spectroscopy
taking aliquots at different reaction times and after six hours
(spectrum c), a CuII signal was observed. It could be described
by an axial spin-Hamiltonian with a g tensor, g�� 2.26(1) and
g�� 2.05(1), as well as a CuII nuclei hyperfine interaction
given by A� � 520(5) MHz and A� �50 MHz. These EPR
spectra are typical of a nearly square planar CuII complex.
This EPR signal remains after 11 hours (spectrum d), and


Figure 7. X-band EPR spectra of the perfluoroheptane layer during the
course of the oxidation of cyclohexene with TBHP/O2, 7 as precatalyst,
measured at liquid nitrogen temperature. a) 2 h; b) 3.5 h; c) 6 h; d) 11 h;
e) 23 h.


after 23 hours (spectrum e). After 3.5 h (spectrum b), the
EPR spectrum showed some contribution of CuII, but the
spectrum was not the same as the one after six hours. This fact
could mean that a CuII complex was formed after addition of
TBHP/O2. What was clear was that it takes �3 h for the CuI


precatalyst 7 to be oxidized to the CuII complex, which is
consistent with a Haber ±Weiss mechanism.[7a,d]


The catalytic results (Table 1, entry 1) have shown that the
CuII complex with the Rf-TACN ligand, 4, catalyzes the
oxidation of cyclohexene, but to a smaller extent than 7, or the
CuII complex 5. The reason for which 7 was a recoverable
catalyst, while its catalytic activity in the second and third run
decreases to 75 and 50%, respectively, could possibly be the
formation of a CuII complex that could be easily reduced to a
CuI complex, as designated by the Haber ±Weiss process. In
contrast, the low catalytic activity of the CuII catalytic system
with 4 might be a consequence of not being able to efficiently
generate the CuI complex [Scheme 3, Eq. (2)], because of a
presumed kinetic effect [Scheme 3, Eq. (2)].[7a,d] The fact that
Equation (1) (Scheme 3) involves the generation of the tert-
butoxy radical implicates the CuI/CuII redox couple.


More importantly, the behavior of the CuII complex 5, with
ligand 2, was quite different (Table 1, entries 10 and 11). In
this example, the reduction to the CuI complex appears to be
more facile, possibly because of the different electronic
properties of the fluoroponytailed ligand 2. Unfortunately,
we were not able to isolate the corresponding CuI compound
analogous to 7. We also determined that 5 was not recoverable
under FBC conditions and that after the reaction had taken
place, the free ligand 2, as well as CuII ions, could be observed
in the organic phase, as analyzed by mass spectrometry.


Mechanism and fate of the [Cu(C8F17(CH2)2CO2)2(Rf-tacn)]
(4) precatalyst in the oxidation of 4-nitrobenzyl alcohol


We have shown that an isolated Rf-CuII complex 4 can be a
recyclable and efficient precatalyst for the oxidation of
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alcohols under FBC conditions at 90 �C with TEMPO/O2. The
mechanism of this reaction was thus of interest. Moreover,
several years ago Semmelhack et al.[17] reported on the
oxidation of alcohols to aldehydes with oxygen and CuII ions,
mediated by a nitrosonium ion that was generated from the
TEMPO radical. The catalytic cycle proposed by these
authors is shown in Scheme 4. The CuII ions are reduced to


Scheme 4. Semmelhack mechanism for the oxidation of alcohols to
aldehydes mediated by CuII, TEMPO, and O2.


CuI in a one-electron oxidation of TEMPO 8 to the nitro-
sonium ion 9 [Scheme 4, Eq. (9)]. The alcohol is then oxidized
by 9 [Eq. (10)], generating the aldehyde and hydroxylamine
10 ; rapid syn-proportionation of 10 with 9 regenerates 8
[Eq. (11)]. Finally, CuII is regenerated by oxygen gas, in a
process that consumes protons and provides CuII and water
[Eq. (4)], following a general method for recycling CuII


ions.[17] This catalytic cycle was based on the reactions and
electrochemical studies that indicated that CuII could indeed
oxidize 8 to 9.


In order to verify the Semmelhack mechanism,[17] we used
EPR spectroscopy to follow the redox chemistry of the
starting fluorous catalyst 4 during the oxidation of 4-nitro-
benzylic alcohol with TEMPO/O2 at 90 �C under FBC
conditions. To reiterate, precatalyst 4 was recoverable and
recyclable, while its catalytic activity did not decrease over the
course of five runs. We carried out an EPR catalytic experi-
ment (Figure 3, spectra a ± d) as was described above for the
oxidation of cyclohexene. Precatalyst 4 was dissolved in
perfluoroheptane, and then chlorobenzene, TEMPO, and
4-nitrobenzyl alcohol were added to the reaction mixture. The
reaction started at 90 �C in the presence of O2, and after
30 min, followed by cooling to room temperature, an aliquot
was removed from the perfluoroheptane phase and immedi-
ately frozen at 77 K in an EPR tube. The EPR spectrum is
shown in Figure 8 (spectrum a, at LNT). The spectrum shows
a narrow central signal at about g� 2.006, which can be
associated with the TEMPO radical. This was further
confirmed by measuring this radical in perfluoroheptane at


Figure 8. X-band EPR spectra of the perfluoroheptane layer during the
course of the oxidation of 4-nitrobenzyl alcohol with TEMPO/O2, at 90 �C,
4 as precatalyst measured at liquid nitrogen. a) 0.5 h; b) 3.5 h. c) 6 h; d) 8 h.


77 K. The spectrum of the reaction mixture also has a CuII


signal, with g� � 2.26(1) and g�� 2.06(1), A� � 520(5) MHz
and A� �50 MHz.[18] After 3.5 h, both signals decrease
(spectrum b), and after 6 h the signals have decreased further
(spectrum c). After 8 h, we observed a recovery of the signal
corresponding to the CuII species (spectrum d). An EPR
spectrum of the upper phase (chlorobenzene layer), after the
reaction had taken place, showed a EPR signal that can be
assigned to the TEMPO radical. Thus, TEMPO appears to be
regenerated as was proposed in Scheme 4. It is clear from the
silent EPR spectrum after 3.5 h (Figure 8, spectrum c) that the
initial CuII complex 4 is reduced to the CuI complex and is
then regenerated to a CuII complex (spectrum d). This is in
accordance with the mechanism proposed by Semmelhack
et al.[17] (Scheme 4) and with the catalytic results reported in
this paper (Table 2). After 4 h, a 65% yield of aldehyde was
obtained; however, by leaving the reaction for longer periods
of time, a nearly 100% yield of aldehyde (Table 2) was
formed, concomitant with a full recovery of 4. We believe that
the TEMPO was also regenerated, but probably ended up in
the organic phase where it was destroyed during the work-up
procedure; TEMPO was then replenished during the next
catalytic run.


We also wish to propose an alternative mechanism to
Semmelhack×s, described above for the oxidation of alcohols
to aldehydes, that can reasonably fit the experimental data
presented, and is favored by Sheldon et al.[19] This is shown in
Scheme 5. It entails the coordination of the alcohol to the CuII


center, followed by a �-hydrogen elimination, which forms the
CuI hydride, the aldehyde, and a proton.[19] The regeneration
of the CuII center is now the role of the TEMPO radical, which
abstracts hydrogen from CuIH to give TEMPOH, while the
TEMPO radical can be regenerated by O2. Both mechanistic
Schemes 4 and 5 indicate that the presence of CuII is critical
for the oxidation of the alcohol to the aldehyde. The
mechanistic differences are in the role of the TEMPO radical,
and we are in the process of attempting to differentiate
between the two pathways.
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Scheme 5. Alternative mechanism for the oxidation of alcohols to
aldehydes mediated by CuII, TEMPO, and O2.


Conclusions


In summary, we have prepared and fully characterized by
several standard spectroscopic techniques new CuI and CuII


complexes with fluoroponytailed amine ligands. To the best of
our knowledge, the reported CuI and CuII fluoroponytailed
derivatives were previously unknown, as the previously
reported fluoroponytailed CuI complexes had been prepared
in situ and their characterization was incomplete or nonexis-
tent. More importantly, in many previously reported Cu
complexes that were studied, in their synthesis or catalytic
reactivity, there was no information concerning the oxidation
state of the resulting Cu complexes. We have now rectified
this situation by isolating and fully characterizing all of the CuI


and CuII compounds reported in either synthesis or under
catalytic reactivity, in this FBC contribution.


All of the reported novel CuI and CuII complexes were
evaluated in the FBC oxidations of hydrocarbons and olefins
with TBHP/O2. The most promising catalytic systems were
the [Cu(Rf-tacn)Cl] 7, as well as the CuI and CuII complexes
with the Rf-bpy ligand 2. However, only 7 could be totally
separated from the organic phase by a simple decantation
process and thus recycled for three runs. EPR experiments
showed that the oxidation process occurs by an autoxidation
mechanism, with formation of alkenyl or alkyl hydroperox-
ides as the key intermediates, which are then catalytically
decomposed by the [Cu(Rf-tacn]� catalyst, probably at the
solvent interface, to provide the alcohol and ketone prod-
ucts.[7a,d] However, this precatalyst was found to be less
efficient after the third run, possibly because of the concen-
tration of the CuII complex that could not be readily reduced
to the initial CuI complex under the normal Haber ±Weiss
reaction conditions.


Furthermore, the CuII complex [Cu(C8F17(CH2)2CO2)2(Rf-
tacn)] 4 was an efficient and recoverable precatalyst for the
oxidation of 4-nitrobenzyl alcohol to 4-nitrobenzaldehyde
with TEMPO/O2, under single phase FBC conditions at 90 �C,
with catalytic activity being maintained even after five runs.
The EPR experiments can be interpreted in two ways. In one
mechanism, this CuII complex was reduced to CuI by the
TEMPO radical and then oxidized again to the initial CuII


complex by O2, while also regenerating TEMPO, and


producing the aldehyde. The other mechanism involves the
CuII mediated �-hydrogen elimination providing a CuIH,
which reacts with TEMPO to recycle CuII and TEMPO-H,
while regenerating TEMPO with O2. Future FBC studies will
focus on gas to liquid technology, as well as further studies on
FBC oxidation mechanisms.


Experimental Section


All manipulations involving organolithium reagents and hygroscopic
TACN were performed under an inert atmosphere of dry argon, using
Schlenk techniques, and all solvents were dried and degassed before use.
Rf-TACN 1 was prepared as described previously from a nitrogen atom
alkylation reaction between commercial TACN and C8F17(CH2)3I.[7a,d]


Carboxylic acid, CF3(CF2)7CH2CH2CO2H, was generously donated by Elf
Atochem. The fluorocarbon solvents and some starting perfluoro deriva-
tives were purchased from ABCR., while 4,4�-dimethyl-2,2�-bipyridine,
alkenes, alkanes, and alcohols were from Aldrich. tert-Butyl hydroperoxide
(70% TBHP) was purchased from Aldrich, TEMPO (2,2,6,6-tetramethyl-
piperidinyl-1-oxy) from Avocado, and were used without further purifica-
tion. [Cu(CH3CN)4]PF6 was prepared as previously reported.[21] 1H,
13C{1H}, and 19F{1H} NMR spectra were obtained on a 300 MHz Varian-
GEMINI 2000 apparatus in CDCl3 solutions; chemical shifts are quoted
relative to SiMe4 (external, 1H and 13C{1H}) and CFCl3 (external 19F{1H}).
GC analyses were performed on a Hewlett Packard (HP) 5890 Series II
instrument. C,H,N elemental analyses were performed with a Perkin Elmer
2400 microanalyzer, while mass spectra (LSIMS, 3-nitrobenzyl alcohol as
matrix) were obtained on a VG Autospec spectrometer using a Cesium
gun. The IR spectra were recorded on a Perkin ±Elmer Spectrum One FT-
IR instrument in a Universal ATR Sampling Accessory. The UV/Vis
spectra were recorded on a Unicam-Vision 32 instrument with accompa-
nying V1.02 software. The diffuse reflectance spectra were recorded on a
Cary 500 scan UV/Vis-nir spectrophotometer. The Electron Paramagnetic
Resonance (EPR) spectra were measured on a Bruker ESP380E spec-
trometer working at X-band using a PPPP cavity. Powdered samples as well
as solutions were introduced in a standard EPR quartz tube (707-SQ from
Wilmad). The spectra of powdered samples were recorded at room
temperature (RT). To follow catalytic experiments, aliquots of the
perfluoroheptane layer were removed and immediately frozen at liquid
nitrogen temperature (LNT). These frozen solutions were measured at
LNT using an immersion quartz Dewar. The microwave frequency was
determined with a Hewlett Packard HP5350B frequency counter. For
detecting CuII complexes, the conditions were as follows: 3320� 125 mT
scan range, 2 mWmicrowave power, 9.51 GHz microwave frecuency, RTor
LNT temperature, 0.4 mT modulation amplitude, 100 KHz modulation
frequency, conversion time, 163.84 msg (see below).


Preparation of fluoroponytailed ligands and their copper complexes


4,4�-Diheptadecafluoroundecyl-2,2�-bipyridine (Rf-bpy, 2): LDA, prepared
in situ from bisisopropylamine (2.37 mmol, 0.33 mL) and nBuLi
(2.42 mmol, 1.21 mL) in dry THF (60 mL) at �78 �C, was treated with
4,4�-dimethyl-2,2�-bipyridine (0.95 mmol, 0.17 g). The temperature was
allowed to rise from �78 to 0 �C over 1 h. After cooling down again to
�78 �C, C8F17(CH2)3I (2.08 mmol, 1.21 g) in dry THF (5 mL) was added.
The reaction mixture was stirred at this temperature for 5 h and then
warmed up to room temperature overnight. After total removal of the
THF, the residue was extracted with CH2Cl2/Et2O (50 mL, 1:1) and washed
with H2O (3� 15 mL). The organic layer was dried over Na2SO4, and all
solvents were concentrated to �1 mL. Subsequent addition of cold
n-pentane (6 mL) afforded pure 2 as a beige powder (0.361 g, 35%).
1H NMR (CDCl3, 25 �C): �� 8.57 (d, 2J(H,H)� 5.1 Hz, 2H; H1,1�), 8.24 (s,
1H; H3,3�), 7.13 (d, 2J(H,H)� 5.1 Hz, 2H; H2,2�), 2.74 (t, 2J(H,H)� 7.5 Hz,
4H; -CH2CH2-), 2.08 (m, 4H; -CH2CH2CH2-), 1.73 (dd, 8H;
-CH2CH2CH2CH2-C8F17); 13C{1H} NMR (CDCl3, 25 �C): �� 156.2, 155.6,
149.15, 123.8 (d), 121.1 (d), 120 ± 108 (4m, vbr), 34.8, 30.4 (t), 29.6, 19.7, 0.7
(t); 19F{1H} NMR (CDCl3, 25 �C): ���81.7 (3F; CF3), �115.4 (2F; CF2),
�123.0 (6F; CF2), �123.8 (2F; CF2), �124.6 (2F; CF2), �127.3 (2F; CF2);
LSIMS-MS: m/z (%): 1105 (5) [M]� , 645 (100) [M� {(CH2)3C8F17}]� ;
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elemental analysis calcd (%) for C34H22F34N2: C 36.97, H 2.00, N 2.54; found
C 36.64, H 1.95, N 2.69.


[Cu(C8F17(CH2)2CO2)2] (3): Triethylamine (0.39 mL, 2.80 mmol) was
added to a solution of CF3(CF2)7CH2CH2CO2H (1.35 g, 2.80 mmol) in
acetone (15 mL). This solution was added dropwise to a suspension of
CuSO4 ¥ 5H2O (0.342 g, 1.37 mmol) in acetone (30 mL). After 24h stirring
at room temperature, complex 3 precipitated as a blue powder, which was
collected by filtration and washed with Et2O to give the title compound
(0.098 g, 69%). Complex 3 was totally soluble in trifluorotoluene, partly
soluble in dichloromethane, and insoluble in acetone, Et2O, n-hexane,
MeOH, H2O, and perfluoroheptane. IR: �� 1573, 1420 cm�1 (C�O); UV/
Vis (diffuse reflectance): �� 666 nm (28%); elemental analysis calcd (%)
for C22H8F34O4Cu: C 25.27, H 0.77; found C 25.44, H 0.81.


[Cu(C8F17(CH2)2CO2)2(Rf-tacn)] (4): Rf-TACN (0.218 g, 0.14 mmol) was
added to a suspension of 3, (0.15 g, 0.14 mmol) in dichloromethane
(10 mL). A green solid precipitated immediately and was collected by
filtration. After drying under vacuum, 4 was obtained as a green powder
(0.255 g, 80%). Complex 4 was totally soluble in trifluorotoluene and
perfluoroheptane, while being insoluble in acetone, dichloromethane,
chloroform, Et2O, n-hexane, MeOH, and H2O. IR: �� 1632, 1403 cm�1


(C�O); UV/Vis (perfluoroheptane): �� 272 nm, (diffuse reflectance): ��
1013 (62%), 700 nm (48%); LSIMS-MS: m/z (%): 2063 (75) [M�
{C8F17(CH2)2CO2}]� , 1572 (30) [M� {C8F17(CH2)2CO2}2]� , 1508 (58) [Rf-
TACN]� ; elemental analysis calcd (%) for C61H38F85O4N3Cu: C 28.67, H
1.49, N 1.64; found C 29.01, H 1.60, N 2.03.


[Cu(C8F17(CH2)2CO2)2(Rf-bpy)] (5): Rf-bpy (0.110 g, 0.1 mmol) was added
to a suspension of [Cu(C8F17(CH2)2CO2)2] (0.104 g, 0.1 mmol) in dichloro-
methane (10 mL). A green solid precipitated immediately. This precipitate
was collected by filtration, and after drying under vacuum, 5 was obtained
as a pale green powder (0.086 g, 40%). Complex 5 was totally soluble in
trifluorotoluene, hot perfluoroheptane, or hot perfluoro-1,3-dimethylcy-
clohexane (PP3), partly soluble in dichloromethane, and insoluble in
acetone, Et2O, n-hexane, MeOH, and H2O. IR: �� 1569, 1394 cm�1 (C�O);
UV/Vis (perfluoroheptane): �� 246 nm, (diffuse reflectance): �� 680 nm
(42%); LSIMS-MS: m/z (%): 1541 (5) [M� {C8F17(CH2)2CO2}-{C2F5}]� ,
1351 (33) [M� {C8F17(CH2)2CO2}� {C5F13}]� , 707 (100) [M�
{C8F17(CH2)2CO2}� {C6F14}]� ; elemental analysis calcd (%) for
C56H30F68O4N2Cu: C 31.28, H 1.40, N 1.30; found C 31.54, H 1.60, N 1.73.


[Cu(Rf-tacn)]PF6 (6): Rf-TACN (0.151 g, 0.1 mmol) was added to a
solution of [Cu(CH3CN)4]PF6 (0.037 g, 0.1 mmol) in dry dichloromethane
(10 mL) under argon. After 2 h of stirring at room temperature, the
solution became pale green. After removal of the CH2Cl2 and addition of
Et2O, a very pale green powder precipitated. This precipitate was collected
by filtration, and after drying under vacuum, 6 was obtained as an almost
off white powder (0.061 g, 36%). Complex 6was soluble in trifluorotoluene
and insoluble in dichloromethane acetone, Et2O, n-hexane, MeOH, H2O,
and perfluoroheptane. LSIMS-MS: m/z (%): 1753 (15) [M�2H2O]� , 1573
(60) [M�PF6]� , 1554 (100) [M�PF6�F]� ; elemental analysis calcd (%)
for C39H30F57N3PCu: C 27.26, H 1.76, N 2.44; found C 27.66, H 1.82, N 2.09.


[Cu(Rf-tacn)Cl] (7): Rf-TACN (0.151 g, 0.1 mmol) was added to a
suspension of excess [CuCl] (0.050 g, 0.5 mmol) in trifluorotoluene
(5 mL). After 3 h of stirring at room temperature, the suspension was
filtered through celite (to remove the excess CuCl), and the colourless
solution was evaporated to 1 mL. The addition of n-hexane afforded 7 as an
off-white powder (0.125 g, 78%). This complex was totally soluble in
trifluorotoluene and perfluoroheptane, partly soluble in dichloromethane
and chloroform, and insoluble in acetone, Et2O, n-hexane, MeOH, and
H2O. 1H NMR (CDCl3, 25 �C): �� 2.25 (m, 6H; -CH2-CH2-CH2-C8F17),
2.10 (s, 12H; -N-CH2-CH2-N), 1.57 (m, 6H; -CH2-CH2-CH2-C8F17), 1.20 (m,
6H; -CH2-CH2-CH2-C8F17); 19F{1H} NMR (CDCl3, 25 �C): ���80.5,
�110.8, �111.2, �121.1, �121.7, �122.6, �125.9 (the 19F{1H} NMR
spectrum in CDCl3 of Rf-TACN (1) has signals at ���81.7, �115.2,
�122.9, �123.9, �124.7, �127.3); UV/Vis (perfluoroheptane): �� 212,
260 nm; LSIMS-MS: m/z (%): 1573 (88) [M�Cl]� , 1095 (100) [M�Cl�
(CH2)3C8F17�F]� ; elemental analysis calcd (%) for C39H30F51N3ClCu: C
29.12, H 1.88, N 2.61; found C 29.45, H 1.97, N 2.43.


Reaction of CuCl and Rf-bpy (2): Rf-bpy (2 ; 0.110 g, 0.1 mmol) was added
to a suspension of [CuCl] (0.010 g, 0.1 mmol) in trifluorotoluene (5 mL). A
green solid started to precipitate immediately. After 1 h of stirring at room
temperature, the trifluorotoluene was removed under vacuum to �1 mL.


The addition of Et2O (10 mL) afforded a deep green powder (0.065 g,
54%). LSIMS-MS: m/z (%): 2271 (29) [M�Rf� bpy�Cl�
(CH2)3C8F17�F]� , 1167 (100) [M�Cl]� , 707 (100) [M�Cl�
(CH2)3C8F17�F]�); elemental analysis calcd (%) for C34H22F34N2ClCu: C
33.93, H 1.84, N 2.33; found C 32.51, H 3.61, N 1.41.


Standard catalytic oxidation of alkanes and alkenes under FBC conditions :
A Schlenk tube (previously purged with Ar) was filled with a perfluoro-
heptane solution (2 mL) of the precatalyst (8 �mol). The isolated CuII


complexes 4 (0.020 g) and 5 (0.017 g) were used for the oxidation
experiments. For the CuI complexes, the preferred method was preparation
in situ from excess [CuCl] (16 �mol, 0.017 g) or [Cu(CH3CN)4]PF6


(16 �mol, 0.059 g) and 1 (0.012 g, 8 �mol), or 2 (0.009 g), in perfluorohep-
tane (2 mL). After stirring for 1 h at RT, these suspensions were filtered
through Celite (to remove the excess CuI salts). The resulting colourless (1)
or green (2) solutions were placed in the Schlenk tube and used as
precatalysts. The hydrocarbon phase (upper layer of the biphasic system)
consists of 40 mmol of substrate (cyclohexene 4.05 mL, cyclohexane
4.32 mL, toluene 4.26 mL) and 2 mmol (0.23 mL) of o-dichlorobenzene
(as internal standard). Then tBuOOH (70%, 500 �mol, 69.2 �L) was added
and the reaction mixture (protected from light exposure) was stirred under
an O2 atmosphere at ambient temperature (for 8 or 24 h, see Table 1). After
the reaction had taken place, the two phases were separated by decantation
and analyzed by GC. In some cases, the fluorous phase could be reused for
further runs (see Table 1), in which case perfluoroheptane (0.5 mL) and a
new load of substrate/oxidant/internal standard were added, and the
oxidation reaction proceeded under the conditions described above.


Standard catalytic oxidation of alcohols under FBC conditions : For the
preparation of 4-nitrobenzaldehyde, a 25 mL Schlenk tube (previously
purged with Ar) was charged with a perfluoroheptane solution (2 mL) of
3.5 mol% of 4 (0.027 mmol, 0.070 g). The hydrocarbon phase (upper layer
of the biphasic system) consisted of 4-nitrobenzylalcohol (0.120 g,
0.78 mmol) in chlorobenzene (2 mL). TEMPO (6 mol%, 0.04 mmol,
0.069 g) was then added, and the biphasic reaction mixture was stirred
under an O2 atmosphere at 90 �C (for 4 or 8 h, see Table 2). After the
reaction, the Schlenk tube was cooled to room temperature and the two
phases were separated by decantation. The fluorous phase was washed with
chlorobenzene (3� 2 mL), and the combined organic layers were diluted
with Et2O (30 mL) and washed successively with brine (40 mL), and water
(40 mL). After drying (MgSO4), filtration, and complete evaporation of the
solvent under reduced pressure, the crude product was weighted and
analysed by 1H NMR. The fluorous phase was separated and used directly
(after adding 0.5 mL of perfluoroheptane) for further reaction runs.


EPR-FBC experiment A : Using standard oxidation conditions for cyclo-
hexene, as outlined in Table 1, with precatalyst 7, generated in situ, aliquots
of the perfluoroheptane layer were removed and immediately frozen at
LNT in an EPR tube (Figure 7, EPR spectra a ± e).


EPR-FBC experiment B : Using standard oxidation conditions for 4-nitro-
benzylic alcohol, as outlined in the experimental section using 4 as the
precatalyst, aliquots of the perfluoroheptane layer were removed (after
cooling down the reaction mixture at RT) and immediately frozen at LNT
in an EPR tube (Figure 8, EPR spectra a ± d).
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Diastereoselective Conjugate Addition to Chiral �,�-Unsaturated Carbonyl
Systems in Aqueous Media: An Enantioselective Entry to �- and �-Hydroxy
Acids and �-Amino Acids


Rosa M. Sua¬rez, Jose¬ Pe¬rez Sestelo,* and Luis A. Sarandeses*[a]


Abstract: The stereoselectivity of the
ultrasonically induced zinc±copper con-
jugate addition of iodides to chiral �,�-
unsaturated carbonyl systems under
aqueous conditions was studied. Alkyl
iodides add diastereoselectively to
methylenedioxolanone 1 and methyle-
neoxazolidinone 2 to afford the 1,4-
addition products in good yields (38 ±
95%) and with high diastereomeric
excess (44 ± 90% de). The 1,4-addition
to chiral �,�-dioxolanyl-�,�-unsaturated


esters 3 ± 5 also proceeds with good
yields (51 ± 99%). The diastereoselectiv-
ity is dependent on the geometry of the
olefin: the Z isomer 3 gives high dia-
stereoselectivity, while the reactions
with the E isomer 4 are nonstereoselec-
tive. The reaction proceeds with excel-


lent chemoselectivity and allows the use
of iodides bearing ester, hydroxy, and
amino groups. Since the 1,4-addition
products can be readily hydrolyzed, this
methodology constitutes a novel entry
for the enantioselective synthesis of �-
and �-hydroxy acids and �-amino acids
in aqueous media. The results obtained
support the radical mechanism proposed
by Luche, and represent one of the few
examples of a radical stereoselective
conjugate addition in aqueous medium.


Keywords: aqueous media ¥ asym-
metric synthesis ¥ diastereoselectiv-
ity ¥ Michael addition ¥ radicals


Introduction


Water is an attractive solvent for chemical reactions owing to
its low cost, safety, and environmental compatibility.[1] More-
over, the study of organic reactions in water is important to
gain an understanding of the basic mechanisms of life. During
the past decade, fundamental organic reactions such as
cyclizations, aldol reactions, allylations, oxidations, hydro-
genations and others have been performed in aqueous
media,[1] but aqueous stereoselective variants are still unde-
veloped in many cases.[2] Indeed, the majority of stereo-
selective processes is performed in apolar and aprotic media,
which precludes the use of water-soluble compounds and
requires the use of protecting groups.


The 1,4-conjugate addition reaction,[3] which is one of the
most important transformations in organic chemistry, has
been studied under aqueous conditions. The first break-
throughs in this area concerned Michael additions,[4] but more
recently this has been extended to other stabilized nucleo-
philes under different reaction conditions.[5] The use of other


nucleophiles such as organometallic species or radicals is of
current interest, but very few examples have been reported to
date.[6] Furthermore, stereoselective conjugate additions in
aqueous media remain practically unknown.[7]


One of the most important methods to perform conjugate
additions in aqueous media was discovered by Luche et al. in
1986.[8] Alkyl halides add regioselectively to electron-deficient
olefins in the presence of a zinc ± copper couple under ultra-
sonic irradiation (Scheme 1). This aqueous reaction combines
several advantages over other methods such as simplicity, mild
reaction conditions, and high chemoselectivity. Despite these
interesting features, the stereoselectivity of this reaction and its
utility in asymmetric synthesis has not been studied in detail.[9]


Scheme 1. Luche×s conjugate addition.


The mechanism for the Zn(Cu) conjugate addition has been
a subject of study and debate. Although a mechanism
involving some type of organometallic species cannot be
discarded, the radical pathway shown in Scheme 2 has been
proposed.[8c] In the first step, a single-electron transfer (SET)
occurs from the metal surface to the carbon ± halogen bond,
which subsequently breaks to generate an adsorbed radical. In
the subsequent steps a radical 1,4-addition to the �,�-unsatu-
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Scheme 2. Mechanism proposed for the zinc ± copper conjugate addition.


rated system is followed by additional SET, which gives rise to
an enolate that is protonated by the solvent. Evidence for the
enolate intermediate was provided by the use of deuterated
solvents, but the trapping of radical intermediates was
achieved with low yields only.[8c]


Since its discovery, Luche×s conjugate addition has been of
great utility in organic synthesis.[10] In particular, our group
soon found applications for this methodology in the synthesis
of vitamin D metabolites and analogues.[11] Later, we applied
this methodology for the stereoselective synthesis of 24-
hydroxyvitamin D metabolites[12] and 24-aminovitamin D
derivatives.[13] In a recent communication,[14] we reported the
diastereoselective ultrasonically induced zinc ± copper conju-
gate addition of achiral iodides to chiral �,�-unsaturated
systems in aqueous media. Herein, we summarize our studies
concerning the diastereoselectivity of this interesting reaction
discovered by Luche in the 1980s.


Results and Discussion


Herein we describe the study of the stereoselectivity of the
1,4-conjugate addition reaction between organic halides and
chiral Michael acceptors (1 ± 5). In accordance with the


mechanism proposed by Luche et al.(Scheme 2), stereoselec-
tivity could be achieved either in the nucleophilic addition by
using �-substituted Michael acceptors, or in the enolate
protonation step, if the �,�-unsaturated carbonyl system was
�-substituted. For the study of the protonation step we chose
methylenedioxolanone 1 and methyleneoxazolidinone 2,
whereas we chose the �,�-dioxolanyl-�,�-unsaturated esters
3 ± 5 for the study of the nucleophilic-addition step. The
diastereoselective conjugate addition to these chiral �,�-
unsaturated systems was explored under different reaction
conditions using various types of nucleophiles. The results
should serve to establish comparisons and give additional data
about the mechanism of Luche×s conjugate addition. Further-
more, the 1,4-addition products are valuable intermediates in
the synthesis of important organic compounds such as �- and


�-hydroxy acids, �-amino acids, and complex natural products.
The stereoselective conjugate addition of radicals in aqueous
media is also a relatively unexplored methodology.[15]


Conjugate addition to methylenedioxolanone 1 and methyl-
eneoxazolidinone 2 : We started our investigation by studying
the reaction of various alkyl iodides (6a ± g, Table 1) with the
Seebach dioxolanone 1, which can be efficiently prepared in
enantiomerically pure form from (S)-lactic acid.[16] The radical


1,4-addition of alkyl iodides to methylenedioxolanone 1,
under classical reaction conditions (nBu3SnH, azobisisobutyr-
onitrile (AIBN), reflux), proceeds in good yield and with
moderate to good diastereoselectivity (60 ± 75% de).[17] Fol-
lowing previous experimental procedures,[11] dioxolanone 1
was treated with 1-iodopentane (6a, 2 equiv), copper iodide
(2 equiv), and zinc (6 equiv) in EtOH/H2O (7:3). The mixture
was sonicated in an ultrasonic cleaning bath at room temper-
ature. After one hour of sonication it was found (TLC) that
dioxolanone 1 had been consumed and the 1,4-conjugate
addition product was isolated as a cis :trans mixture of
diastereomers in good yield (75%, Table 1, entry 1) and high
stereoselectivity (93:7, 86% de). Under the same experimen-
tal conditions, the reaction of secondary alkyl iodides such as
2-iodopropane (6b) and cyclohexyl iodide (6c) afforded the
conjugate addition products in excellent yield (65 ± 95%) and
diastereoselectivity (84 ± 90% de) (Table 1, entries 2 and 3).
The diastereomeric ratio was determined by integration of the
resonances of H2 and H5 in the 1H NMR spectra of the crude
products, and the stereochemistry of the major diastereomer
was assigned on the basis of NOE experiments, as described in
the literature.[17]


The chemoselectivity of the reaction was investigated by
studying the reactions of iodoester 6d and iodoalcohols 6e, f.
In these cases, the conjugate addition products were obtained
in reasonable yields (45 ± 65%) and high stereoselectivities
(84% de) as the only reaction products (Table 1, entries 3 ± 6).


We also explored the reactivity of more complex iodides
such as the enantiomerically pure serine derivative 6g,[18]


which bears an �-amino ester functionality and is useful in
the synthesis of �-amino acids (Scheme 3).[19] The Zn(Cu)-


Table 1. Zinc ± copper-conjugate addition of iodides 6a ± g to methylene-
dioxolanone 1.


R�I Yield [%][a] cis :trans[b]


1 nC5H11I (6a) 75 93:7
2 iC3H7I (6b) 65 95:5
3 cC6H11I (6c) 95 92:8
4 MeO2C(CH2)3I (6d) 65 92:8
5 HO(CH2)3I (6e) 45 92:8
6 HO(CH2)12I (6 f) 57 92:8
7 (S)-MeO2CCH(NHBoc)CH2I (6g) 72 92:8


[a] Yield of isolated product. [b] cis :trans ratio determined by 1H NMR
spectroscopy.
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Scheme 3. Conjugate addition with serine derivative 6g.


conjugate addition of iodide 6g (1.5 equiv) to methylenediox-
olanone 1 afforded the protected 5-hydroxyhomoglutamic
acid in good yield (72%, Table 1, entry 7 and Scheme 3) as a
separable mixture of cis :trans diastereomers in an 92:8 ratio
(7g :8g, 84% de). The diastereomeric excess, which is in the
same range as previous examples, indicates that the origin of
the stereoselectivity is the chirality of the dioxolanone.


According to the reaction mechanism proposed by Luche
et al. (Scheme 2), the stereochemistry of the major diaster-
eomer can be explained by stereoselective protonation of the
intermediate enolate generated in aqueous medium, and is
anti with respect to the tert-butyl group. The reaction is
probably under thermodynamic control; monitoring of the
reaction (1H NMR at different reaction times) shows that the
stereoselectivity is constant during the reaction time, that is
epimerization of the reaction products under the reaction
conditions is improbable. The stereochemical outcome of the
Zn(Cu)-conjugate addition is the same as that observed in
previous radical 1,4-additions to dioxolanone 1,[17] and that
observed by Seebach et al. in the alkylation of enolates of
2-tert-butyl-5-alkyl-1,3-dioxolan-4-ones.[16] In comparison
with other methodologies, Luche×s conjugate addition, be-
sides its experimental simplicity and the attractive character-
istics associated with aqueous media, shows excellent chemo-
selectivity with iodides bearing functional groups such as
hydroxy, amino, or ester groups (Table 1, entries 4 ± 7).
Hydrolysis of the resulting addition products should provide
the corresponding enantiopure �-hydroxy acids,[20] a fact that
highlights this methodology as a formal and practical enan-
tioselective synthesis of �-hydroxy acids in aqueous media.


Encouraged by these results we decided to explore the
reactivity of methyleneoxazolidinone 2, a chiral �,�-unsatu-
rated system that has been previously used in radical
conjugate additions for the enantioselective synthesis of �-
amino acids.[21] Following the experimental procedure descri-
bed previously, the reaction of 1-iodopentane and cyclohexyl
iodide with oxazolidinone 2 afforded, after 45 min of soni-
cation, the conjugate addition products in good yields (72 ±
94%) as a mixture of cis :trans diastereomers in 88:12
(76% de) and 91:9 (82% de) ratios, respectively (Table 2,
entries 1 and 2). The addition of iodoester 6d and iodoalco-
hols 6e, f proceeded with moderate yields and with good
stereoselectivities (Table 2, entries 3 ± 5).


The Zn(Cu)-conjugate addition of serine derivative 6g with
oxazolidinone 2 afforded the conjugate addition product 9g, a
protected derivative of diaminoadipic acid,[22] in 61% yield as
a separable mixture of cis :trans diastereomers in a 80:20 ratio
(Table 2, entry 6 and Scheme 3).


The diastereomeric ratio of the conjugate addition products
(9 :10) was measured from the crude reaction mixture by


integration of the resonances in the region �� 6.00 ± 6.25 ppm
of the 1H NMR spectra; the assignments were made on the
basis of trans adducts having signals at lower field than their
cis isomers.[21] As in dioxolanone 1, the stereochemistry of the
major diastereomer was determined to be cis as a result of the
protonation of the enolate intermediate anti to the tert-butyl
group. The lower diastereoselectivity observed in the con-
jugate addition to oxazolidinone 2 (compare with dioxola-
none 1) can be attributed to the presence of the nitrogen atom
and its protecting group.[21] Interestingly, this stereochemical
outcome is opposite to that observed by Beckwith in 1,4-
conjugate additions under classical radical conditions
(nBu3SnH/AIBN),[21] but it is consistent with results obtained
by Seebach in the alkylation of enolates of 2-tert-butyl-5-
alkyl-1,3-oxazolidin-4-ones.[20] This result can be explained in
terms of the mechanism proposed by Luche (Scheme 2): a
nucleophilic radical mechanism for the initial step followed by
the protonation of an intermediate enolate. As in the case of
dioxolanone 1, hydrolysis of the conjugate addition products
should afford the corresponding enantiopure �-amino acids.
Therefore, the Zn(Cu) conjugate addition can be a useful
methodology for the enantioselective synthesis of �-amino
acids in aqueous media.[20]


Conjugate addition to �-oxy-�,�-unsaturated ester derivatives
3 ± 5 : Having determined the diastereoselectivity in the
Zn(Cu)-conjugate addition to 1 and 2 in the protonation
step, we proceeded to study the stereoselectivity in the
nucleophilic addition step. For this purpose we used acyclic
Michael acceptors bearing a chiral center at the � position,
such as �-oxy-�,�-unsaturated ester derivatives 3 ± 5, derived
from (R)-2,3-O-isopropylideneglyceraldehyde.[23] The reactiv-
ity of these substrates in conjugate additions was studied with
a variety of nucleophiles. The stereochemical outcome is
dependent on the nature of the nucleophile and the geometry
of the double bond.[24]


The first series of experiments was performed with methyl
(S)-(2,2-dimethyl-1,3-dioxolane-4-yl)-cis-2-propenoate (3).
Under the same experimental conditions as for dioxolanone
1, we observed that the sonochemical conjugate addition of
iodides 6a ± e occurs in good yields (51 ± 86%), although


Table 2. Zinc ± copper conjugate addition of iodides 6a ± g to methyl-
eneoxazolidinone 2.


R�I Yield [%][a] cis :trans[b]


1 nC5H11I (6a) 72 88:12
2 cC6H11I (6c) 94 91:9
3 MeO2C(CH2)3I (6d) 56 72:28
4 HO(CH2)3I (6e) 38 77:23
5 HO(CH2)12I (6 f) 74 77:23
6 (S)-MeO2CCH(NHBoc)CH2I (6g) 61 80:20


[a] Yield of isolated product. [b] cis :trans ratio determined by 1H NMR
spectroscopy.
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longer reaction times (3 h) and a larger excess of the iodide
(up to 6 equiv) were necessary to complete the reactions
(Table 3, entries 1 ± 5). This lower reactivity is expected given
the substitution of the �,�-unsaturated system at the �-carbon
atom, which makes this center less reactive due to steric and
electronic effects. Nevertheless, the reactions exhibit high
stereoselectivity, affording a syn :anti diastereomeric mixture
in ratios from 86:14 to 96:4 (72 ± 92% de).


The diastereomeric excess was measured by integration of
the �-carbon signal (�� 65.0 ± 68.0 ppm) in quantitative
13C NMR spectra. The stereochemistries of the 1,4-addition
products (11a,b, 12a, b) derived from the addition of
1-iodopentane (6a) and isopropyl iodide (6b) to 3 were
determined by conversion to the known lactones 13a and 13b
(Scheme 4).[24a±c] The stereochemistries of the other conjugate
addition products were determined by chemical correlation.


Scheme 4. Lactonization of conjugate addition products obtained from 3.


The 1,2-stereoinduction obtained, which leads to the syn
adducts as the major diastereomers, can be explained by
assuming that, in the transition state, the alkene adopts a
conformation in which the 1,3-allylic strain is minimized
(Scheme 5).[25] The role of the geometry of the double bond in
the �-oxy-�,�-unsaturated ester 3 was studied by performing
the conjugate addition on the trans isomer 4. Under the same
reaction conditions, it was found that the trans alkene 4 has a
lower reactivity than the cis alkene 3. For example, after 3 h of


sonication with six equivalents of alkyl iodide, the reaction
was still incomplete (Table 2, entries 6 ± 8). Additionally, we


Scheme 5. Most stable conformers for cis alkene 3 and trans alkene 4.[24b]


found that the reactions were nonstereoselective, a situation
that indicates the importance of the geometry of the alkene in
the stereoselectivity. Similar behavior has previously been
observed in the 1,4-addition of alkyl radicals to these
substrates, and attributed to the fact that the 1,3-allylic strain
in the trans alkene 4 is very low, thus allowing the rotation of
the C3�C4 bond and preventing the facial selection
(Scheme 5).


The stereochemical outcome of the zinc ± copper 1,4-
addition to 3 and 4 is the same as that obtained under the
classical radical conditions (nBu3SnH, AIBN), which pro-
ceeded with syn 1,2-stereoinduction for the Z isomer (2) but a
lack of stereoselectivity for the E isomer (3). Interestingly, the
results are contrary to those observed in the conjugate
addition of organocopper reagents (anti stereoselectivi-
ty),[24d, 26] a fact that supports the radical mechanism proposed
by Luche and co-workers.


In an attempt to increase the reactivity of the �,�-
unsaturated systems 3 and 4, we prepared a more electron-
deficient �,�-unsaturated carbonyl system bearing a diester
group at the �-position (5). The Michael acceptor 5 was
prepared by Knoevenagel condensation of (R)-2,3-O-isopro-
pylideneglyceraldehyde with diethyl malonate.[27] In accord-
ance with our predictions, the reaction of iodides 6a ± e
(2 equiv) with 5 proceeded to completion after less than
45 min of sonication (i.e. similar reaction times as 1 and 2) to
afford the conjugate addition products 15/16a ± e in excellent


Table 3. Zinc ± copper conjugate addition of iodides 6a ± e to the cis (3)
and trans (4) methyl (S)-(2,2-dimethyl-1,3-dioxolane-4-yl)-2-propenoate.


R�I �,�-Unsaturated system Yield [%][a] syn :anti[b]


1 nC5H11I (6a) 3 82 93:7
2 iC3H7I (6b) 3 64 88:12
3 cC6H11I (6c) 3 86 96:4
4 MeO2C(CH2)3I (6d) 3 67 86:14
5 HO(CH2)3I (6e) 3 51 87:13
6 nC5H11I (6a) 4 47 (18)[c] 52:48
7 iC3H7I (6b) 4 48 (30)[c] 52:48
8 cC6H11I (6c) 4 48 (35)[c] 54:46


[a] Yield of isolated product. [b] Diastereomeric ratio estimated by
quantitative 13C NMR spectroscopy. [c] Yields of recovered 4 in paren-
theses.


Table 4. Zinc ± copper conjugate addition of iodides 6a ± e to (S)- �,�-
dioxolanyl-�,�-unsaturated ester 5.


R�I Yield [%][a] syn :anti[b]


1 nC5H11I (6a) 96 87:13
2 iC3H7I (6b) 70 88:12
3 cC6H11I (6c) 99 84:16
4 MeO2C(CH2)3I (6d) 72 83:17
5 HO(CH2)3I (6e) 52 83:17


[a] Yield of isolated product. [b] Diastereomeric ratio estimated by
quantitative 13C NMR spectroscopy.
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yields (up to 99%, Table 4). The stereoselectivity was of the
same order as those observed with cis alkene 3 (66 ± 74% de).


As in the case of 3, the major diastereomer corresponds to
the product of syn addition. The stereochemistries of the


reaction products were determined by chemical correlation
or, in the case of 15a/16a, by transformation into the
corresponding lactone, analysis of the coupling constant,
and NOE experiments (Scheme 6).


In summary, the ultrasonically induced zinc ± copper con-
jugate addition of alkyl iodides to asymmetric �,�-unsatu-
rated carbonyl systems can be performed in a stereoselective
manner on methylenedioxolanone 1, methyleneoxazolidinone
2, and �,�-dioxolanyl-�,�-unsaturated esters 3 and 5. The
reaction proceeds in good yields (45 ± 99%) and gives high
stereoselectivities (44 ± 90% de). The results obtained support
the mechanism proposed by Luche and co-workers: the
nucleophilic addition seems to be performed by a radical
species and the final step is the protonation of an enolate. The
stereoselectivity is similar to that obtained with other
nucleophiles although the experimental simplicity, the aque-
ous medium and high chemoselectivity should be highlighted.
Since the conjugate addition products can be readily hydro-
lysed, the zinc ± copper conjugate addition provides a new
entry for the synthesis of �-amino acids, as well as �- and �-
hydroxy acids, in aqueous media.


Experimental Section


General materials and methods : Unless otherwise stated, all reactions were
conducted in flame-dried glassware under a positive pressure of argon.
Reaction temperatures refer to external bath temperatures. All dry
solvents were distilled under argon immediately prior to use. Absolute
MeOH and EtOH were distilled from Mg turnings. For conjugate addition
reactions, Milli-Q water was used and the solvent mixture EtOH:H2O was
deoxygenated by bubbling a positive pressure of argon through for 10 min.
Zinc dust (325 mesh) was used without purification and copper iodide was
purified by recrystallization from saturated potassium iodide solution.[28]


All other reagents were commercial products and used as received.
Sonications were carried out in a Selecta SE3000513 (50 kHz, 150 W)
cleaning bath, filled with water and thermostated (18 ± 20 �C) by running
tap water through a stainless steel coil. Thin-layer chromatography was
carried out on Merck silica gel 60 F254 (layer thickness 0.2 mm) and
components were located by observation under UV light and/or by treating
the plates with a phosphomolybdic acid or p-anisaldehyde reagent followed
by heating. Flash column chromatography was performed on Merck silica
gel 60 (230 ± 400 mesh) by Still×s method.[29] [�]D: Jasco DIP-1000. UV:
Kontron Uvikon 941. IR: Matson FTIR. 1H NMR: 200 MHz, Bruker AC-
200F. 13C NMR: 50 MHz, Bruker AC-200F (DEPT was used to assign
carbon types). MS: Fisons VG-Quattro. HRMS: VG Autospec M.


General experimental procedure for conjugate addition of alkyl iodides
(6a ± g) to chiral �,�-unsaturated systems 1 ± 5 : CuI (2 mmol) and Zn
(6 mmol) were added to a solution of the chiral Michael acceptor 1 ± 5


(1 mmol) and alkyl iodide (6a ± g, 2 ± 6 mmol) in aqueous EtOH (5 mL,
70%) under ultrasonic irradiation. After fewminutes, more aqueous EtOH
(5 mL, 70%) was added and sonication was continued for 45 ± 90 min. In
the cases where the �,�-unsaturated system was not completely consumed
(TLC test), more CuI (1 mmol) and Zn (3 mmol) were added, and the


sonication was continued for 3 h. The
mixture was diluted with Et2O
(25 mL), sonicated a further 10 min,
and filtered through a short pad of
Celite. The solids were washed with
Et2O (3� 30 mL). The organic phase
was washed with brine (30 mL), dried
(Na2SO4 anhydrous), filtered, and con-
centrated under reduced pressure
(20 ± 30 mmHg). The residue was pu-
rified by flash chromatography to
afford, after concentration, the desired


1,4-addition product.


(2S,5�)-2-(tert-Butyl)-5-hexyl-1,3-dioxolan-4-one (7a:8a): Following the
general experimental procedure, a mixture containing dioxolanone 1
(65 mg, 0.416 mmol) and 1-iodopentane (163 �L, 1.248 mmol) was treated
with CuI (158 mg, 0.832 mmol) and Zn (163 mg, 2.496 mmol) to give, after
column chromatography (10% EtOAc/hexanes), 7a :8a (71 mg, 75%, 93:7,
86% de) as a yellow oil. Rf� 0.6 (30% EtOAc/hexanes); IR (neat): �� �
2960 ± 2873, 1802, 1197 ± 1103 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C):
�� 0.90 (t, J� 6.8 Hz, 3H), 0.99 (s, 9H), 1.20 ± 1.95 (m, 10H), 4.25 (ddd, J�
6.8, 4.4, 1.0 Hz, 0.93H), 4.35 (ddd, J� 6.8, 4.4, 1.0 Hz, 0.07H), 5.12 (d, J�
1.5 Hz, 0.93H) 5.27 ppm (d, J� 1.5 Hz, 0.07H); 13C NMR (50 MHz, CDCl3,
25 �C): �� 14.0 (CH3), 22.5 (CH2), 23.4 (3�CH3), 24.9 (CH2), 28.8 (CH2),
30.6 (CH2), 31.5 (CH2), 34.2 (C), 75.1 (CH), 109.3 (CH), 173.7 ppm (C); MS
(FAB): m/z (%): 229 (13) [M��H], 228 (48) [M�], 149 (100); HRMS
(FAB): m/z : calcd for C13H25O3: 229.1804 [M��H]; found: 229.1797.


(2S,5�)-2-(tert-Butyl)-5-(2-methylpropyl)-1,3-dioxolan-4-one (7b:8b):[16a]


Following the general experimental procedure, a mixture containing
dioxolanone 1 (100 mg, 0.64 mmol) and 2-iodopropane (192 �L,
1.92 mmol) was treated with CuI (244 mg, 1.28 mmol) and Zn (251 mg,
3.84 mmol) to give, after column chromatography (10% EtOAc/hexanes),
7b :8b (79 mg, 65%, 95:5, 90% de) as a yellow oil. Rf� 0.5 (20% EtOAc/
hexanes); IR (neat): �� � 2962 ± 2875, 1797, 1197 ± 1104 cm�1; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.98 (s, 9H), 1.00 (s, 6H), 1.55 ± 2.00 (m, 2H),
4.28 (ddd, J� 10.3, 9.3, 4.9 Hz, 1H), 5.14 (d, J� 1.0 Hz, 0.95H), 5.26 ppm
(d, J� 1.0 Hz, 0.05H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 21.9 (CH3),
22.8 (CH3), 23.4 (3�CH3), 25.1 (CH), 34.2 (C), 39.7 (CH2), 73.7 (CH),
109.4 (CH), 174.1 ppm (C); MS (FAB): m/z (%): 201 (14) [M��H], 200
(78) [M�], 171 (36), 133 (100); HRMS (FAB): m/z : calcd for C11H21O3:
201.1491 [M��H]; found: 201.1481.


(2S,5�)-2-(tert-Butyl)-5-cyclohexylmethyl-1,3-dioxolan-4-one (7c:8c):[17]


Following the general experimental procedure, a mixture containing
dioxolanone 1 (100 mg, 0.64 mmol) and cyclohexyl iodide (248 �L,
1.92 mmol) was treated with CuI (244 mg, 1.28 mmol) and Zn (251 mg,
3.84 mmol) to give, after column chromatography (10% EtOAc/hexanes),
7c :8c (146 mg, 95%, 92:8, 84% de) as a yellow oil. Rf� 0.6 (30% EtOAc/
hexanes); IR (neat): �� � 2925 ± 2853, 1799, 1216 ± 1194 cm�1; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.97 (s, 9H), 1.15 ± 1.85 (m, 13H), 4.31 (ddd,
J� 7.8, 3.9, 1.0 Hz, 0.92H), 4.42 (ddd, J� 7.8, 3.9, 1.0 Hz, 0.08H), 5.12 (d,
J� 1.0 Hz, 0.92H), 5.25 ppm (d, J� 1.0 Hz, 0.08H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 23.4 (3), 26.0, 26.1, 26.3, 32.6, 33.5, 34.3, 38.3, 73.4, 109.3,
174.1 ppm; MS (70 eV, EI): m/z (%): 241 (10) [M��H], 240 (61) [M�], 225
(8) [M��CH3], 149 (100); HRMS (FAB): m/z : calcd for C14H25O3:
241.1804 [M��H]; found: 241.1792.


Methyl 5-[(2S,4�)-2-(tert-butyl)-5-oxo-1,3-dioxolan-4-yl]pentanoate
(7d:8d): Following the general experimental procedure, a mixture
containing dioxolanone 1 (100 mg, 0.64 mmol) and methyl 4-iodobutyrate
(259 �L, 1.92 mmol) was treated with CuI (244 mg, 1.28 mmol) and Zn
(251 mg, 3.84 mmol) to give, after column chromatography (10% EtOAc/
hexanes), 7d :8d (107 mg, 65%, 92:8, 84% de) as a yellow oil. Rf� 0.4
(30% EtOAc/hexanes); IR (neat): �� � 2961 ± 2874, 1799, 1739, 1197 ±
1116 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 0.98 (s, 9H), 1.50 ±
2.05 (m, 6H), 2.35 (dd, J� 14.6, 7.3 Hz, 2H), 4.25 (dd, J� 5.9, 4.4 Hz,
0.92H), 4.36 (dd, J� 5.9, 4.4 Hz, 0.08H), 5.12 (d, J� 1.0 Hz, 0.92H),
5.27 ppm (d, J� 1.0 Hz, 0.08H); 13C NMR (50 MHz, CDCl3, 25 �C): ��


Scheme 6. Lactonization of conjugate addition product 15a :16a derived from diester 5.
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23.4 (3�CH3), 24.4 (CH2), 28.7 (CH2), 30.2 (CH2), 33.7 (CH2), 51.5 (CH3),
74.8 (CH), 109.3 (CH), 173.4 (C), 173.8 ppm (C); MS (70 eV, EI): m/z (%):
258 (10) [M�], 111 (100); HRMS (FAB): m/z : calcd for C13H23O5: 259.1545
[M��H]; found: 259.1545.


(2S,5�)-2-(tert-Butyl)-5-(4-hydroxybutyl)-1,3-dioxolan-4-one (7e:8e): Fol-
lowing the general experimental procedure, a mixture containing dioxo-
lanone 1 (150 mg, 0.96 mmol) and 3-iodo-1-propanol (275 �L, 2.88 mmol)
was treated with CuI (365 mg, 1.92 mmol) and Zn (377 mg, 5.76 mmol) to
give, after column chromatography (20% EtOAc/hexanes), 7e :8e (94 mg,
45%, 92:8, 84% de) as a yellow oil. Rf� 0.2 (40% EtOAc/hexanes); IR
(neat): �� � 3391, 2962 ± 2874, 1796, 1201 ± 1115 cm�1; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 0.99 (s, 9H), 1.55 ± 1.96 (m, 6H), 3.60 ± 3.71 (m, 2H), 4.27
(ddd, J� 6.8, 4.4, 1.0 Hz, 0.92H), 4.38 (ddd, J� 6.8, 4.4, 1.0 Hz, 0.08H), 5.15
(d, J� 1.5 Hz, 0.92H), 5.28 ppm (d, J� 1.5 Hz, 0.08H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 21.3 (CH2), 23.4 (3�CH3), 30.3 (CH2), 34.2 (C), 62.4
(CH2), 75.0 (CH), 109.3 (CH), 173.5 ppm (C); MS (FAB):m/z (%): 217 (54)
[M��H], 147 (100); HRMS (FAB): m/z : calcd for C11H21O4: 217.1440
[M��H]; found: 217.1447.


(2S,5�)-2-(tert-Butyl)-5-(13-hydroxytridecyl)-1,3-dioxolan-4-one (7 f:8 f):
Following the general experimental procedure, a mixture containing
dioxolanone 1 (100 mg, 0.64 mmol) and 12-iodo-1-dodecanol (600 mg,
1.92 mmol) was treated with CuI (244 mg, 1.28 mmol) and Zn (251 mg,
3.84 mmol) to give, after column chromatography (20% EtOAc/hexanes),
7 f :8 f (170 mg, 57%, 92:8, 84% de) as a yellow oil. Rf� 0.5 (50% EtOAc/
hexanes); IR (neat): �� � 3363, 2925 ± 2854, 1800, 1197 cm�1; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.98 (s, 9H), 0.87 ± 0.95 (m, 2H), 1.18 ± 1.90
(m, 20H), 3.48 (q, J� 6.8 Hz, 1H), 3.65 (t, J� 6.3 Hz, 2H), 4.25 (ddd, J�
11.7, 4.4, 1.5 Hz, 0.92H), 4.28 (ddd, J� 11.7, 4.4, 1.5 Hz, 0.08H), 5.12 (d, J�
1.5 Hz, 0.92H), 5.25 ppm (d, J� 1.5 Hz, 0.08H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 23.2 (CH2), 23.4 (3�CH3), 24.9 (CH2), 25.7 (CH2), 29.2
(CH2), 29.3 (CH2), 29.4 (CH2), 29.5 (CH2), 29.5 (CH2), 30.6 (CH2), 32.8
(CH2), 34.2 (C), 63.0 (CH2), 75.1 (CH), 109.3 (CH), 173.7 ppm (C); MS
(FAB): m/z (%): 343 (64) [M��H], 154 (100); HRMS (FAB): m/z : calcd
for C20H39O4: 343.2848 [M��H]; found: 343.2836.


Methyl (2R)-2-[(tert-butoxycarbonyl)amino]-4-[(2S,4S)-2-(tert-butyl)-5-
oxo-1,3-dioxolan-4-yl]butanoate (7g): Following the general experimental
procedure, dioxolanone 1 (60 mg, 0.384 mmol) and 6g (242 mg,
0.768 mmol) was treated with CuI (219 mg, 1.152 mmol) and Zn (176 mg,
2.688 mmol) to give, after column chromatography (20%EtOAc/hexanes),
7g and 8g (91 mg and 8 mg, respectively, 72%, 92:8, 84% de) as colorless
oils. Rf� 0.30 (7g) and 0.35 (8g) (30% EtOAc/hexanes); 7g : IR (neat): �� �
2974 ± 2876, 1797, 1745, 1714, 1199 ± 1171 cm�1; 1H NMR (200 MHz, CDCl3,
25 �C): �� 0.98 (s, 9H), 1.45 (s, 9H), 1.77 ± 2.01 (m, 4H), 3.76 (s, 3H), 4.25
(m, 1H), 4.35 (m, 1H), 5.14 ppm (d, J� 1.0 Hz, 1H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 23.4 (3�CH3), 26.7 (CH2), 28.2 (CH2), 28.2 (3�CH3),
34.2 (C), 52.4 (CH3), 74.5 (CH), 109.4 (2�CH), 172.8 ppm (C); MS (CI):
m/z (%): 360 (16) [M��H], 260 (100); HRMS (CI): m/z : calcd for
C17H29NO7: 360.2022 [M��H]; found: 360.2025.


(2S,4�)-3-Benzoyl-2-(tert-butyl)-4-hexyl-5-oxazolidinone (9a:10a): Fol-
lowing the general experimental procedure, a mixture containing oxazo-
lidinone 2 (77 mg, 0.297 mmol) and 1-iodopentane (80 �L, 0.617 mmol) was
treated with CuI (117 mg, 0.617 mmol) and Zn (121 mg, 1.848 mmol) to
give, after column chromatography (12%EtOAc/hexanes), 9a :10a (71 mg,
72%, 88:12, 76% de) as a yellow solid. Rf� 0.5 (30% EtOAc/hexanes);
m.p. 26±28 �C; IR (neat): �� � 3043 ± 2865, 1712, 1670, 1474 ± 1458, 1257,
1213 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 0.84 (t, J� 6.8 Hz, 3H),
1.04 (s, 9H), 0.94 ± 2.04 (m, 10H), 3.88 (dd, J� 10.2, 3.4 Hz, 1H), 6.06 (s,
0.88H), 6.19 ppm (s, 0.12H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 13.9
(CH3), 22.4 (CH2), 25.2 (3�CH3), 26.4 (CH2), 28.4 (CH2), 31.2 (CH2), 35.4
(CH2), 36.9 (C), 57.8 (CH), 95.4 (CH), 126.5 (2�CH), 128.7 (2�CH), 130.5
(CH), 135.7 (C), 172.4 (C), 173.8 ppm (C); MS (70 eV, EI):m/z (%): 332 (2)
[M��H], 316 (20) [M��CH3], 274 (100); HRMS (EI): m/z : calcd for
C20H29NO3: 331.2147 [M�]; found: 331.2150.


(2S,4�)-3-Benzoyl-2-(tert-butyl)-4-cyclohexylmethyl-5-oxazolidinone
(9c:10c):[17] Following the general experimental procedure, a mixture
containing 2 (80 mg, 0.308 mmol) and cyclohexyl iodide (80 �L,
0.617 mmol) was treated with CuI (117 mg, 0.617 mmol) and Zn (121 mg,
1.848 mmol) to give, after column chromatography (10% EtOAc/hexanes),
9c :10c (100 mg, 94%, 91:9, 82% de) as a yellow solid. Rf� 0.55 (30%
EtOAc/hexanes); IR (neat): �� � 2952 ± 2879, 1877, 1712, 1480 ± 1460, 1254,


1212 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.05 (s, 9H), 0.83 ± 1.91
(m, 12H), 4.03 (dd, J� 10.7, 2.9 Hz, 0.91H), 4.4 (dd, J� 7.8, 2.4 Hz, 0.09H),
6.08 (s, 0.91H), 6.20 (s, 0.09H), 7.37 ± 7.61 ppm (m, 5H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 25.2 (3�CH3), 25.8 (CH2), 25.9 (CH2), 26.2
(CH2), 31.4 (CH2), 33.8 (CH2), 34.3 (CH), 36.9 (C), 42.6 (CH2), 55.7 (CH),
95.1 (CH), 126.5 (2�CH), 128.8 (2�CH), 130.4 (CH), 135.8 (C), 172.4 (C),
173.8 ppm (C); MS (70 eV, EI):m/z (%): 343 (2) [M�], 328 (2) [M��CH3],
286 (78) [M��C4H9], 105 (100); HRMS (EI): m/z : calcd for C21H29NO3:
343.2147 [M�]; found: 343.2147.


Methyl 5-[(2S,4�)-3-benzoyl-2-(tert-butyl)-5-oxo-4-oxazolidinyl]penta-
noate (9d:10d): Following the general experimental procedure, a mixture
containing 2 (80 mg, 0.308 mmol) and methyl 4-iodobutyrate (80 �L,
0.617 mmol) was treated with CuI (117 mg, 0.617 mmol) and Zn (121 mg,
1.848 mmol) to give, after column chromatography (15% EtOAc/hexanes),
9d :10d (56 mg, 56%, 72:28, 44% de) as a yellow oil. Rf� 0.25 (30%
EtOAc/hexanes); IR (neat): �� � 3017 ± 2890, 1760, 1720, 1670, 1474 ± 1456,
1215, 1183, 1162 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.03 (s, 9H),
1.22 ± 1.98 (m, 6H), 2.16 (dd, J� 15.6, 8.3 Hz, 2H), 3.64 (s, 3H), 3.9 (dd, J�
10.3, 2.9 Hz, 0.72H), 4.42 (m, 0.28H), 6.06 (s, 0.72H), 6.18 (s, 0.28H), 7.37 ±
7.65 ppm (m, 5H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 24.0 (CH2), 25.1
(3�CH3), 25.9 (CH2), 33.5 (CH2), 34.9 (CH2), 33.5 (CH2), 34.9 (CH2), 36.9
(C), 51.5 (CH3), 57.6 (CH), 95.4 (CH), 126.5 (2�CH), 128.8 (2�CH), 130.6
(CH), 135.6 (C), 172.2 (C), 173.4 (C), 173.5 ppm (C); MS (70 eV, EI): m/z
(%): 362 (7) [M��H], 361 (10) [M�], 346 (14) [M��CH3), 330 (5) [M��
CH3O], 304 (17) [M��C4H9], 105 (100); HRMS (EI): m/z : calcd for
C20H27NO5: 361.1889 [M�]; found: 361.1892; elemental analysis calcd (%)
for C20H27NO5 (361.4): C 66.46, H 7.53, N 3.88; found: C 66.17, H 7.52, N
3.71.


(2S,4�)-3-Benzoyl-2-(tert-butyl)-4-(4-hydroxybutyl)-5-oxazolidinone
(9e:10e): Following the general experimental procedure, a mixture
containing 2 (60 mg, 0.231 mmol) and 3-iodo-1-propanol (44 �L,
0.46 mmol) was treated with CuI (88 mg, 0.46 mmol) and Zn (91 mg,
1.39 mmol) to give, after column chromatography (40% EtOAc/hexanes),
9e :10e (28 mg, 38%, 77:23, 54% de) as a yellow oil. Rf� 0.2 (50% EtOAc/
hexanes); IR (neat): �� � 3647, 2980 ± 2947, 1843, 1714, 1472 ± 1456, 1253,
1213 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.03 (s, 9H), 1.43 ± 2.02
(m, 6H), 3.50 (t, J� 5.8 Hz, 2H), 3.91 (dd, J� 10.3, 2.9 Hz, 0.77H), 4.44 (m,
0.23H), 6.07 (s, 0.77H), 6.19 (s, 0.23H), 7.38 ± 7.65 ppm (m, 5H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 22.8 (CH2), 25.1 (3 � CH3), 31.6 (CH2), 35.0
(CH2), 36.9 (C), 57.7 (CH), 62.2 (CH2), 95.4 (CH), 126.5 (2�CH), 128.8
(2�CH), 130.6 (CH), 135.6 (C), 172.4 (C), 173.7 ppm (C); MS (70 eV, EI):
m/z (%): 320 (9) [M��H], 319 (11) [M�], 304 (16) [M��CH3], 262 (7)
[M��C4H9), 105 (100); HRMS (EI): m/z : calcd for C18H25NO4: 319.1784
[M�]; found: 319.1795.


(2S,4�)-3-Benzoyl-2-(tert-butyl)-4-(13-hydroxytridecyl)-5-oxazolidinone
(9 f:10 f): Following the general experimental procedure, a mixture
containing 2 (80 mg, 0.308 mmol) and 12-iodo-1-dodecanol (193 mg,
0.617 mmol) was treated with CuI (117 mg, 0.617 mmol) and Zn (121 mg,
1.848 mmol) to give, after column chromatography (20% EtOAc/hexanes),
9 f :10 f (96 mg, 74%, 77:23, 54% de) as a yellow oil. Rf� 0.15 (30%
EtOAc/hexanes); IR (neat): �� � 3676, 2880 ± 2850, 1780, 1675, 1485 ± 1450,
1245, 1212 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.05 (s, 9H), 1.10 ±
2.00 (m, 24H), 3.65 (t, J� 6.3 Hz, 2H), 3.88 (dd, J� 9.8, 2.9 Hz, 0.77H),
4.43 (m, 0.23H), 6.07 (s, 0.77H), 6.20 (s, 0.23H), 7.40 ± 7.64 ppm (m, 5H);
13C NMR (50 MHz, CDCl3, 25 �C): �� 24.7, 25.2, 25.7, 26.4, 28.7, 29.1, 29.3,
29.4, 29.4, 29.5, 29.6, 32.8, 35.4, 36.8, 39.8, 57.8, 63.0, 95.3, 126.5, 128.7, 129.0,
130.5, 135.7, 172.4, 173.8 ppm; MS (70 eV, EI): m/z (%): 446 (15) [M��H],
431 (8) [M��CH3], 388 (12) [M��C4H9], 105 (100); HRMS (EI): m/z :
calcd for C27H43NO4: 445.3192 [M�]; found: 445.3193.


Methyl (2R)-4-[(2S,4S)-3-benzoyl-2-(tert-butyl)-5-oxo-4-oxazolidinyl]-2-
[(tert-butoxycarbonyl)amino]butanoate (9g): Following the general ex-
perimental procedure, a mixture containing oxazolidinone 2 (95 mg,
0.374 mmol) and 6g (200 mg, 0.634 mmol) was treated with CuI (142 mg,
0.748 mmol) and Zn (147 mg, 2.244 mmol) to give, after column chroma-
tography (25% EtOAc/hexanes), 9g and 10g (85 mg and 21 mg, respec-
tively, 61%, 80:20, 60% de) as pale yellow oils. 9g : Rf� 0.2 (30% EtOAc/
hexanes); IR (neat): �� � 3060 ± 2875, 1789, 1743, 1712, 1667, 1512 ± 1449,
1244, 1199 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.03 (s, 9H), 1.45
(s, 9H), 1.88 ± 2.14 (m, 4H), 3.71 (s, 3H), 4.45 (m, 1H), 5.02 (m, 1H), 6.07 (s,
1H), 7.37 ± 7.66 ppm (m, 5H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 25.1
(3�CH3), 28.3 (3 � CH3), 30.1 (CH2), 31.5 (CH2), 36.8 (C), 36.9 (C), 52.4
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(CH3), 57.5 (CH), 57.6 (CH), 95.6 (CH), 126.5 (2�CH), 128.9 (2�CH),
130.7 (CH), 135.3 (C), 171.9 (C), 172.0 (C), 173.6 (C), 173.7 ppm (C); MS
(CI): m/z (%): 463 (7) [M��H], 106 (100); HRMS (CI): m/z : calcd for
C24H35N2O7: 463.2444 [M��H]; found: 463.2431.


Methyl (3�)-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]octanoate (11a:12a):
Following the general experimental procedure, a mixture containing 3 (150
�L, 0.805 mmol) and 1-iodopentane (630 �L, 4.833 mmol) was treated with
CuI (460 mg, 2.416 mmol) and Zn (464 mg, 7.249 mmol) to give, after
column chromatography (10% EtOAc/hexanes), 11a :12a (170 mg, 82%,
93:7, 86% de) as a yellow oil. Rf� 0.6 (30% EtOAc/hexanes); IR (neat):
�� � 2985 ± 2861, 1740, 1370 ± 1065 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C):
�� 0.85 (t, J� 6.9 Hz, 3H), 1.27 (m, 8H), 1.32 (s, 3H), 1.38 (s, 3H), 2.23 (m,
2H), 2.45 (m, 1H), 3.63 (br t, J� 7.8 Hz, 1H), 3.66 (s, 3H), 3.95 (dd, J� 8.3,
6.3 Hz, 1H), 4.12 ppm (m, 1H); 13C NMR (50 MHz, CDCl3, 25 �C): ��
14.0, 22.5, 25.2, 26.3, 26.5, 30.6, 31.9, 34.6, 37.5, 51.5, 66.3:68.0 (93:7), 77.6,
108.7, 173.5 ppm; MS (FAB): m/z (%): 259 (17) [M��H], 243 (70) [M��
CH3], 201 (100); HRMS (FAB): m/z : calcd for C14H27O4: 259.1909
[M��H]; found: 259.1905.


Following the general experimental procedure, a mixture containing 4
(139 �L, 0.805 mmol) and 1-iodopentane (630 �L, 4.833 mmol) was treated
with CuI (460 mg, 2.416 mmol) and Zn (474 mg, 7.249 mmol) to give, after
column chromatography (15% EtOAc/hexanes), 11a :12a (98 mg, 47%,
52:48, 4% de) as a yellow oil and 4 (28 mg, 18%).


Methyl (3�)-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]-4-methylpentanoate
(11b:12b): Following the general experimental procedure, a mixture
containing 3 (141 �L, 0.805 mmol) and 2-iodopropane (483 �L,
4.833 mmol) was treated with CuI (460 mg, 2.416 mmol) and Zn (474 mg,
7.249 mmol) to give, after column chromatography (20% EtOAc/hexanes),
11b :12b (118 mg, 64%, 88:12, 76% de) as a yellow oil. Rf� 0.6 (30%
EtOAc/hexanes); IR (neat): �� � 2960 ± 2877, 1739, 1437 ± 1064 cm�1;
1H NMR (200 MHz, CDCl3, 25 �C): �� 0.88 (d, J� 6.8 Hz, 3H), 0.90 (d,
J� 7.2 Hz, 3H), 1.31 (s, 3H), 1.36 (s, 3H), 1.81 ± 1.90 (m, 1H), 2.13 ± 2.28 (m,
3H), 3.53 (dd, J� 8.3, 7.8 Hz, 1H), 3.64 (s, 3H), 3.91 (dd, J� 7.8, 5.9 Hz,
1H), 4.08 ± 4.12 ppm (m, 1H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 18.7,
20.3, 25.3, 26.4, 28.4, 31.4, 43.2, 51.5, 66.8:68.6 (88:12), 76.6, 108.2,
174.3 ppm; MS (70 eV, EI): m/z (%): 215 (11) [M��CH3], 69 (100);
HRMS (FAB): m/z : calcd for C12H23O4: 231.1596 [M��H]; found:
231.1606.


Following the general experimental procedure, a mixture containing 4 (185
�L, 1.074 mmol) and 2-iodopropane (644 �L, 6.44 mmol) was treated with
CuI (613 mg, 3.22 mmol) and Zn (843 mg, 9.67 mmol) to give, after column
chromatography (20% EtOAc/hexanes), 11b :12b (119 mg, 48%, 52:48,
4% de) as a yellow oil, and 4 (65 mg, 30%).


Methyl (3�)-3-cyclohexyl-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]propio-
nate (11c :12c):[24c] Following the general experimental procedure, a
mixture containing 3 (141 �L, 0.80 mmol) and cyclohexyl iodide (625 �L,
4.83 mmol) was treated with CuI (460 mg, 2.42 mmol) and Zn (474 mg,
7.25 mmol) to give, after column chromatography (10% EtOAc/hexanes),
11c :12c (188 mg, 86%, 96:4, 92% de) as a yellow oil. Rf� 0.5 (30%
EtOAc/hexanes); IR (neat): �� � 2986 ± 2854, 1738, 1370 ± 1066 cm�1;
1H NMR (200 MHz, CDCl3, 25 �C): �� 1.28 (s, 3H), 1.34 (s, 3H), 0.84 ±
1.77 (m, 12H), 2.20 (m, 2H), 3.50 (dd, J� 8.3, 7.8 Hz, 1H), 3.62 (s, 3H), 3.89
(dd, J� 7.8, 6.3 Hz, 1H), 4.15 ppm (dq, J� 12.2, 6.3 Hz, 1H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 25.2, 26.4, 29.5, 30.8, 31.9, 32.8, 39.1, 40.3, 42.8,
43.9, 66.6:68.6 (96:4), 76.6, 108.6, 174.4 ppm; MS (FAB): m/z (%): 271 (14)
[M��H], 255 (72) [M��CH3], 213 (100); HRMS (FAB): m/z : calcd for
C15H27O4: 271.1909 [M��H]; found: 271.1900; elemental analysis calcd (%)
for C15H26O4 (270.4): C 66.64, H 9.68; found: C 66.31, H 9.73.


Following the general experimental procedure, a mixture containing 4 (139
�L, 0.80 mmol) and cyclohexyl iodide (625 �L, 4.83 mmol) was treated with
CuI (460 mg, 2.42 mmol) and Zn (474 mg, 7.25 mmol) to give, after column
chromatography (10% EtOAc/hexanes), 11c :12c (104 mg, 48%, 54:46,
8% de) as a yellow oil and 4 (52 mg, 35%).


Dimethyl (3�)-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]heptanedioate
(11d:12d): Following the general experimental procedure, a mixture
containing 3 (141 �L, 0.805 mmol) and methyl 4-iodobutyrate (650 �L,
4.833 mmol) was treated with CuI (460 mg, 2.416 mmol) and Zn (474 mg,
7.249 mmol) to give, after column chromatography (15% EtOAc/hexanes),
11d :12d (155 mg, 67%, 86:14, 72% de) as a yellow oil. Rf� 0.4 (40%
EtOAc/hexanes); IR (neat): �� � 2987 ± 2952, 1738, 1371 ± 1064 cm�1;


1H NMR (200 MHz, CDCl3, 25 �C): �� 1.33 (s, 3H), 1.39 (s, 3H), 1.23 ±
1.77 (m, 4H), 2.15 ± 2.45 (m, 5H), 3.58 (dd, J� 7.8, 7.3 Hz, 1H), 3.67 (s, 3H),
3.68 (s, 3H), 3.95 (dd, J� 7.8, 6.3 Hz, 1H), 4.09 ppm (dq, J� 7.3, 2.0 Hz,
1H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 22.2, 25.2, 26.3, 28.7, 30.1, 34.0,
34.6, 37.5, 51.6, 66.5:67.7 (86:14), 77.4, 108.8, 173.1, 173.7 ppm; MS (FAB):
m/z (%): 289 (38) [M��H], 273 (41) [M��CH3], 231 (100); HRMS (FAB):
m/z : calcd for C14H25O6: 289.1651 [M��H]; found: 289.1643.


Methyl (3�)-3-[(4S)-2,2-Dimethyl-1,3-dioxolan-4-yl]-6-hydroxyhexanoate
(11e :12e): Following the general experimental procedure, a mixture
containing 3 (141 �L, 0.80 mmol) and 3-iodo-1-propanol (465 �L,
4.83 mmol) was treated with CuI (460 mg, 2.42 mmol) and Zn (474 mg,
7.25 mmol) to give, after column chromatography (75% EtOAc/hexanes),
11e :12e (82 mg, 51%, 87:13, 74% de) as a yellow oil. Rf� 0.1 (50%
EtOAc/hexanes); IR (neat): �� � 2986 ± 2876, 1731, 1372 ± 1061 cm�1;
1H NMR (200 MHz, CDCl3, 25 �C): �� 1.34 (s, 3H), 1.40 (s, 3H), 1.17 ±
1.89 (m, 7H), 2.18 ± 2.48 (m, 3H), 3.37 ± 3.65 (m, 1H), 3.68 (s, 3H), 3.95 ±
4.15 ppm (m, 2H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 25.2 (CH2), 26.4
(CH2), 27.2 (CH3), 29.6 (CH3), 35.2 (CH), 38.3 (CH2), 51.6 (CH2), 62.5
(CH), 66.6 (0.87�CH), 67.8 (0.13�CH), 77.0 (CH2), 108.8 (C), 173.7 ppm
(C); MS (70 eV, EI): m/z (%): 247 (1) [M��1], 231 (9) [M��CH3], 101
(100); HRMS (FAB): m/z : calcd for C12H23O5: 247.1545 [M��H]; found:
247.1542.


(4�,5S)-4,5-Dihydroxy-5-pentylpentanoic acid �-lactone (13a:14a): HCl
(10%, 200 �L) was added to a solution of 11a :12a (40 mg, 0.15 mmol, 93:7)
in MeOH (1 mL). The reaction mixture was stirred for 1 h, concentrated
and purified by column chromatography (silica gel, 50% EtOAc/hexanes)
stopped with a short pad of NaHCO3 and Na2SO4, to give 13a :14a (24 mg,
86%, 93:7) as a colorless oil. 13a : Rf� 0.3 (50% EtOAc/hexanes); IR
(neat): �� � 3470, 2931 ± 2860, 1778, 1467 ± 1050 cm�1; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 0.89 (t, J� 6.8 Hz, 3H), 1.17 ± 1.57 (m, 6H), 1.82 (br s,
1H), 2.15 ± 2.85 (m, 4H), 3.48 (dd, J� 7.3, 6.8 Hz, 1H), 3.76 ± 3.93 (m, 2H),
4.55 ppm (dd, J� 7.3, 3.9 Hz, 1H); 13C NMR (50 MHz, CDCl3, 25 �C): ��
13.9, 22.4, 27.9, 28.8, 31.7, 34.6, 38.0, 61.7, 82.7, 177.5 ppm; MS (70 eV, EI):
m/z (%): 187 (11) [M��1], 95 (100).


(4�,5S)-4,5-Dihydroxy-5-(1-methylethyl)pentanoic acid �-lactone
(13b:14b):[24b] HCl (10%, 310 �L) was added to a solution of 11b :12b
(53 mg, 0.23 mmol, 88:12) in MeOH (1 mL). The reaction mixture was
stirred for 1 h, concentrated, and purified by column chromatography
(silica gel, 50% EtOAc/hexanes) stopped with a short pad of NaHCO3 and
Na2SO4, to give 13b :14b (27 mg, 75%, 88:12) as a yellow oil. 13b : Rf� 0.2
(50% EtOAc/hexanes); 1H NMR (200 MHz, CDCl3, 25 �C): �� 0.98 (m,
6H), 1.73 ± 1.90 (m, 4H), 2.28 ± 2.67 (m, 3H), 4.59 ppm (dt, J� 7.3, 4.4 Hz,
1H); MS (70 eV, EI):m/z (%): 159 (8) [M��1], 158 (2) [M�], 145 (9) [M��
CH3], 127 (100).


Diethyl 2-{(1�)-1-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]hexyl}malonate
(15a:16a): Following the general experimental procedure, a mixture
containing 5 (100 mg, 0.367 mmol) and 1-iodopentane (140 �L,
1.101 mmol) was treated with CuI (140 mg, 0.734 mmol) and Zn (144 mg,
2.202 mmol) to give, after column chromatography (75%EtOAc/hexanes),
15a :16a (121 mg, 96%, 87:13, 74% de) as a yellow oil. Rf� 0.5 (50% Et2O/
hexanes); IR (neat): �� � 2984 ± 2934, 1733, 1370 ± 1157 cm�1; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.88 (t, J� 6.8 Hz, 3H), 1.27 (s, 6H), 1.28 (t,
J� 7.3 Hz, 6H), 1.22 ± 1.46 (m, 8H), 2.48 (m, 1H), 3.49 (d, J� 6.3 Hz, 1H),
3.65 (t, J� 7.8 Hz, 1H), 3.99 (dd, J� 7.8, 6.3 Hz, 2H), 4.21 ppm (q, J�
1.5 Hz, 4H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 14.0 (CH3), 22.4 (CH2),
25.2 (CH3), 26.2 (CH3), 27.5 (CH2), 28.1 (CH2), 31.9 (CH2), 40.2 (CH3), 42.3
(CH3), 52.7 (CH), 61.3 (CH2), 66.8 (0.87�CH2), 68.3 (0.13�CH2), 76.4
(CH), 108.8 (C), 168.8 (C), 168.9 ppm (C); MS (FAB): m/z (%): 345 (11)
[M��H], 329 (92) [M��CH3], 287 (100); HRMS (FAB): m/z : calcd for
C18H33O6: 345.2277 [M��H]; found: 345.2265.


Diethyl 2-{(1�)-1-[(4S)-2,2-Dimethyl-1,3-dioxolan-4-yl}-2-methylpropyl]-
malonate (15b:16b): Following the general experimental procedure, a
mixture containing 5 (199 mg, 0.731 mmol) and 2-iodopropane (145 �L,
1.47 mmol) was treated with CuI (420 mg, 2.203 mmol) and Zn (336 mg,
5.14 mmol) to give, after column chromatography (10% EtOAc/hexanes),
15b :16b (162 mg, 70%, 88:12, 76% de) as a yellow oil. Rf� 0.4 (20%
EtOAc/hexanes); IR (neat): �� � 2983, 1732, 1370 cm�1; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.97 (t, J� 7.3 Hz, 6H), 1.26 (d, J� 7.3 Hz,
3H), 1.29 (d, J� 7.3 Hz, 3H), 1.34 (s, 3H), 1.39 (s, 3H), 2.09 ± 2.21 (m, 1H),
2.44 ± 2.52 (m, 1H), 3.54 (d, J� 4.9 Hz, 1H), 3.63 (t, J� 7.8 Hz, 1H), 4.01
(dd, J� 7.8, 5.8 Hz, 1H), 4.19 (m, 4H), 4.32 ppm (m, 1H); 13C NMR
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(50 MHz, CDCl3, 25 �C): �� 14.0 (CH3), 20.4 (CH3), 20.8 (CH3), 26.1
(CH3), 27.6 (CH3), 28.2 (CH3), 41.6 (CH2), 46.3 (CH), 50.5 (CH), 61.3
(CH2), 67.4 (0.88�CH2), 69.5 (0.12�CH2), 75.2 (CH), 108.0 (C), 169.0 (C),
169.4 ppm (C); MS (FAB): m/z (%): 317 (10) [M��H], 301 (51) [M��
CH3], 259 (100); HRMS (FAB): m/z : calcd for C16H29O6: 317.1964
[M��H]; found: 317.1963.


Diethyl 2-{(1�)-1-cyclohexyl-1-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]me-
thyl}malonate (15c:16c): Following the general experimental procedure,
a mixture containing 5 (75 mg, 0.275 mmol) and cyclohexyl iodide (110 �L,
0.825 mmol) was treated with CuI (108 mg, 0.55 mmol) and Zn (110 mg,
1.65 mmol) to give, after column chromatography (15% EtOAc/hexanes),
15c :16c (100 mg, 99%, 84:16, 68% de) as a yellow oil. Rf� 0.5 (30%
EtOAc/hexanes); IR (neat): �� � 2983 ± 2854, 1732, 1369 ± 1060 cm�1;
1H NMR (200 MHz, CDCl3, 25 �C): �� 1.22 (t, J� 6.8 Hz, 6H), 1.27 (s,
3H), 1.32 (s, 3H), 1.38 (s, 3H), 0.96 ± 1.42 (m, 2H), 1.55 ± 1.75 (m, 8H), 2.48
(m, 1H), 3.58 (d, J� 5.4 Hz, 1H), 3.65 (q, J� 6.8 Hz, 1H), 4.00 (dd, J�
14.2, 5.9 Hz, 1H), 4.20 (q, J� 6.8 Hz, 2H), 4.35 ppm (q, J� 7.3 Hz, 1H);
13C NMR (50 MHz, CDCl3, 25 �C): �� 13.9, 14.0, 25.4, 26.4, 26.5, 26.7, 26.8,
30.6, 30.9, 38.4, 46.0, 50.9, 61.3, 61.4, 67.3:69.5 (84:16), 75.1, 108.0, 169.1,
169.4 ppm; MS (70 eV, EI): m/z (%): 341 (19) [M��CH3], 101 (100);
HRMS (FAB):m/z : calcd for C19H33O6: 357.2277 [M��H]; found: 357.2277;
elemental analysis calcd (%) for C19H32O6 (356.5): C 64.02, H 9.05; found:
C 63.87, H 8.80.


1-Ethyl 7-methyl (3�)-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]-2-(ethoxy-
carbonyl)heptanedioate (15d:16d): Following the general experimental
procedure, a mixture containing 5 (100 mg, 0.367 mmol) and methyl
4-iodobutyrate (99 �L, 0.734 mmol) was treated with CuI (140 mg,
0.734 mmol) and Zn (144 mg, 2.202 mmol) to give, after column chroma-
tography (15% EtOAc/hexanes), 15d :16d (97 mg, 72%, 83:17, 66% de) as
a yellow oil. Rf� 0.4 (40% EtOAc/hexanes); IR (neat): �� � 2984 ± 2939,
1739, 1371 ± 1035 cm�1; 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.23 (t, J�
6.8 Hz, 6H), 1.33 (s, 3H), 1.35 (s, 3H), 1.41 ± 1.72 (m, 6H), 2.32 (m, 2H),
2.44 (m, 1H), 3.44 (d, J� 6.3 Hz, 1H), 3.67 (s, 3H), 4.01 (dd, J� 8.3, 6.4 Hz,
1H), 4.22 ppm (q, J� 2.0 Hz, 4H); 13C NMR (50 MHz, CDCl3, 25 �C): ��
14.0 (CH3), 23.3 (CH2), 25.2 (CH3), 26.2 (CH3), 27.8 (CH2), 34.1 (CH2), 40.2
(CH3), 41.9 (CH3), 51.4 (CH), 52.6 (CH), 61.4 (CH2), 67.0 (0.83�CH2), 67.6
(0.17�CH2), 68.1 (CH2), 76.3 (CH), 108.9 (C), 168.6 (C), 168.7 (C),
173.7 ppm (C); MS (FAB): m/z (%): 375 (26) [M��H], 359 (76) [M��
CH3], 317 (100); HRMS (FAB): m/z : calcd for C18H31O8: 375.2019
[M��H]; found: 375.2009.


Diethyl 2-{(1�)-1-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]-4-hydroxybutyl}-
malonate (15e:16e): Following the general experimental procedure, a
mixture containing 5 (100 mg, 0.367 mmol) and 3-iodo-1-propanol (105 �L,
1.101 mmol) was treated with CuI (140 mg, 0.734 mmol) and Zn (144 mg,
2.202 mmol) to give, after column chromatography (25%EtOAc/hexanes),
15e :16e (64 mg, 52%, 83:17, 66% de) as a yellow oil. Rf� 0.2 (EtOAc); IR
(neat): �� � 3443, 2985 ± 2939, 1729, 1371 ± 1059 cm�1; 1H NMR (200 MHz,
CDCl3, 25 �C): �� 1.21 (s, 3H), 1.26 (s, 3H), 1.30 (s, 3H), 1.37 (s, 3H), 1.50 ±
1.72 (m, 5H), 1.97 (br s, 1H), 2.42 (m, 1H), 3.44 (d, J� 5.9 Hz, 1H), 3.63 (m,
3H), 3.99 (dd, J� 7.8, 5.9 Hz, 1H), 4.17 ppm (q, J� 5.9 Hz, 4H); 13C NMR
(50 MHz, CDCl3, 25 �C): �� 13.9 (CH), 14.0 (CH3), 24.6 (CH2), 25.2 (CH3),
26.2 (CH3), 30.8 (CH2), 39.8 (CH), 41.3 (CH3), 52.8 (CH), 61.4 (CH2), 62.3
(CH2), 67.2 (CH2), 68.1 (CH2), 76.9 (CH), 108.9 (C), 168.7 ppm (C); MS
(FAB): m/z (%): 333 (30) [M��H], 275 (100); HRMS (FAB): m/z : calcd
for C16H29O7: 333.1913 [M��H]; found: 333.1924.


Ethyl (4�,5S)-tetrahydro-5-(hydroxymethyl)-4-pentyl-2-oxo-3-furancar-
boxylate (17a:18a): HCl (10%, 250 �L) was added to a solution of
15a :16a (65 mg, 0.189 mmol, 87:13) inMeOH (1 mL) at room temperature.
After stirring for 1 h, the reaction mixture was concentrated and purified by
column chromatography (silica gel, 50% EtOAc/hexanes) stopped with a
short pad of NaHCO3 and Na2SO4, to give 17a :18a (39 mg, 80%, 87:13) as
a yellow oil. 18a: Rf� 0.2 (30% EtOAc/hexanes); 1H NMR (200 MHz,
CDCl3, 25 �C): �� 0.88 (t, J� 6.3 Hz, 3H), 1.31 (m, 6H), 1.63 (m, 2H), 1.77
(br s, 1H), 2.48 (m, 1H), 3.12 (dq, J� 11.2, 7.8 Hz, 1H), 3.61 (d, J� 11.7 Hz,
1H), 3.87 (qq, J� 18.5, 2.4 Hz, 2H), 4.25 (q, J� 7.3 Hz, 4H), 4.59 ppm (dt,
J� 7.8, 2.9 Hz, 1H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 13.9, 14.0, 22.4,
27.5, 28.7, 31.6, 42.3, 52.4, 61.4, 62.0, 81.2, 168.6, 172.9 ppm; MS (FAB): m/z
(%): 259 (100) [M��H].
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(S,S)-2,3-Dihydroxy-2,3-dihydrobenzoic Acid: Microbial Access with
Engineered Cells of Escherichia coli and Application as Starting Material
in Natural-Product Synthesis


Dirk Franke,[a, e] Volker Lorbach,[a] Simon Esser,[a] ChristianDose,[a] Georg A. Sprenger,[b, f]
Markus Halfar,[c] Jˆrg Thˆmmes,[c, g] Rolf M¸ller,[d] Ralf Takors,[a] and Michael M¸ller*[a]


Abstract: Cyclohexadiene-trans-5,6-di-
ols such as (S,S)-2,3-dihydroxy-2,3-dihy-
drobenzoic acid (2,3-trans-CHD) have
been shown to be of importance as chiral
starting materials for the syntheses of
bioactive substances, especially for the
syntheses of carbasugars. By using meth-
ods of metabolic-pathway engineering,
the Escherichia coli genes entB and
entC, which encode isochorismatase
and isochorismate synthase, were cloned
and over-expressed inE. coli strains with
a deficiency of entA, which encodes 2,3-
dihydroxybenzoate synthase. A 30-fold
increase in the corresponding EntB/


EntC enzyme activities affects the accu-
mulation of 2,3-trans-CHD in the culti-
vation medium. Although the strains did
not contain deletions in chorismate-
utilising pathways towards aromatic
amino acids, neither chorismate nor
any other metabolic intermediates were
found as by-products. Fermentation of
these strains in a 30 L pH-controlled


stirred tank reactor showed that 2,3-
trans-CHD could be obtained in con-
centrations of up to 4.6 gL�1. This dem-
onstrates that post-chorismate metabo-
lites are accessible on a preparative scale
by using techniques of metabolic-path-
way engineering. Isolation and separa-
tion from fermentation salts could be
performed economically in one step
through anion-exchange chromatogra-
phy or, alternatively, by reactive extrac-
tion. Starting from 2,3-trans-CHD as an
example, we established short syntheses
towards new carbasugar derivatives.


Keywords: arene diols ¥ bioorganic
chemistry ¥ carbohydrate mimetics
¥ chorismate ¥ enzyme catalysis ¥
shikimate


Introduction


Intermediates in the common biosynthetic pathway of aro-
matic amino acids (AAA pathway) like shikimate[1] and
quinate[1a±c, 2] have emerged as valuable precursors in the
syntheses of natural products and pharmacologically active
substances. Starting from quinic acid, a synthesis towards, say,
the immunosuppressant FK506[3] has been established. Addi-
tionally, shikimic acid has been used as a starting material for


the generation of a large combinatorial compound library.[4]


The neuraminidase inhibitor GS-4104[1a±c] and its deriva-
tives[1d, 5] have recently been synthesised starting from quinic
acid and shikimic acid.
Much effort has been concentrated on the molecular


characterisation of enzymes and their mechanisms that are
involved in the AAA pathway. This has finally led to
substantial progress in microbially producing many new chiral
pool substances on an industrial scale, including, for example,
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dehydroshikimate,[6] shikimate,[7] dehydroquinate[8] and quin-
ate.[7b, 9]


Nevertheless, metabolites derived from chorismate, the
metabolic branch point in the biosynthesis of ubiquinones,
menaquinones, folates and aromatic amino acids, have not
been examined in the same way. This may be due to the fact
that chorismate itself has not yet been microbially produced in
high concentrations.[10]


Recently, increasing attention has been paid to substituted
cyclohexadiene-trans-diols (trans-CHDs). Bearing in mind
that they are small and highly functionalised chiral molecules,


it is obvious that they can be regarded as valuable building
blocks for a wide variety of target molecules. Substances such
as plant metabolites of the cyclohexane epoxide class and
valienamine have already been synthesised starting from
trans-CHDs.[11]


trans-CHDs are also found in bacteria, plants and fungi, as
well as in yeast, as intermediates of the post-chorismate
pathway towards enterobactin and menaquinones[12] or are
biosynthesised from shikimate.[13] Therefore, they should also,


in principle, be accessible by techniques of metabolic-pathway
engineering.
As has been shown by Leistner and co-workers,[14] strains of


Klebsiella pneumoniae with deficiencies in the AAA pathway
excrete two different trans-CHDs, the (S,S)-2,3-dihydroxy-
2,3-dihydrobenzoic acid (2,3-trans-CHD, 1) and the (R,R)-3,4-
dihydroxy-3,4-dihydrobenzoic acid (3,4-trans-CHD, 2) when
enzymes catalysing the reaction of chorismate (3) towards
these metabolites are overproduced. However, the applic-
ability of these microbial systems for preparative purposes has
been limited by the low final product concentrations (up to
200 mgL�1) and by the occurrence of chorismate as an
ubiquitous by-product, necessitating further purification
processes.[14]


In this article we describe the construction and character-
isation of recombinant Escherichia coli strains for the efficient
microbial production of 2,3-trans-CHD 1, which has been
published in a preliminary form.[15] The microbial production
could easily be scaled up, and 1 was obtained on a higher
decagram scale. Efficient isolation from the fermentation
broth was achieved by ion-exchange chromatography or,
alternatively, by reactive extraction. The potential of enan-
tiopure 1 as a valuable synthetic building block in the
chemistry of carbohydrate mimetics is demonstrated through
the straightforward synthesis of a carbohydrate analogue.


Results and Discussion


Our strategic approach to strains for the production of 2,3-
trans-CHD 1 is in analogy to work withK. pneumoniae strains
(Scheme 1).[14]


Nonpathogenic E. coli was selected as a host strain for
genetic modification because of the availability of potent
mutants and well-established fermentation conditions.
An increase in the metabolic production of 1 was achieved


by over-expression of entC, which encodes isochorismate
synthase, and entB, which encodes isochorismatase. In order
to prevent product loss due to metabolic processing of 1, an
entA-negative mutant was used as the production host.


Isolation and cloning of entB and entC : entB and entC were
isolated from E. coli W3110[16] (wild-type). Both fragments
were inserted into plasmid pJF119EH1,[17] either separately or
in tandem, to give plasmids pDF1, pDF2 and pDF3.
DNA sequencing of the cloned fragments proved to be in


conformity with literature data,[18] except for a point mutation
in entB at bp 525 (gcg� gct), which should not result in any
change of the protein sequence (quiet mutation).
Cells of E. coli cloning strain DH5�,[19] E. coli wild-type


strain W3110,[16] E. coli entA� mutants AN193[20, 21] and
H1882[22] and E. coli entC�/menF� mutant PBB8[23] were
transformed with the plasmids pDF1, pDF2 or pDF3. Addi-
tionally, transformations were performed with the ™empty∫
plasmid pJF119EH1. Transformants were grown on LB
medium in the presence of IPTG (100 ��). SDS-PAGE
analysis of the crude cell extracts showed expression of the
inserted gene fragments in all cases.


Abstract in German: Cyclohexadien-trans-diole wie beispiels-
weise (5S,6S)-Dihydroxycyclohexa-1,3-diencarbons‰ure (2,3-
trans-CHD) haben sich als wichtige chirale Ausgangsverbin-
dungen zur Synthese pharmakologisch aktiver Substanzen,
insbesondere zur Synthese von Carbazuckern und Aminocar-
bazuckern erwiesen. Unter Verwendung von Techniken der
Stoffflussderegulation wurden die Escherichia coli-Gene entB
und entC, kodierend f¸r Isochorismatase und Isochorismat-
synthase, in E. coli-St‰mmen ¸berexpremiert, welche eine
Defizienz von entA, kodierend f¸r 2,3-Dihydroxybenzoatsyn-
thase, hatten. Eine 30-fache Steigerung der entsprechenden
Enzymaktivit‰ten EntB/EntC bewirkte die Bildung von 2,3-
trans-CHD im Kultivierungsmedium. Obwohl die St‰mme
keine Mutationen in den chorismatverwendenden Biosynthe-
sewegen zu den aromatischen Aminos‰uren besa˚en, wurde
weder Chorismat noch ein anderes metabolisches Intermediat
als Nebenprodukt gefunden. Fermentationen mit diesen St‰m-
men in einem pH-geregelten 30 L R¸hrkesselreaktor zeigten,
dass 2,3-trans-CHD in Konzentrationen bis zu 4.6 gL�1 er-
halten werden kann. Dies demonstriert zum ersten Mal, dass
Metabolite des Enterobactin-Biosyntheseweges durch Techni-
ken der Stoffflussderegulation in pr‰parativem Ma˚stab er-
halten werden kˆnnen. Aufreinigung und Separation von den
Fermentationssalzen konnte auf effiziente Weise in einem
Schritt unter Verwendung von Anionentauscherharzen oder
alternativ durch Reaktivextraktion durchgef¸hrt werden. Aus-
gehend von 2,3-trans-CHD haben wir exemplarisch eine kurze
Synthese zu ent-Streptol (ent-Valienol) durchgef¸hrt.
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Enzyme-activity test : The enzyme activities of EntC and EntB
were determined in cell-free extracts of IPTG-induced cells
by monitoring the conversion of chorismate (3) to either 3,4-
trans-CHD 2 (EntB) or to isochorismate (4) and 2,3-trans-
CHD 1 (EntC�EntB). This was performed in a buffered
aqueous solution of the cell-free extracts for a period of
400 minutes. Time-course data of the analysis of the entA�


strain AN193 are shown in Figure 1.


In extracts of cells containing
the empty plasmid pJF119EH1 or
cells without any plasmids, only a
very slow reaction of chorismate
(3) to isochorismate (4) and 2,3-
trans-CHD 1 was observed (Fig-
ure 1A). Nevertheless, an almost
linear conversion of 3 to other
undetectable products was ob-
served (t1/2� 15 h). Eliminating
the thermal decomposition of 3
(t1/2� 28 h; applying the same
conditions) in enzyme balancing,
a total enzymatic chorismate-deg-
radation activity of 21 mU per mg
of protein was calculated.
Crude cell extract of strains


with plasmid pDF1, harbouring
entB, showed a linear increase of
the concentration of 3,4-trans-
CHD 2 as a major product and
2,3-trans-CHD 1 as a minor prod-


uct (Figure 1B). Isochorismate (4) could not be detected at
any time. The formation of 3,4-trans-CHD 2 verifies that EntB
is overproduced in a catalytically active form. The production
of small amounts of 2,3-trans-CHD 1 indicates the weak
activity of chromosomally encoded EntC in E. coli strains
AN193, H1882, DH5� and W3110.
Cell-free extracts of strains containing plasmid pDF2,


harbouring entC, catalysed the reaction of chorismate (3) to
isochorismate (4, major product)
and 2,3-trans-CHD 1 (minor
product) (Figure 1C). The slow
and nearly linear increase of the
concentration of 1 can be attrib-
uted to the wild-type activity of
EntB.
Analysis of crude cell extract of


strains in which entB and entC
were over-expressed in parallel
(pDF3) verified the conversion of
chorismate (3) to 2,3-trans-CHD
1 via intermediate isochorismate
(4) (Figure 1D). The linearity of
increase of the concentration of 1
and the formation of 4 as an
intermediate results from the cat-
alysis by EntB as the rate-limiting
step.
Analogous experiments with


cell-free extract of strains
H1882, W3110 or DH5� showed,
within the limits of measurement
accuracy, approximately the same
enzyme activities for natural and
over-expressed EntB and EntC.
No product loss of 2,3-trans-CHD
1 or 3,4-trans-CHD 2 due to
metabolic processing in strains


Scheme 1. Biosynthesis of trans-CHD starting from chorismate (3). The reaction towards 2,3-trans-CHD 1 via
isochorismate (4) is catalysed by isochorismate synthase EntC and isochorismatase EntB. trans-CHD 1 is
metabolised to 2,3-dihydroxybenzoate by 2,3-dihydroxybenzoate synthase EntA. 3,4-trans-CHD 2 is a non-
natural metabolite and is formed out of chorismate under a large excess of EntB.


Figure 1. Determination of enzyme activities in the crude cell extract of transformants of E. coli strain AN193
at 20 �C (chorismate 8 m�). The change of concentration of reactants and products was monitored by HPLC.
A) Transformants with plasmid pJF119EH1 catalyse the degradation of chorismate (3, �) slowly. The products
are 2,3-trans-CHD 1 (�) and isochorismate (4, �) in equal parts. As a reference, time-course studies of the
nonenzymatic decomposition of chorismate in buffered solution showed slower degradation under the same
conditions (––). B) Transformants with plasmid pDF1 (EntB is over-expressed) mainly catalyse the reaction of
3 to 3,4-trans-CHD 2 (�) and small amounts of 1. C) Transformants with pDF2 (EntC is over-expressed) catalyse
the reaction of 3 to 4 and small amounts of 1. D) Transformants with plasmid pDF3 containing entB and entC
completely convert 3 to 1 with 4 as a temporarily formed intermediate.
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W3110 or DH5� was observed. Cell-free extract of E. coli
strain PBB8 (entC�/menF�-mutation) is characterised by the
absence of natural isochorismate synthase activity (below
quantification limit). Catalytic activities for plasmid-encoded
EntB and/or EntC were much lower in this strain; however,
this observation was examined not in detail.
From the decrease in chorismate concentration (3) and


increase of secondary-metabolite concentrations, absolute
activities of EntB and EntC were quantified relative to total
protein concentrations (Table 1).


In summary, EntC activity in all the tested E. coli strains
was amplified at least 30-fold by plasmidic over-production
relative to strains in which EntC is not overproduced,
amounting to more than 210 mU per mg of protein (strains
DH5�, W3110, AN193 and H1882). The amplification of
EntB activity was even higher (almost 150-fold) amounting to
442 mU per mg of protein. Similar amplification factors were
observed in strains H1882, DH5� and W3110.


Fermentation experiments for the production of 1: Cultiva-
tion of the E. coli strains in shaking flasks proved that 1 was
excreted into the medium by strains containing pDF3 (over-
expressing entB/entC), whereas 1 was not detected in suspen-
sions of any other transformants, plasmid-free strains or
uninduced strains. Interestingly, neither 3,4-trans-CHD 2 nor
isochorismate (4) was detected in suspensions of any trans-
formants or in strains containing pDF1 or pDF2.
Production rates of 1 in mineral-salt media were best with


entA� mutants AN193 (29 mgh�1 per g of dry cell mass
(DCM) and H1882, moderate in entC�/menF� strain PBB8
and low in wild-type strains W3110 and DH5� (Figure 2).
With regard to production rates, the excretion of 1 was
threefold higher in entA� strains than in strains without entA
defect.
The final product concentration of 1 after 14 h was


significantly higher in strains PBB8, AN193 and HI1882 than
in wild-type strains. Maximum concentrations of 550 mgL�1


(3.5 m�) were achieved in shaking-flask experiments with
strain AN193.
Several attempts to determine intracellular metabolite


concentrations by analysing crude extracts of induced cells
with RP-HPLC failed, presumably because the metabolite


Figure 2. Production rates and final concentrations of 1 for cultivation of
strain AN193/pDF3 in mineral salts medium.


concentrations were below the detection limit (7 ��).
Even in extracts of highly concentrated cell suspensions
(DCM� 21 gL�1) no metabolites 1 ± 4 were detected. Con-
centrations of 2,3-trans-CHD 1 in the cell-free extracts were
estimated to be below 45 �g per g of DCM in any case,
corresponding to an intracellular concentration of less than
86 �molL�1 (cell volume).[24]


Other experiments in shake flasks showed that optimal
production conditions, with regard to production rate, growth
rate and long-term stability, were 37 �C and a pH between 6
and 8. Alternative carbon sources like galactose, fructose,
glycerol, acetate or lactate could also be used for production.
The use of glycerol or galactose allows even better cell-mass-
specific product-formation rates of up to 48 mgh�1 per g of
DCM.
Various experiments in which the inductor IPTG was added


at different cell growth phases showed that induction only
temporarily reduced growth rate for 4 to 5 hours and only
after the first addition. If IPTG was added directly at the very
beginning of incubation, no reduction of growth rate or final
cell density was observed. Formation of 1 started at the very
beginning of induction, and was found in both growing and
resting cells. Almost maximal induction was achieved with
inductor concentrations as low as 50 �� ��PTG�.
In order to obtain 1 on a preparative scale, strain AN193/


pDF3 was cultivated in a 30 L pH-controlled stirred tank
reactor (STR, process volume 20 L) in a mineral-salts medium
with glucose as the carbon source. Production was monitored
over a period of 50 h. Maximal cell-mass-specific product-
formation rates of 58 mgh�1 per g of DCMwere found 3 hours
after induction. A molar yield of 17% was calculated with
respect to glucose. Final product concentrations of more than
4.6 gL�1 (1) were achieved.


Methods for isolation and purification of 1: One major
challenge for separating 1 from fermentation salts, proteins
and other organic compounds is its instability under strongly
acidic or strongly basic conditions or if heated. On the other
hand, 1 was found to be stable in aqueous solution at
moderate pH (3� pH� 11) and room temperature in the
absence of oxidising agents.
All attempts to extract 1 from acidified fermentation


permeate (pH 3) by using alkanes, chloroalkanes, diphenyl
ether and similar solvents were characterised by low extrac-
tion coefficients (�� 7%). Nevertheless, using more polar


Table 1. Enzyme activities of cell extracts in Tris-HCl buffer (100 m�, pH 8.5)
and at 20 �C depending on the genes over-expressed in strains AN193 and PBB8.


Strains Plasmid-
borne


Enzyme activity
[mU per mg protein]


genes EntC EntB (c)[b] EntB (isoc)[c]


AN193 /pJF119EH1 ± 5 � 0.25 3
/pDF1 entB 7 77 n.d.[a]


/pDF2 entC 224 n.d. � 7
/pDF3 entB, entC 212 n.d. 442


PBB8 /pJF119EH1 ± � 0.25 � 0.25 n.d.
/pDF1 entB � 0.25 40 n.d.
/pDF2 entC 34 � 0.25 � 0.25
/pDF3 entB, entC 74 32 � 74


[a] n.d.�not determined. [b] chorismate. [c] isochorismate.
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extraction solvents like short-chain alcohols significantly
improves the extraction coefficient (�� 30%, butan-1-ol);
however, at the cost of simultaneously extracting other polar
compounds as well.
Additionally, two separation methods were established that


make use of selectively binding the carboxylic acid function-
ality of 1 to a dispersed or solid-phase surface. Both methods
work on the laboratory scale as well as on a higher gram scale.


A reactive extraction process for separation : The extraction
coefficients in organic solvents are substantially improved by
adding ionic carriers that bind the product.[25] Ion-pair
formation of the anion of 1 with the cationic carrier
trioctylmethylammonium chloride (TOMAC) results in un-
charged, less hydrophilic species that can be extracted with
organic solvents with a higher extraction coefficient (�� 23%,
octan-1-ol with 5% carrier). The selective re-extraction of 1
and separation of the remaining nonpolar impurities can be
done by using aqueous phases with a high anion concentra-
tion, such as brine, at neutral pH (�� 90%) (Scheme 2).
After concentration in vacuo, separation from salts can


easily be done in a third extraction step with butan-1-ol (��
30%) to afford 1 with 90% purity after lyophilisation (HPLC
analysis).
Although reactive extraction and re-extraction normally


work most efficiently in a multicycle, continuously operating
separation process that is integrated into the production
process, all the tested cationic carriers were characterised as
being bacteriostatic or even partially bacteriocidal. Therefore,
integration of the extraction method into the production
process (for technical application) affords further improve-
ment in preventing carrier contact with production cells.


Ion exchange chromatography was used advantageously to
selectively bind 1 to DOWEX 1� 8 (Cl�) anion-exchange
resin[26] at pH 7 with a dynamic capacity of 15 to 16 gL�1 (96 to
102 m�) sedimented resin. In contrast, binding of proteins or
other by-products was not observed. Elution of the product
occurs under moderate acidic conditions at pH 2.8 by proto-
nation of the carboxylic acid functionality; this allows
isolation without any aromati-
sation. By using 2 kg of resin
27 g (0.17 mol) of 1 could be
isolated and purified in a single
operation step with 95% purity
and 75% yield after lyophilisa-
tion.


Application in organic synthe-
sis: a short synthesis of the
enantiomer of the plant-growth
inhibitor streptol :[27] The syn-
thesis of unsaturated carbasu-
gars requires stereoselective
oxidation, for example at the
C3,C4 positions. Previously, we
have shown regio- and stereo-
selective epoxidation of 1, and
the application of the resultant


Scheme 2. Isolation of 1 by reactive extraction with cationic carriers
(TOMAC) as extraction mediators in organic solvents like octan-1-ol.


structures in the synthesis of iso-crotepoxide and ent-senep-
oxide.[28] Nucleophilic opening results in the introduction of a
new functionality in trans-orientation to the simultaneously
formed alcohol function. Introduction of a cis-diol function-
ality is possible by the OsO4-catalysed dihydroxylation
presented here.
Compound 1 was transformed into its methyl ester 5 with


60% yield by using a solution of hydrogen chloride in
methanol (Scheme 3).
Regioselective dihydroxylation at the C3,C4 positions


followed by OsO4-catalysed oxidation with N-methylmorpho-
line N-oxide (NMO) gave two diastereomeric vicinal alcohols
6 and 7 in a ratio of 5:1, which could not be separated
chromatographically. No oxidation of the electron-poor
double bond at the C1,C2 positions was observed.
On increasing the steric demand of the alcohol function-


alities by introduction of tert-butyldimethylsilyl (TBS) pro-


Scheme 3. Esterification of 1 and subsequent transformations of the methyl ester 5. Reagents and conditions:
a) HCl in MeOH, RT, 48 h; b) NMO, cat. OsO4, tBuOH/H2O (1:1), RT, 72 h; c) TBS-OTf, NEt3, CH2Cl2, RT,
18 h; d) NMO, MeSO3NH2, cat. K2OsO4, acetone/nBuOH/H2O (10:9:1), RT, 16 h; e) DIBAL-H, CH2Cl2, 0 �C,
3 h; f) tris(dimethylamino)sulfoniumdifluorotrismethylsilicate, CH2Cl2, �78 �C to RT, 16 h.
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tecting groups, the OsO4-catalysed dihydroxylation results in
9 as the main product in 56% yield. Only traces of the product
resulting from oxidation of the C1,C2 double bond were
found.
While cis-dihydroxylation starting from the BOC-protected


2-amino analogue of 5 investigated by Steel et al. occurs in a
comparable regio- and stereoselective manner,[29] oxidation of
the corresponding cis-diastereomer of 8 by Sutherland et al.
gave a 10:1 mixture of oxidation product at the C1,C2
positions over oxidation product at the C3,C4 positions;[30]


this means that any implication from the chemical behaviour
of cis-CHD to trans-CHD should be handled with care.
The stereochemistry of 9 was proven by synthesis of ent-


streptol (ent-valienol) 11. Reduction of the ester function with
diisopropylaluminium hydride (DIBAL-H) and deprotection
with tris(dimethylamino)sulfonium difluorotrismethylsilicate
as a fluoride source gave ent-streptol 11. The spectroscopic
data of 11 are identical to those published by Sakuda et al.[27]


Streptol was isolated from a culture of a Streptomyces sp. by
Sakuda et al. and inhibited the growth of lettuce seedlings at a
concentration above 13 ppm.[27] Valienol, synonymous with
streptol, was isolated from Actinoplanes sp. in the context of
acarbose biosynthesis studies.[31] rac-11 was synthesised by
Suami et al.[32a] and Block.[32b]


We have shown that the dihydroxylation of trans-CHD can
be carried out in a regio- and stereoselective manner. In
combination with stereoselective epoxidation and subsequent
nucleophilic opening, this will enable straight-forward diver-
sity-oriented access to regio- and stereoisomeric (amino)-
carbasugars[33] of potential biological activity.


Conclusion


Production of 2,3-trans-CHD 1, an essential metabolite in
bacteria, plants and fungi, was efficiently accomplished by
methods of deregulating the metabolic flux in E. coli strains.
Advantageously, no metabolic by-products such as chorismate
were excreted even though the chorismate-utilising pathways
are not totally blocked. A deficiency of EntA activity
significantly increased the cell-mass-specific product-forma-
tion rate by a factor of 3. It was demonstrated that the
microbial production of 1 can be scaled up, thus preparing the
way for a preparative access to 1. By using a 30 L stirred tank
reactor, a final concentration of 1 of 4.6 gL�1 (0.17�) was
obtained within a 50 h process time. The molar yield relative
to glucose consumption was calculated to be 17%. Two
methods for separating 1 from medium ingredients were
established, the use of reactive extraction or anion exchange
chromatography. Starting from the purified product as an
example, we established short and straight-forward syntheses
of new carbasugar derivatives.
We are presently working on an enantioselective access to


3,4-trans-CHD 2 throughmethods of metabolic engineering in
recombinant microorganisms.[34] We are convinced that trans-
CHD 1 and 2 and derivatives thereof can be of similar value
for preparative organic chemistry as has been described for
the well-examined and commercially available cis analogues.


Experimental Section


General methods : All reagents used were of analytical grade. Solvents
were dried by standard methods if necessary. TLC was carried out on
aluminium sheets precoated with silica gel 60F254 (Merck). Detection was
accomplished by UV light (�� 254 nm). Preparative column chromatog-
raphy was carried out on silica gel 60 (Merck, 40 ± 63 �m). 1H NMR spectra
were recorded on an AMX300 (Bruker Physik AG, Germany) with
CD3OH (�� 4.87 ppm), CHCl3 (�� 7.27 ppm) or HDO (�� 4.81 ppm) as
internal standard, 13C NMR spectra were calibrated with 13CD3OD (��
49.15 ppm), 13CDCl3 (�� 77.23 ppm) or sodium trimethylsilylpropansulfo-
nate (TSP) as internal standard. GCMS spectra were determined on an
HP6890 series GC system fitted with an HP5973 mass-selective detector
(Hewlett ± Packard; column HP-5MS), 30 m� 250 �m; TGC (injector)�
250 �C, TMS (ion source)� 200 �C, time program (oven): T0min� 60 �C,
T3min� 60 �C, T14min� 280 �C (heating rate 20 �Cmin�1), T19min� 280 �C.
HR-MS (EI) was performed on an A.E.I. MS50 and elemental analysis on a
Vario EL (Heraeus) at the analytical department of the Kekule¬ Institut f¸r
Organische Chemie und Biochemie (University of Bonn). Melting points
were measured on a B¸chi B-540 heating unit. UV spectra were recorded
with an Ultrospec 2000 UV/Vis spectrophotometer (Pharmacia Biotech,
Sweden). Identification and quantification of metabolites was performed
by using an HPLC (HP series 1100, Hewlett ± Packard), fitted with a diode-
array detector, and equipped with a LiChrospher¾ C8 column (25 cm�
3 mm, 5 �m particle size, CS Chromatographie Service GmbH, Langer-
wehe, Germany). The metabolites were quantified by integration of peaks
at a wavelength of 275 nm. The injection volume was 5 �L. The initial
mobile phase was water (0.1% trifluoroacetic acid) at a flow rate of
0.45 mLmin�1. 5 min after injection the eluent was changed linearly to a
50% ratio of methanol/water at 40 min. Afterwards the column was
washed, maintaining this composition for 10 min, and regenerated for
15 min. Retention times are as follows: chorismate 25.0 min, isochorismate
21.2 min, 2,3-trans-CHD 4.4 min and 3,4-trans-CHD 6.7 min. The limit of
quantification was �16 �� for all metabolites.
Bacterial strains, cloning material and growth media : The strains, plasmids
and primers used in this study are shown in Table 2. Primers were
synthesised at MWG-Biotech AG, Ebersberg, Germany. E. coli strains
were grown on Luria ±Bertani (LB) medium.[35] Ampicillin (100 mgL�1)
was added when required.


The synthetic medium for analyses of product distribution was a slightly
modified medium of Pan and co-workers,[36] containing per L: KH2PO4
(13 g), K2HPO4 (10 g), NaH2PO4 ¥ 2H2O (6 g), (NH4)2SO4 (2 g), MgSO4 ¥
7H2O (3 g), NaCl (5 g), FeSO4 ¥ 7H2O (40 mg), CaCl2 ¥ 2H2O (40 mg),
MnSO4 ¥ 2H2O (10 mg), ZnSO4 ¥ 7H2O (2 mg), AlCl3 ¥ 6H2O (10 mg),
CoCl2 ¥ 6H2O (4 mg), Na2MoO4 ¥ 2H2O (2 mg), CuCl2 ¥ 2H2O (1 mg),
H3BO3 (0.5 mg), leucine (200 mg), proline (200 mg), adenine (200 mg),
tryptophan (200 mg), thiamine (20 mg) and 2,3-dihydroxybenzoic acid
(20 mg).


For long-term storage, cells in the mid-exponential phase of growth were
harvested and shock-frozen in 50% glycerol suspension at �30 �C.
PCR amplification : EntB and EntC were amplified from chromosomal
DNA of E. coli strain W3110. PCR was performed by using a Pwo DNA
polymerase kit (Roche Diagnostics, Mannheim, Germany) and a Peltier
Thermal Cycler PTC200 (MJ Research, Waltham, MA, USA) in 100 �L
volume. The concentration of chromosomal DNA was 0.1 ng�L�1. EntB
was amplified with 1 pmol�L�1 of primers BBAM and BPST. After an
initial denaturation step of 5 min at 94 �C, 34 cycles of 4 min at 94 �C, 2 min
at 57 �C and 90 s at 75 �C were performed. A final extension step of 7 min at
75 �C and cooling to 4 �C completed the reaction. EntB was obtained as a
single product.


EntC was generated with 0.5 pmol�L�1 of primers CSAC and CBAM. The
reaction was subjected to an initial denaturation step of 2 min at 94 �C,
followed by 10 cycles of 30 s at 94 �C, 45 s at 40 �C, 1 min at 72 �C. Finally, 20
cycles of 30 s at 94 �C, 45 s at 40 �C and 1 min � 10 s per cycle at 72 �C
finished the reaction before the mixture was cooled to 4 �C. Three products
of approximately 500, 900 and 2500 bp were obtained from PCR
amplification. The one with 900 bp (EntC) was isolated, purified on
preparative agarose gel and used for further cloning procedures.


PCR products were analysed by electrophoresis in 0.8% (w/v) agarose gel
in 1� TAE buffer (Tris (40 m�), acetic acid (20 m�), EDTA (1 m�),
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pH 8), stained with ethidium bromide. GeneRulerTM 1 kb DNA Ladder
(MBI Fermentas, Vilnius, Lithuania) was used as molecular size marker.


Construction of plasmids/transformation of strains : Plasmids were con-
structed by using standard recombinant techniques.[35] Plasmid pJF119EH1
and the PCR product of EntB were cut with BamHI and PstI and
afterwards ligated with T4 DNA ligase. Transformation of E. coli DH5�
with the resulting pDF1 gave the recombinant strain which shows
ampicillin resistance. Correct ligation and transformation were verified
by restriction site analyses and sequence analysis of the polylinker region
and the EntB insert.


The PCR product of EntC was restricted with PstI and SacI and
analogously cloned into the vectors pJF119EH1 and pDF1 to give vectors
pDF2 and pDF3, respectively. Transformation of E. coli DH5� with these
constructs, followed by restriction analysis and sequencing of the isolated
plasmid, verified the correct insertions of EntC.


Strains W3110, AN193, H1882 and PBB8 were also transformed with
plasmids pJF119EH1, pDF1, pDF2 and pDF3.


Enzyme expression analyses : For verification of enzyme expression, cell
extracts of allE. coli strains (host DH5�W3110, AN193, H1882, PBB8 with
plasmids pJF119EH1, pDF1, pDF2 or pDF3) were analysed with sodium
dodecyl sulfate ± polyacrylamide gel electrophoresis (SDS-PAGE). E. coli
precultures (100 �L) from LB medium (5 mL, 150 rpm, 37 �C, overnight)
were used as inoculum for 100 mL volume of LB medium containing IPTG
(100 ��) as inductor. Incubation was done in 1 L shake flasks (150 rpm,
37 �C, 10 h). Cells from 30 mL suspension were harvested by centrifugation
(5000 g, 5 �C, 10 min) and resuspended in distilled water (1 mL). Cell
disruption was done with an Ultrasonic Cell Disruptor ™Sonifier 250∫
(Branson Inc., Danbury, USA) at 20% duty cycle and output 2 for 4 min on
ice. The cell homogenate was centrifuged (19000 g, 5 �C, 10 min) to remove
cell debris, and the supernatant was analysed. Total protein concentrations
were determined with protein assay reagent (Bio-Rad Laboratories,
Hercules, CA, USA) by using bovine serum albumin as standard.[37] SDS-
PAGE was performed with a Xcell II Mini-Cell electrophoresis apparatus
(NOVEX Experimental Technology, San Diego, CA, USA). Proteins were
separated in NuPAGE 4 ± 12% (w/v) Bis-Tris polyacrylamide gels and
stained with Coomassie brilliant blue R-250 (Serva Electrophoresis GmbH,
Heidelberg, Germany). Sigmamarker Low Range (Sigma Chemical Co., St.
Louis, USA) was used as standard.


Enzyme activity test : Enzyme activities were determined by monitoring the
degradation of chorismate (3). Solution A contained chorismic acid
(8 m�), MgCl2 ¥ 6H2O (10 m�) and Tris-HCl (200 m�) in aqueous solution
at pH 8.5. Solution B contained crude cell extract at a total protein
concentration of 85 �g mL�1. For analyses 50 �L of each solution A and B
were gently mixed, and the degradation of 3 towards isochorismate (4), 2,3-
trans-CHD 1 or 3,4-trans-CHD 2 was monitored at 20 �C by HPLC.


Examination of excretion of 1: For the examination of product excretion,
100 mL cell suspensions from LB medium were prepared as described


above. At an optical density of 3.0 (�� 600 nm), cells were harvested
(5000 g, 5 �C, 5 min) and resuspended in 100 mL synthetic medium (pH 7
with 1� NaOH) that contained IPTG (100 ��) and glucose (15 gL�1).
Incubation was done in 1 L shake flasks at 37 �C and 150 rpm. Aliquots
were taken at 1 h intervals. Maximal excretion rates (1) were found 2 h
after incubation.


For the determination of optimal fermentation conditions the following
parameters were varied. The pH was regulated (1� HCl or 1� NaOH) from
pH 3 to pH 9 (steps of 1 pH unit). The cultivation temperature was tested at
20 �C, 30 �C and 37 �C. Production of 1 was maximal under physiological
conditions at 37 �C and pH 7. Glucose was substituted by mass-equivalent
quantities of the following other C sources: galactose, glycerol, fructose,
yeast extract, acetic acid and lactic acid. For the induction experiments
IPTG was added to the preculture and production media to the following
final concentrations: 0, 5, 10, 20, 40, 60, 80, 100, 200, 500 ��.


Metabolite quantification : For the quantification of metabolites, aliquots of
cell suspension were centrifuged (5000 g, 4 �C, 10 min), and afterwards the
supernatant was diluted with water until maximum concentrations of
500 mgL�1 of 2,3-trans-CHD were achieved. The diluted samples were
analysed by HPLC.


Fed-batch fermentation in a 30 L stirred tank bioreactor : Fermentations in
a 30 L stirred tank bioreactor (Chemap, Switzerland, 20 L working volume)
were done at pH 6.8 (controlled) and 37 �C with a mineral-salts medium.
1 L preculture from LB medium (150 rpm, 37 �C, overnight) served as
inoculum. The initial concentration of glucose was 30 gL�1 (0.17�).
Glucose was added in portions so that the concentration was maintained
in the range of 5 to 10 gL�1 (28 to 56 m�). Induction by addition of IPTG
(100 �� final concentration) was done at a cell concentration of 5 gL�1 (dry
cell mass). The aeration rate was regulated to 25 Lmin�1 (air). Antifoam
AF298 (Sigma Co., St. Louis, USA) was added in a sterile manner as
required. Fermentation was stopped after 50 h. Cells and insoluble
components were removed by centrifugation (4000 rpm, 4 �C, 15 min) to
give a brown solution.


Preparative ion-exchange chromatography : Preparative ion-exchange
chromatography was done with a IndEX Tm Column 100, inner diameter
100 mm, 3.5 L maximal bed volume, from Amersham Pharmacia Biotech
(Uppsala, Sweden), by using DOWEX¾ 1� 8 (2 kg, 100 ± 200 mesh, Cl�
form) from Merck (Darmstadt, Germany). The resin was packed to a bed
volume of 2.6 L with the aid of a hydraulic stamp. Elution of the product
was monitored at a wavelength of 280 nm by using a UV/Vis detector
K-2001 from Knauer (Berlin, Germany). The flow rate during the whole
process was set to 70 mLmin�1.


For one separation cycle the resin was equilibrated with dipotassium
hydrogen phosphate (50 m�) at pH 8 and 9.5 mScm�1 (phosphoric acid,
potassium hydroxide). Cell-free fermentation supernatant (8 L, pH 7)
containing product 1 (4.6 gL�1) was then passed through the column,
allowing the adsorption of the product. Elution was performed with formic


Table 2. Strains, plasmids and primers used in this study.


Relevant characteristic(s) Origin and refs.


Escherichia coli strains
DH5� F� endA1 hsdR17(rk


�mk
�) recA1 supE44 thi-1 �(lacZYA-argF)U169 �80lacZ�M15 [19]


W3110 F� � IN(rrnD-rrnE) prototroph [16]
AN193 trpE38 leuB6 proC14 lacY1 fhuA23 rpsL109(strR) �� entA403 [20, 21][a]


H1882 araD139 �(argF-lac)169 �� flhD5301 rpsL150(strR) �(fepA-ent) [22][a]


PBB8 F� lacIq �(Ion) hflA150:Tn10 �(argF-lac)169 proA� araD139 rpsL �� entC� menF� [23][b]


Plasmids
pJF119EH1 ampR, cloning vector [17]
pDF1 ampR (entB obtained with primers BBAM and BPST cloned into pJF119EH1 cut with BamHI and PstI) this study
pDF2 ampR (entC obtained with primers CSAC and CBAM cloned into pJF119EH1 cut with SacI and BamHI) this study
pDF3 ampR (entC obtained with primers CSAC and CBAM cloned into pDF1 cut with SacI and BamHI) this study


Primers
BBAM (BamHI) 5�-TATGGATCCACGCGCATCAGCCTGAA-3� this study
BPST (PstI) 5�-GGGCTGCAGACATTTTTACCGCTG-3� this study
CSAC (SacI) 5�-GGCGAGCTCATTATTAAAGCCTTT-3� this study
CBAM (BamHI) 5�-TGCGGATCCTCGCTCCTTAATGC-3� this study


[a] Obtained from Professor Dr. Klaus Hantke, University of T¸bingen, Germany. [b] Obtained from Professor Dr. Eckhard Leistner, University of Bonn,
Germany.
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acid (50 m�, pH 2.3, 1.2 mScm�1). Compound 1 was generally eluted at
pH 2.8 and 0.6 mScm�1. Regeneration of the DOWEX resin was done with
brine (2�).


Without neutralisation the eluate (7.8 L) was concentrated in vacuo to give
a yellow oil (500 mL). The syrup was lyophilised at 5� 10�2 mbar to give a
yellow-white solid (27.5 g). This corresponds to 75% yield for the
separation step. The purity was determined with HPLC analysis and
1H NMR to be 95%.


(S,S)-5,6-Dihydroxycyclohexa-1,3-dienecarboxylic acid [(S,S)-5,6-Dihy-
droxy-5,6-dihydrobenzoic acid] (1): [�]20D ��3.8 (c� 0.6 in ethanol);
1H NMR (300 MHz, [D4]MeOH, 23 �C): �� 4.10 (d, J� 2.5 Hz, 1H;
H-5), 4.50 (d, J� 2.5 Hz, 1H; H-6), 6.20 (m, 2H; H-3,4), 7.06 (dd, J� 3.3,
3.2 Hz, 1H; H-2); 13C NMR (75 MHz, [D4]MeOH, 23 �C): �� 68.8, 70.4,
125.1 (CH), 130.8 (C-1), 134.3, 134.4 (CH), 170.2 (CO); IR(KBr): �� � 1699,
1644, 1586, 1258, 1075, 1008 cm�1; UV/Vis (H2O): �max(�)� 279 nm (4900);
MS (70 eV, EI): m/z (%): 156 (6) [M�], 138 (100) [M��H2O], 110 (63), 93
(10), 82 (29), 65 (13); HR-MS: calcd for C7H8O4: 156.0423; found:
156.0424.


Methyl (S,S)-5,6-dihydroxycyclohexa-1,3-dienecarboxylate [Methyl (S,S)-
5,6-dihydroxy-5,6-dihydrobenzoate] (5): A solution of 1 (3.11 g, 96%
purity, 19 mmol) in anhydrous methanol (200 mL) was treated with a
solution of hydrogen chloride in methanol (�1.25�) and stirred for 48 h at
RT. The solution was neutralised by addition of sodium hydrogen
carbonate (10.5 g) and concentrated in vacuo. The crude product was
purified by flash chromatography (EtOAc) to give 5 as yellow crystals
(2.02 g, 60%). M.p. 79 ± 80 �C; Rf� 0.35 (EtOAc); [�]20D ��4.6 (c� 0.45 in
ethanol); 1H NMR (300 MHz, CDCl3, 23 �C): �� 2.50 (s, 1H; OH), 3.82 (s,
3H; OCH3), 4.05 (s, 1H; OH), 4.57 (ddd, J� 9.3, 3.3, 1.9 Hz, 1H; H-5), 4.76
(dd, J� 9.3, 1.3 Hz, 1H; H-6), 6.08 (ddd, J� 9.6, 5.4 Hz, 1.9 Hz, 1H; H-3),
6.29 (ddd, J� 9.6, 3.3, 0.9 Hz, 1H; H-4), 6.99 (d, J� 5.4 Hz, 1H; H-2);
13C NMR (75 MHz, CDCl3, 23 �C): �� 52.3 (OCH3), 72.5, 72.7, 122.9 (CH),
129.4 (C-1), 133.4, 136.4 (CH), 167.9 (CO); IR(KBr): �� � 2971, 2931, 1725,
1638, 1454, 1372, 1276, 1109 cm�1; UV/Vis (H2O): �max� 282 nm; MS
(70 eV, EI):m/z (%): 170 (27) [M]� , 152 (54) [M��H2O], 138 (91), 128 (2),
121 (89), 110 (100), 93 (38), 82 (69), 65 (50), 53 (38); HR-MS: calcd for
C8H10O4: 170.0579; found: 170.0580.


Methyl (3R,4R,5R,6S)-3,4,5,6-tetrahydroxycyclohex-1-enecarboxylate (6)
and methyl (3S,4S,5R,6S)-3,4,5,6-tetrahydroxycyclohex-1-enecarboxylate
(7):


a) OsO4 (2 mg, 8 �mol) was added to a solution of 5 (400 mg, 2.3 mmol) and
N-methylmorpholine N-oxide (653 mg, 4.8 mmol) in tert-butanol (5 mL)
and water (5 mL). The solution was stirred at RT for 72 h, during which
time it turned black. The reaction was quenched by addition of aqueous
NaHSO3 (1 mL). All volatiles were removed in vacuo, and the crude
product was purified by flash chromatography (EtOAc/MeOH 4:1) to give
a chromatographically inseparable 5:1 mixture of 6 and 7 as a white solid
(139 mg, 29%).


b) A solution of 9 (50 mg, 0.1 mmol) in CH3CN (2 mL) was treated with
aqueous HF (50 �L, 40%) and the mixture was stirred at 0 �C for 3 h. Water
(5 mL) was added, and the solution was extracted with EtOAc (3� 15 mL).
The combined organic layers were dried over MgSO4, filtrated and
concentrated in vacuo to give 6 as a white wax without further purification
(7 mg, 30%). Rf� 0.18 (CH3CN); 6 : 1H NMR (300 MHz, [D4]MeOH,
23 �C): �� 3.76 (dd, J� 7.5, 4 Hz, 1H; H-3), 3.82 (s, 3H; OCH3), 4.05 (dd,
J� 7.5, 5 Hz, 1H; H-4), 4.32 (d, J� 5 Hz, 1H; H-6), 4.40 (pt, J� 5 Hz, 1H;
H-5), 6.78 (d, J� 4 Hz, 1H; H-2); 13C NMR (75 MHz, [D4]MeOH, 23 �C):
�� 52.5 (OCH3), 67.3, 70.4, 71.4, 73.0 (CH), 134.1 (C-1), 139.3 (C-2), 168.4
(CO). 7: 1H NMR (300 MHz, [D4]MeOH, 23 �C): �� 6.73 (dt, J� 3, 0.9 Hz,
1H; H-2), all other signals are superposed; 13C NMR (75 MHz, [D4]MeOH,
23 �C): �� 52.5 (OCH3), 68.6, 69.9, 72.2, 75.7 (CH), 133.2 (C-1), 141.1 (C-2),
168.3 (CO).


Methyl (S,S)-5,6-bis(tert-butyldimethylsilanyloxy)cyclohexa-1,3-dienecar-
boxylate (8): A solution of methyl ester 5 (18 mg, 0.11 mmol) and
triethylamine (20 mg, 0.2 mmol) in dry methylene chloride (10 mL) was
treated with tert-butyldimethylsilyltriflate (34 mg, 1.3 mmol). After being
stirred for 18 h at RT, the remaining reactant was hydrolysed by quenching
with saturated aqueous Na2CO3 (4 mL). The solution was diluted with
diethyl ether and dried (MgSO4). Volatiles were removed in vacuo, and the
crude product was purified by flash chromatography (isohexane/EtOAc
20:1 to 9:1) to give 8 as colourless oil (42 mg, 95%). All analytical data


were identical to the data obtained by Trost et al.[11a] for the (�)-
enantiomer. [�]20D ��322.1 (c� 1.0 in CHCl3).
Methyl (3R,4R,5S,6S)-5,6-bis(tert-butyldimethylsilanyloxy)-3,4-dihydroxy-
cyclohex-1-enecarboxylate (9): A solution of K2OsO4 (7 mg, 19 �mol)
and LiOH (3 mg, 0.1 mmol) in water (1 mL) was added to a solution of 8
(775 mg, 1.9 mmol), N-methylmorpholine N-oxide (395 mg, 2.9 mmol) and
methanesulfonamide (278 mg, 2.9 mmol) in acetone (10 mL) and butan-1-
ol (9 mL). The resulting solution was stirred vigorously at RT for 16 h,
during which time it turned black. The reaction was quenched with
saturated aqueous NaHSO3 (5 mL). All volatiles were removed in vacuo,
and the crude product was purified by flash chromatography (isohexane/
EtOAc 10:1) to obtain 9 (467 mg, 56%) as a colourless oil. Rf� 0.42
(isohexane/EtOAc 6:1); [�]20D ��9.9 (c� 0.9 in CHCl3); 1H NMR
(300 MHz, CDCl3, 23 �C): �� 0.09 (s, 3H; CH3), 0.10 (s, 3H; CH3), 0.11
(s, 3H; CH3), 0.24 (s, 3H; CH3), 0.84 (s, 9H; tBu), 0.87 (s, 9H; tBu), 2.94 (d,
J� 10 Hz, 1H), 3.78 (s, 3H; OCH3), 3.93 (m, 1H), 4.04 (d, J� 9.5 Hz, 1H),
4.21 (dd, J� 4.2, 2.9 Hz, 1H), 4.37 (m, 1H), 4.46 (m, 1H), 6.89 (dd, J� 2.2,
1.6 Hz, 1H); 13C NMR (75 MHz, CDCl3, 23 �C): ���4.85, �4.83, �4.81,
�4.7 (SiCH3), 18.0, 18.2 (Cq), 25.7, 25.8 (CH3), 52.1 (OCH3), 66.8, 68.1, 70.1,
70.9 (CH), 129.3 (C-1), 141.6 (C-2), 166.5 (CO); MS (70 eV, EI): m/z (%):
432 (0.5) [M�], 417 (2) [M��CH3], 399 (2), 375 (80) [M��C(CH3)3], 357
(100) [M��C(CH3)3,H2O], 271 (20), 243 (20), 225 (15), 215 (16), 197 (14),
147 (15); IR(KBr): �� � 3457, 2954, 2931, 2897, 2858, 1721, 1472, 1389, 1361,
1256, 1111.


(1R,2R,5S,6S)-5,6-Bis-(tert-butyl-dimethylsilanyloxy)-4-hydroxymethylcy-
clohex-3-ene-1,2-diol (10): An aliquot (1.5 mL) of a solution of DIBAL-H
in methylene chloride (1�) was added dropwise to a solution of 9 (200 mg,
0.45 mmol) in dry methylene chloride (5 mL) at 0 �C. The resulting pale
yellow solution was stirred for 3 h. The reaction was quenched by addition
of MeOH (2 mL) and hydrochloric acid (2 mL, 2�). The mixture was
dissolved in hydrochloric acid (10 mL, 2�), then brine (10 mL) and diethyl
ether (30 mL) were added. The aqueous layer was extracted with EtOAc
(3� 10 mL). The combined organic layers were dried (MgSO4) and
concentrated in vacuo. The crude product was recrystallised (isohexane/
EtOAc 20:1) to obtain 10 as white needles (173 mg, 92%). M.p.� 110 ±
112 �C; Rf� 0.38 (isohexane/EtOAc 4:1); [�]20D ��2.4 (c� 0.5 in CHCl3);
1H NMR (300 MHz, CDCl3, 23 �C): �� 0.11 (s, 6H; 2�CH3), 0.17 (s, 3H;
CH3), 0.21 (s, 3H; CH3), 0.85 (s, 9H; tBu), 0.90 (s, 9H; tBu), 2.80 (d, J�
11 Hz, 1H), 3.75 (dd, J� 9.9, 4.7 Hz, 1H), 3.92 (m, 1H), 4.05 (m, 1H), 4.15
(m, 3H), 4.29 (d, J� 11 Hz, 1H), 5.73 (d, J� 1.4 Hz, 1H); 13C NMR
(75 MHz, CDCl3, 23 �C): ���5.0, �4.64, �4.62, �4.3 (SiCH3), 18.0, 18.1
(Cq), 25.8, 25.9 (CH3), 64.4 (CH2), 66.4, 68.9, 70.7, 71.0 (CH), 127.5 (C-3),
136.3 (C-4); IR(KBr): �� � 3516, 3334, 2953, 2930, 2896, 2859, 1472, 1463,
1385, 1361, 1254, 1108, 1075, 1056 cm�1; elemental analysis calcd (%) for
C19H40O5Si2: C 56.39, H 9.96, found C 56.10, H 9.84.


(1R,2R,3R,4S)-5-hydroxymethylcyclohex-5-ene-1,2,3,4-tetraol (ent-strep-
tol) (11): Compound 10 (110 mg, 0.27 mmol) was dissolved in dry
methylene chloride (5 mL) and tris(dimethylamino)sulfonium difluoro-
trismethylsilicate (280 mg, 1.01 mmol) was added at �78 �C. The solution
was stirred for 16 h and allowed to warm to RT. All volatiles were removed
in vacuo, and the crude product was purified by flash chromatography
(MeOH/EtOAc 1:2) to obtain 11 as a white solid (46 mg, 96%). Rf� 0.45
(EtOAc, MeOH 2:1); [�]20D ��92.5 (c� 0.2 in H2O); 1H NMR (300 MHz,
D2O, 23 �C): �� 3.60 (dd, J� 11, 4 Hz, 1H; H-2), 3.69 (dd, J� 11, 8 Hz, 1H;
H-3), 4.13 (d, 14 Hz, 1H; CH2), 4.16 (m, 1H; H-4), 4.20 (d, 14 Hz, 1H;
CH2), 4.27 (d, 5 Hz, 1H; H-1), 5.83 (d, 5 Hz, 1H; H-6); 13C NMR (75 MHz,
D2O, 23 �C, TSP): �� 64.1 (CH2), 68.9, 73.5, 75.0, 75.3 (CH), 124.9 (C-5),
144.9 (C-6); IR(KBr): �� � 3331, 2913, 1420, 1099, 1064, 1019, 994.
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Computation of Aromatic C3N4 Networks and Synthesis of the Molecular
Precursor N(C3N3)3Cl6


David T. Vodak, KibumKim, Lykourgos Iordanidis, Paul G.Rasmussen, Adam J.Matzger,*
and Omar M. Yaghi*[a]


Abstract: The successful synthesis and
structural characterization of molecules
that represent segments of extended
solids is a valuable strategy for learning
metric and stereochemical characteris-
tics of those solids. This approach has
been useful in cases in which the solids
are particularly difficult to crystallize
and thus their atomic connectivity and
overall structures become difficult to


deduce with X-ray diffraction techni-
ques. One such class of materials is the
covalently linked CxNy extended solids,
where molecular analogues remain
largely absent. In particular, structures


of C3N4 solids are controversial. This
report illustrates the utility of a simple
molecule, N(C3N3)3Cl6, in answering the
question of whether triazine based C3N4
phases are layered or instead they adopt
3D structures. Here, we present density
functional calculations that clearly dem-
onstrate the lower stability of graphitic
C3N4 relative to 3D analogues.


Keywords: carbon nitride ¥ density
functional calculations ¥ triazine ¥
X-ray diffraction


Introduction


Over the last two decades, considerable research efforts have
been devoted to the synthesis of carbon nitride networks for
their promise as high-performance materials with hard,
lightweight, and thermally stable properties.[1±4] In particular,
2D and 3D structures of CxNy composition have been
proposed and, in many cases, syntheses have been report-
ed.[5±8] However in the absence of single-crystal structure data
the atomic connectivity and composition of these materials
remain controversial. The inability to obtain definitive
structural data for these materials has significantly slowed
progress and frustrated attempts toward development of their
synthetic chemistry.[9, 10] Recently, we initiated a program
aimed at the synthesis and study of CN-based molecules in an
effort to produce discrete (molecular) structures that could
closely resemble fragments of CxNy networks, and thus
provide insight into the corresponding extended structures.


Our focus has been on linking rigid and stable trigonal
triazine units into larger structures. Three important graphitic
C3N4 structures in which triazine is linked by nitrogen atoms
have been proposed by others.[5±8] Conceptually, such struc-
tures are derived from the hypothetical CN graphitic structure
by creating either carbon vacancies (A and B) or triazine
vacancies (C). Other potential triazine-based structures
include those proposed with carbodiimide (-NCN-) link-
ages[11] or tri-s-triazine (C6N7X3) building blocks.[12] However,
these structures require different precursors than the one
employed in the present study.
Examination of structures A±C reveals unusually short


and hence high-energy N ¥¥¥ N nonbonded distances,[13] thus
prompting us to pursue the synthesis and structure of their
molecular analogues to evaluate whether planar structures of
this sort are likely. Specifically, we chose as an initial object,
structure A in which trigonal nitrogen atoms are each linked
to three triazine units. At the outset of this study, crystal
structures of molecules with this arrangement had not been
reported. Here, we describe the synthesis and crystal structure
of the first such molecular compound, N(C3N3)3Cl6 (tris(2,4-
dichloro-1,3,5-triazine)amine, TDT) in which the metrics and
stereochemical arrangement of three triazine rings around a
central nitrogen atom provide important information that has
been used to shed light on the likelihood of the proposed
graphitic forms of C3N4 (g-C3N4).[5±8] These findings led us to
undertake computational studies in which two new extended
3D networks based on the N(C3N3)3 unit have been inves-
tigated and found to indeed have lower energy than the
proposed g-C3N4 (A).


[a] Prof. A. J. Matzger, Prof. O. M. Yaghi, D. T. Vodak, K. Kim,
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Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author. Calculated crystallo-
graphic parameters and atomic positions for all triazine-based C3N4
networks and their respective simulated X-ray powder diffraction
patterns.
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Results and Discussion


Synthesis and crystal structure of N(C3N3)3Cl6 (TDT): To
synthesize models for triazine-containing network A, we
followed an intriguing method that has been pursued in the
synthesis of carbon nitrides, which employs simple molecular
precursors having the triazine core (D±G), such as 2,4-
dichloro-6-bis(trimethylsilyl)imido-1,3,5-triazine (D), 2-ami-
no-4,6-dichloro-1,3,5-triazine (E), melamine (F), and cyanuric
chloride (G). Of particular interest are recent reports on


reactions involving the self-condensation of D and E,[5, 7, 8] and
the heterocondensation of F with G.[7, 14] When these reactions
are driven to completion, amorphous or poorly crystalline
products are invariably obtained, precluding full character-
ization of their atomic connectivity. We chose to study one of
these reactions in some detail, namely the recently reported
reaction of cyanuric chloride (G) with lithium nitride.[15]


In the present study, the reaction was carried out at a lower
temperature than in the earlier preparation to yield colorless
needle-like crystals of TDT: specifically, this compound was
isolated from a reaction of cyanuric chloride with lithium
nitride, using a 1:1 mole ratio, in a Pyrex tube at 250 �C
[Eq. (1)].


The crystals were analyzed by single-crystal X-ray diffrac-
tion techniques to reveal a molecular compound of the
composition N(C3N3)3Cl6. Each molecule is composed of


three dichlorotriazine rings
linked to a central nitrogen
atom as shown in Figure 1a.
Although there are many ex-
amples of a central nitrogen
atom surrounded by three phe-
nyl rings, this is the first exam-
ple of a structurally character-
ized compound in which three
triazine rings are linked to a
central nitrogen atom.
The structure showed that


the central nitrogen atom,
which lies on a threefold axis, and its three carbon neighbors
are coplanar. The planes of the three C3N3 rings are each at a
dihedral angle of 34.33(6)� to the central plane. The N ¥¥¥ N
nonbonded distance on adjacent rings of the same molecular
unit is 2.809(2) ä, a value within the range (2.670 ± 2.840 ä)
found in a Cambridge Structural Database search of nitrogen-
containing organic compounds.
The molecules are chiral with C3 (very close to D3) point


group symmetry; however, they pack in columns with the
opposite-handed molecules alternating (Figure 1b) and are


separated by 3.722(4) ä (dis-
tance between trigonal nitrogen
atoms in the stack). The col-
umns are stacked in a hexago-
nal array to give an overall
centrosymmetric rhombohe-
dral arrangement. The shortest
intermolecular nonbonded dis-
tances are N ¥¥¥ Cl� 3.071(1) ä


and Cl ¥¥¥ Cl� 3.610(7) ä, typical values for these interac-
tions.[16]


The dihedral angle and the N ¥¥¥ N nonbonded distance are
two metric features of this compound that we find relevant to
the g-C3N4 structures (A ±C), which have been proposed by
others for the products of the reactions mentioned above. It is
important to note that structure A has an identical connec-
tivity to that observed in N(C3N3)3 core structure of TDT, and
the latter ones (B and C) have a closely related one.
TDT is a potential compositional and structural building


block for structure A, as its further condensation with Li3N
would yield the C3N4 composition. However, it is doubtful
that planar structures similar to those previously proposed (in
particular A but also B and C) would be easily accessible as
they have unusually short N ¥¥¥ N nonbonded distances
(2.380 ± 2.436 ä, vide infra), which are not observed in the
molecular analogue TDT (compare 2.809(2) ä) or other
nitrogen-containing organic compounds.


Computational Methods


TDT: In view of the pronounced difference in planarity
between the N(C3N3)3 subunits in TDT and those in the
proposed structures (A±C), we sought to confirm that the
dihedral angles in TDT were not due to the presence of the
chlorine atoms or intermolecular N ¥¥¥ Cl and Cl ¥¥ ¥ Cl inter-
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actions. Accordingly we examined the influence of this
substitution on the geometry around the central nitrogen;
semiempirical calculations were carried out to determine the
inherent geometric preference of this unit. With the AM1
method both the TDT and parent model tris(1,3,5-triazine)-
amine (N(C3N3)3H6) were found to be twisted from planarity
by 37.0� and 36.5� respectively.[17] Furthermore, the planar
forms of these molecules are
destabilized by 33.1 kcalmol�1


for TDT and 31.7 kcalmol�1 for
the parent-unsubstituted struc-
ture indicating the minimal role
of Cl in dictating the geometry
of this unit.
Additionally, the energy of


the unsubstituted model
N(C3N3)3H6 was determined us-
ing density functional calcula-
tions on the molecule optimized
in D3 symmetry and contrasted
with a planar (D3h) conforma-
tion. At the B3LYP/6-31G**
level the twisted geometry
(36.2�) was found to be favored
by 32.2 kcalmol�1, which implies
a considerable repulsion be-
tween the nitrogen atoms when
separated by the optimized val-
ue of 2.484 ä in the D3h struc-
ture.[17] Since a similar interac-
tion is present in the proposed
planar g-C3N4 extended solids
(A ±C), and in particular the
extended analogue of TDT
(A), it was anticipated that they
would be significantly destabi-
lized relative to corrugated (out-
of-plane) deformations[18] and
3D analogues.


Triazine-based C3N4 networks :
To examine the energy of ex-
tended C3N4 structures in which
TDT is a potential building
block, density functional calcu-
lations were carried out on six
polymorphs of C3N4 containing
triazine rings joined by 3-coor-
dinate nitrogen atoms both in
idealized symmetry and corru-
gated in P1 (Figures 2 and 3).
Extended calculations on the
planar AA-type graphitic ar-
rangement and three AB-type
structures showed that these
four structures were the highest
energy aromatic forms (Fig-
ure 2, Table 1). In all of the
graphitic structures, each tria-
zine nitrogen experiences re-


pulsion from two other nitrogen atoms at a distance of
approximately 2.45 ä. Not surprisingly,[13, 18] in P1 the ener-
gies of the graphitic structures were reduced substantially by
adopting corrugated structures with N ¥¥¥ N nonbonding dis-
tances� 2.44, 2.50, 2.59 ä (g-AA),2.49, 2.55, 2.49, 2.47, 2.57 ä
(g-AB1), 2.46, 2.48, 2.61, 2.45, 2.48, 2.60 ä (g-AB2), and 2.44,
2.50, 2.59 (g-AB3) (Figure 2, Table 1).


Figure 1. Crystal structure of N(C3N3)3Cl6 (TDT): a) drawing of a single molecule and b) representation of its
stacking in the crystal perpendicular along c. (C: gray; N: blue; Cl: green; the enantiomers are drawn in red for
contrast).


Figure 2. Idealized model structures of graphitic C3N4 (g-C3N4) in which the layers are a) eclipsed (g-AA),
b) rotated 60� (g-AB1), c) translated by 1³2 unit cell (g-AB2), and d) rotated by 60� and translated by 1³2 unit cell
(g-AB3), including an example e) of the corresponding corrugated structures emphasizing the out-of-plane
distortions of nitrogen atoms. (In a) ± d) adjacent layers are colored in red for contrast)
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Considerably more favorable than the planar C3N4 poly-
morphs is the structure based on the Si network of SrSi2
(named 3D-srs)[19] where no adjacent triazine rings are
coplanar (Figure 3a) but rather are twisted by 69.3� from


Figure 3. Proposed structures for the more energetically favored triazine-
based C3N4 networks named a) 3D-srs and b) 3D-ths. (a) and (b) are
respectively derived from the Si network in the original common inorganic
structures SrSi2 and ThSi2, where the Si positions have been alternately
replaced by N and C3N3 units.


the plane of the trigonal-planar central nitrogen atom
(compared to 70.5� in the Si network in SrSi2), substantially
more twisted from coplanarity than experimentally deter-
mined for TDT (34.33(6)�). As in the case of the g-C3N4
polymorphs, each triazine in 3D-srs experiences contacts with
two other nitrogen atoms, but in this structure the twisting of
the central ring increases the distance of each contact to
3.07 ä, considerably reducing this contribution to the energy
of the system. However, the three-coordinate nitrogen atom
linking the three triazine rings together is displaced by 0.32 ä
from the plane of the three adjacent carbons and 0.22 ä from
the mean plane on the triazine ring indicating substantial


strain in the network. Computation in P1 does not substan-
tially lower the energy of this form and its stability is similar to
the corrugated g-AA, g-AB1, g-AB2 and g-AB3 structures
(Table 1).
In searching for an alternative arrangement of an aromatic


C3N4 structure based on TDT C3N3 core, we examined a
topology based on the Si network of ThSi2 (3D-ths), a
common motif in three-connected nets of inorganic com-
pounds.[20] This structure is computed to be more stable than
the corresponding 3D-srs arrangement by 13 kcalmol�1 in
spite of the fact that it contains two coplanar adjacent triazine
rings (Figure 3b). This introduces one repulsive N ¥¥¥ N
interaction (2.43 ä) for each triazine, whereas three such
interactions are introduced by the fully planar arrangement
present in the g-C3N4 structures. From the computations on
the model system, N(C3N3)3H6, each such interaction can be
estimated to be destabilizing by approximately
10.7 kcalmol�1. However this value derived from calculations
on a single molecule cannot be directly compared to the 3D-
srs network since the extended structure contains a number of
highly strained bonds. When compared to the planar and
corrugated AA, AB1, AB2 and AB3 structures (Figure 1e),
the 3D-ths is the most stable by at least 11.4 kcalmol�1


(Table 1).
It is important to note that the differences between the


energies of the idealized and the corrugated structures reveal
that the graphitic topologies become more stable through
corrugation whereas the 3D-srs and 3D-ths do not. This
observation indicates that the graphitic structures are expe-
riencing destabilizing strain due to several close N ¥¥¥ N
nonbonding distances (Table 1).
To quantify the factors leading to the energetic preference


for the 3D-ths network over that of 3D-srs, computations on a
subunit with three triazine rings attached to one central
nitrogen atom, extracted from the periodic structures and
capped with hydrogen atoms at optimized positions, were
undertaken. This subunit of 3D-srs is destabilized by
12.3 kcalmol�1 relative to the analogous unit of 3D-ths
indicating that avoiding close N ¥¥¥ N interactions in 3D-srs
comes at the expense of introducing substantial ring strain
to the overall structure. This result demonstrates that
although the nitrogen ± nitrogen repulsive forces are impor-
tant, they are not absolute in determining the stability of the
structure.


Table 1. Energy and density of C3N4 planar (idealized symmetry) and corrugated structures (P1).[a]


Planar structures Corrugated structures
Structure Energy Relative energy Density Energy Relative energy �E from symmetry-
type of C3N4 [eV] [kcalmol�1] [gmL�1] [eV] [kcalmol�1] enforced structure


g-AA � 1555.7697 0.53 2.19 � 1556.0629 � 6.23 � 6.76
g-AB1 � 1555.7361 1.3 2.39 � 1555.9922 � 4.60 � 5.9
g-AB2 � 1555.7925 0 2.21 � 1556.1050 � 7.21 � 7.21
g-AB3 � 1555.8198 � 0.63 2.33 � 1556.0935 � 6.94 � 6.31
3D-srs � 1556.0115 � 5.05 1.59 � 1556.0655 � 6.29 � 1.24
3D-ths � 1556.5732 � 18.00 1.65 � 1556.6017 � 18.65 � 0.65
[a] Optimized geometries, absolute energies, and densities were calculated by using CASTEP with the GGA-PW91 functional on the C3N4 polymorphs in
idealized symmetry (see Methods section). The �E value from the symmetry enforced structure to the P1 space group reveals that the 3D-srs and 3D-ths
structures undergo substantially less reorganization than their graphitic counterparts. Energy values are per mole of C3N4. This is consistent with the large
degree of nitrogen-nitrogen repulsion present in the planar g-C3N4.
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Conclusion


A combination of experimental and theoretical methods
applied to the structure type tris(1,3,5-triazine)amine have
demonstrated the importance of N ¥¥¥ N repulsion in deter-
mining the structure of carbon nitride extended networks.
Computations on twelve triazine-based periodic C3N4 models
predict that planar geometries, which have long been consid-
ered to be viable, are highest in energy. Instead 3D analogues
are more stable, and in particular the structure based on the Si
network of ThSi2 is the most stable among those computed by
at least 11.4 kcalmol�1.


Experimental Section


TDT was prepared under an atmosphere of N2 : Cyanuric chloride (0.50 g,
2.7 mmol) and lithium nitride (0.10 g, 2.7 mmol) were placed in a Pyrex
tube (o.d.� i.d.� 11� 9 mm2). The tube was evacuated (10�3 Torr) and
subsequently sealed. The reaction proceeded over 48 h at 250 �C in a Fisher
Isotemp oven and was slowly cooled to room temperature (0.1 �Cmin�1).
The product was collected by vacuum filtration and washed with water and
ethanol to remove LiCl and cyanuric chloride impurties, respectively. The
clear needles were mechanically separated from a tan, amorphous powder.
Needles of TDT were recovered in low yield (�10% based on cyanuric
chloride, C3N3Cl3). FTIR (KBr): �� � 1546.0 (m), 1510.3 (vs), 1408.4 (w),
1303.7 (w), 1296.4 (w), 1260.7 (m), 1093.5 (w), 864.7 (w), 859.1 (vw), 808.5
(vw), 797.3 (w), 756.5 (w), 668.2 cm�1 (vw); X-ray powder diffraction
pattern d spacings (ä) and hkl indices of the most prominent diffraction
lines: 9.697 (110), 4.854 (211), 3.956 (31 ± 1), 3.656 (410), 3.446 (321), 3.246
(122), 2.932 (42 ± 1), 2.846 (312), 2.790 (600), 2.681 (250), 2.218 (710). EIMS
(70 eV) m/z : [M�] 458 (23), 459 (3), 460 (41), 461 (6), 462 (34), 463 (5), 464
(16), (3), 465 (4). This isotope distribution is in excellent agreement with
the predicted pattern for C9N10Cl6. EDS determined qualitatively that the
needles were composed of carbon, nitrogen, and chlorine atoms, with no
other elements detected. We note that TDT was proposed, without
structural evidence, for a product resulting from a multi-step organic
synthesis.[21] However, the reported solubility and the FT-IR spectrum of
this material is different from what we observed in the one-step synthesis
described in this report.


Crystal data for TDT: crystal dimensions 0.06� 0.06� 0.40 mm3, crystal
system rhombohedral, space group R3≈ , a� 19.278(2), c� 7.438(1) ä, V�
2393.9(5) ä3, Z� 6, �calcd� 1.918 gcm�3, 2�max� 52.72�, T� 158(2) K, 7257
reflections collected, 1095 independent, 950 observed [I� 2�(I)], ��
1.095 mm�1, Tmax/min� 0.965/0.767, 76 parameters, final R indices [I�
2�(I)]: R1� 0.0223, wR2� 0.0608, max/min residual electron density 0.22/
� 0.29 eä�3. CCDC-413138 (TDT) contains 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)1223-336033; or deposit@ccdc.cam.uk).
Computational studies : Computations on all extended N(C3N3)3 based
C3N4 structures were carried out using CASTEP[22] as implemented in
version 4.2 of the Cerius2 package from Accelrys. DFT calculations using
the GGA-PW91 functional with an ultrasoft psuedopotential and precise
basis set were chosen based on its performance in the following model
calculations. The experimental difference between the aromatic and
nonaromatic allotropes of carbon, graphite and diamond is experimentally
observed to be 0.45 kcalmol�1 favoring graphite.[23] The calculation predicts
this difference to be 3.84 kcalmol�1, which demonstrates the propensity of
this basis set to overestimate aromatic stabilization. However, the recently
determined energy 0.25� 7.43 kcalmol�1 preference for �-Si3N4 over the �-
Si3N4 polymorph is computed to be 0.99 kcalmol�1 suggesting that these
calculations can differentiate accurately within a given structure type.[24]


Corrugation (deplanarization) of graphitic structures was studied in P1 by


manually displacing atoms from symmetry-enforced positions and carrying
out energy minimization.
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Highly Selective Palladium Catalyzed Kinetic Resolution and
Enantioselective Substitution of Racemic Allylic Carbonates
with Sulfur Nucleophiles: Asymmetric Synthesis of Allylic Sulfides,
Allylic Sulfones, and Allylic Alcohols


Hans-Joachim Gais,* Thomas Jagusch, Nicole Spalthoff, Frank Gerhards, Michael Frank,
and Gerhard Raabe[a]


Abstract: We describe the highly selec-
tive palladium catalyzed kinetic resolu-
tions of the racemic cyclic allylic carbo-
nates rac-1 a ± c and racemic acyclic
allylic carbonates rac-3 aa and rac-3 ba
through reaction with tert-butylsulfinate,
tolylsulfinate, phenylsulfinate anions
and 2-pyrimidinethiol by using N,N�-
(1R,2R)-1,2-cyclohexanediylbis[2-(di-
phenylphosphino)-benzamide] (BPA)
as ligand. Selectivities are expressed in
yields and ee values of recovered sub-
strate and product and in selectivity
factors S. The reaction of the cyclohex-
enyl carbonate 1 a (�99% ee) with
2-pyrimidinethiol in the presence of
BPA was shown to exhibit, under the
conditions used, an overall pseudo-zero
order kinetics in regard to the allylic
substrate. Also described are the highly
selective palladium catalyzed asymmet-
ric syntheses of the cyclic and acyclic
allylic tert-butylsulfones 2 aa, 2 b, 2 c, 2 d
and 4 a ± c, respectively, and of the cyclic
and acyclic allylic 2-pyrimidyl-, 2-pyrid-
yl-, and 4-chlorophenylsulfides 5 aa, 5 b,
5 ab, 6 aa ± ac, 6 ba and 6 bb, respectively,
from the corresponding racemic carbo-


nates and sulfinate anions and thiols,
respectively, in the presence of BPA.
Synthesis of the E-configured allylic
sulfides 6 aa, 6 ab, 6 ac and 6 bb was
accompanied by the formation of minor
amounts of the corresponding Z iso-
mers. The analogous synthesis of allylic
tert-butylsulfides from allylic carbonates
and tert-butylthiol by using BPA could
not be achieved. Reaction of the cyclo-
pentenyl esters rac-1 da and rac-1 db
with 2-pyrimidinethiol gave the allylic
sulfide 5 c having only a low ee value.
Similar results were obtained in the case
of the reaction of the cyclohexenyl
carbonate rac-1 a and of the acyclic
carbonates rac-3 aa and rac-3 ba with
2-pyridinethiol and lead to the forma-
tion of the sulfides 5 ab, 6 ab, and 6 bb,
respectively. The low ee values may be
ascribed to the operating of a ™memory
effect∫, that is, both enantiomers of the


substrate give the substitution product
with different enantioselectivities. How-
ever, in the reaction of the racemic
carbonate rac-1 a as well as of the highly
enriched enantiomers 1 a (�99% ee)
and ent-1 a (�99% ee) with 2-pyrimidi-
nethiol the ee values of the substrates
and the substitution product remained
constant until complete conversion.
Similar results were obtained in the
reaction of the cyclic carbonates rac-
1 a, ent-1 a (�99% ee) and ent-1 c
(�99% ee) with lithium tert-butylsulfi-
nate. Thus, in the case of rac-1 a and
2-pyrimidinthiol and tert-butylsulfinate
anion as nucleophiles the enantioselec-
tivity of the substitution step is, under
the conditions used, independent of the
chirality of the substrate; this shows that
no ™memory effect∫ is operating in this
case. Hydrolysis of the carbonates ent-
1 a ± c, ent-3 aa and ent-3 ba, which were
obtained through kinetic resolution, af-
forded the enantiomerically highly en-
riched cyclic allylic alcohols 9 a ± c
(�99% ee) and acyclic allylic alcohols
10 a (�99% ee) and 10 b (99% ee),
respectively.


Keywords: allylic compounds ¥
asymmetric catalysis ¥ asymmetric
synthesis ¥ kinetic resolution ¥
palladium


Introduction


The separation of the enantiomers of a racemate (resolution)
is an important technique for the attainment of enantioen-


riched compounds,[1] particularly on an industrial scale.[1d,e]


Especially attractive resolution methods are those based on
enantiomer selective reactions (kinetic resolution) employing
chiral catalysts.[1, 2] While catalytic kinetic resolution has been
for a long time the domain of enzymes,[1q,r] much progress has
been made in the last decade towards the development of
transition metal and small-molecule catalysts.[1h,m,n] In this
context particularly interesting is the palladium-catalyzed
reaction of racemic allylic esters with nucleophiles
(Scheme 1),[3] which can not only provide an asymmetric
synthesis of allylic compounds with complete conversion of


[a] Prof. Dr. H.-J. Gais, Dipl.-Chem. T. Jagusch, Dr. N. Spalthoff,
Dr. F. Gerhards, Dr. M. Frank, Dr. G. Raabe
Institut f¸r Organische Chemie der
Rheinisch-Westf‰lischen Technischen Hochschule (RWTH) Aachen
Prof.-Pirlet-Strasse 1, 52056 Aachen (Germany)
Fax: (�49)241-8092665
E-mail : Gais@RWTH-Aachen.de
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Scheme 1. Simplified mechanistic Scheme of the palladium(0) catalyzed
reaction of racemic allylic substrates with nucleophiles (X� leaving group,
Nu� nucleophile, M�metal).


the substrate but, in principle, also kinetic resolution of the
latter. According to a simplified mechanistic scheme[4a] both
enantiomers of a symmetrically disubstituted substrate[4b] are
converted by a chiral palladium(0) catalyst to the same set of
equilibrating �-allyl palladium(��) intermediates;[4c] its reac-
tion with the nucleophile affords the substitution product and
the catalyst.[3, 5] While the second step, the enantioselective
substitution, has been intensively studied,[3] it was only in the
recent years that the first step, the kinetic resolution, has
received attention. Kinetic resolution in palladium catalyzed
allylic substitution was described for the first time by Hayashi
et al. in 1986.[6] Reaction of an unsymmetrically disubstituted
allylic ester with a carbon nucleophile in the presence of a
chiral ferrocenylphosphane based palladium catalyst was
found to proceed with a medium selective kinetic resolution.
We reported in 1998[7] about the observation of high
selectivities in both kinetic resolution and enantioselective
substitution in the reaction of 1,3-diphenylpropenyl carbonate
with lithium tert-butylsulfinate by using the chiral phosphi-
nooxazoline ligand POX.[8, 3e,f] Determination of the stereo-
chemical course of both processes revealed k1� k2 and k3� k4 .
Shortly afterwards we found[9] that the reaction of racemic
2-cyclohexenyl carbonate with 2-pyrimidinethiol in the pres-
ence of the chiral bisphosphinoamide ligand BPA[10, 3d] also
proceeds with high enantioselectivities in both kinetic reso-
lution and substitution and takes a similar stereochemical
course. At the same time and subsequently several other
groups also encountered kinetic resolution in the reaction of
allylic substrates with carbon and oxygen nucleophiles by
using chiral phosphanes including BPA.[11] These studies were
mainly conducted in connection with the design of new chiral
ligands for the palladium atom and were thus limited to
certain substrates and nucleophiles. Based on our previous


preliminary observations,[7, 9] we have been interested in the
general synthetic and selectivity aspects of both the kinetic
resolution and the enantioselective substitution of cyclic and
acyclic substrates by using sulfur nucleophiles, as for example
thiols and sulfinate anions, and BPA as ligand because of the
following reasons. First, chiral allylic alcohols are synthetically
highly useful[3a, 12] and the development of new methods for
their kinetic resolution is currently a topic of much inter-
est.[1h,m,n,q, 13] Following the invention of the highly efficient
kinetic resolution of allylic alcohols through titanium-cata-
lyzed epoxidation by Sharpless et al. ,[14] a number of catalytic
methods using transition-metal catalysts,[15] enzymes,[16] en-
zymes in combination with an achiral transition-metal cata-
lyst,[17] and small-molecule catalysts[18] have been described.
However, methods which provide for high selectivities in the
kinetic resolution of both cyclic and acyclic allylic alcohols are
still scarce. Second, allylic sulfides[19] and allylic sulfones[20] are
valuable intermediates in organic synthesis[21] and the devel-
opment of a method for the catalytic asymmetric synthesis of
allylic sulfides and the widening of the scope of the palladium
catalyzed asymmetric synthesis of allylic sulfones[7, 22±24] should
greatly enhance the synthetic utility of these allylic sulfur
compounds. For example, they could find interesting applica-
tions as for example in sigmatropic rearrangement, transition
metal mediated substitution with organometallics[19, 20] and
synthesis of chiral nonracemic sulfur stabilized allylic carban-
ions.[25] Third, it was of interest to see whether thiols can
generally function as nucleophiles in the palladium catalyzed
allylic substitution in the presence of chiral ligands including
BPA and POX. Because of the pronounced thiophilicity of
the palladium atom, coordination of the thiol to the palladium
atom of the �-allyl intermediate[26] could occur leading to a
retardation or even blocking of the catalytic cycle. The
literature on the feasibility of a palladium catalyzed allylic
substitution with thiols is ambiguous.[27] While several groups
have described the successful utilization of thiols in the
presence of achiral phosphanes,[27c±g] others reported about
the failure to achieve an allylic substitution with thiols.[27a,b]


Fourth, BPA was selected as ligand for the palladium atom
because it provided high enantioselectivities in the substitu-
tion of a range of cyclic and acyclic substrates with various
nucleophiles[3] including those based on sulfur.[7, 9, 22, 23, 28±30]


In this paper we describe both the highly selective kinetic
resolution of cyclic and acyclic racemic allylic carbonates in
reactions with sulfinate anions and thiols by using BPA and
POX containing palladium catalysts, leading for example to
highly enantioenriched allylic alcohols and the asymmetric
synthesis of allylic sulfides and allylic sulfones.[31]


Results and Discussion


Kinetic resolution


Sulfinates and racemic allylic carbonates : The investigation of
the kinetic resolution of allylic esters in their reaction with
sulfinate anions was carried out with the racemic cyclo-
hexenyl, cycloheptenyl and cyclooctenyl carbonates rac-1 a,
rac-1 b and rac-1 c, respectively (Schemes 2 and 3) and the
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Scheme 2. Palladium-catalyzed kinetic resolution of cyclic carbonates with
lithium tert-butylsulfinate.


Scheme 3. Palladium-catalyzed kinetic resolution of cyclic carbonates with
aromatic sulfinate anions.


racemic acyclic carbonate rac-3 aa (Scheme 4). Carbonates
were chosen instead of acetates because of their higher
reactivity in palladium-catalyzed substitution.[3a,g] Because of
their different steric size and because of synthetic reasons,
tert-butylsulfinate,[32] tolylsulfinate and phenylsulfinate anions
were used. Most of the reactions studied were run with the
tert-butylsulfinate anion because of 1) our interest in the
utilization of enantioenriched allylic tert-butylsulfones as
starting material for the synthesis of the corresponding chiral
nonracemic allylic �-sulfonyl carbanions[25] and 2) the desire
to determine the scope and limitation of sulfinate anions as


Scheme 4. Palladium-catalyzed kinetic resolution of a acyclic carbonate
with lithium tert-butylsulfinate.


nucleophiles. The reactions were carried out at 0 �C at a
10 mmol scale under argon in a two-phase system composed
of CH2Cl2 and water, containing Hex4NBr (THAB) as a phase
transfer catalyst, by using 2 equiv of the sulfinate salt,
1.5 mol% [Pd2(dba)3] ¥CHCl3 (dba� dibenzylideneace-
tone)[33] and 4.5 mol% BPA. The precatalyst and BPA were
dissolved at 0 �C in CH2Cl2 and after a preformation time the
allylic substrate was added. Then a cold solution of the
sulfinate salt in a mixture of degassed water and CH2Cl2,
containing THAB, was added. After GC analysis or 1H NMR
spectroscopy revealed an approximately 50% conversion of
the allylic substrates, the reactions were terminated by phase
separation and stirring of the organic phase under air in order
to destroy the catalyst. Carbonates and the sulfones were
separated by chromatography and their ee values were
determined either by GC or HPLC analysis using chiral
stationary phase containing columns or by 1H NMR spectro-
scopy in the presence of a chiral shift reagent.


As revealed by Table 1 both the kinetic resolution and the
enantioselective substitution of the cyclic carbonates rac-1 a ±
c in the reaction with lithium tert-butylsulfinate proceeded
with high selectivities and afforded the highly enantioen-


riched carbonates ent-1 a ± c and sulfones 2 aa, 2 b and 2 c,
respectively, in good yields (cf. Scheme 2). The selectivity of
the kinetic resolution of the cyclooctenyl carbonate rac-1 c
was the highest. After an approximately 50% conversion of
the carbonate, the reaction with the sulfinate salt came
practically to a complete halt (see below). The kinetic
resolution of carbonate rac-1 c was carried out with similar
results on a 30 mmol and a 50 mmol scale by using only
0.9 mol% [Pd2(dba)3] ¥CHCl3 and 3 mol% BPA. We note
that the faster reacting enantiomers of the carbonates rac-
1 a ± c and the preferentially formed sulfones 2 aa, 2 b and 2 c
have the same absolute configuration.[7]


In addition to lithium tert-butylsulfinate, sodium tolylsulfi-
nate which is commercially available and sodium phenyl-
sulfinate were applied as nucleophiles in the kinetic resolution
of carbonate rac-1 a (cf. Scheme 3). Table 2 shows that the
kinetic resolution and enantioselective substitution of carbo-


Table 1. Palladium-catalyzed kinetic resolution of the cyclic carbonates rac-
1a ± c with lithium tert-butylsulfinate.[a]


Substrate t
[h]


Conv
[%]


Carbonate Yield
[%]


ee
[%]


Sulfone Yield
[%]


ee
[%]


rac-1a 0.75 54 ent-1a 34 � 99 2aa 49 98
rac-1b 4 53 ent-1b 33 94 2b 46 95
rac-1c 24 58 ent-1c 34 � 99 2c 48 96


[a] 1.5 mol% [Pd2(dba)3] ¥CHCl3 and 4.5 mol% BPA.


Table 2. Palladium-catalyzed kinetic resolution of the cyclic carbonate rac-
1a with sodium tolylsulfinate and sodium phenylsulfinate.[a]


Sulfinate
salt


t [h] Conv
[%]


Carbonate Yield
[%]


ee
[%]


Sulfone Yield
[%]


ee
[%]


NaO2STol 0.5 68 ent-1a 24 � 99 2ab 60 � 99
NaO2SPh 0.5 62 ent-1a 27 � 99 2ac 56 � 99


[a] 1.5 mol% [Pd2(dba)3] ¥CHCl3 and 4.5 mol% BPA.
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nate rac-1 a by using the tolylsulfinate anion occurred with
high selectivities and gave the highly enantioenriched carbo-
nate ent-1 a and sulfone 2 ab in good yields. Not surprisingly
similar results were recorded by using sodium phenylsulfinate.
Here too both the carbonate ent-1 a and the sulfone 2 ac were
obtained highly enantioenriched in good yields. These results
show that the intermediate cyclic �-allyl-palladium complexes
are readily substituted by sulfinate anions irrespective of their
steric bulkiness.


It should be noted that sulfinate anions are ambident
nucleophiles, which can react with the �-allyl intermediate not
only at the sulfur atom with formation of an allylic sulfone but
also at the oxygen atom with formation of an allylic sulfinate.
However, the latter reaction is reversible and thus sulfinic
esters are normally not isolated.[24, 34, 35] We were interested to
see whether the reaction of the �-allyl intermediate with the
sulfinate anion with formation of the sulfone is reversible.
Therefore the racemic tolylsulfone rac-2 ab was treated with
lithium tert-butylsulfinate in the presence of [Pd2(dba)3] ¥
CHCl3 and BPA under the same conditions used above. Even
after a prolonged reaction time at room temperature or at
reflux temperature formation of the tert-butylsulfone 2 aa
could not be detected and tolylsulfone rac-2 ab was recovered.


After having observed high selectivities in the kinetic
resolution and enantioselective substitution of the cyclic
carbonates rac-1 a ± c in reactions with sulfinate anions, the
kinetic resolution of the acyclic carbonate rac-3 aa by using
lithium tert-butylsulfinate in the presence of BPAwas studied
under similar conditions (cf. Scheme 4). As revealed by
Table 3 kinetic resolution and enantioselective substitution
also occurred in this case with high selectivities and gave the
highly enantioenriched carbonate ent-3 aa and sulfone 4 a in
good yields.


2-Pyrimidinethiol and racemic allylic carbonates : A study of
the palladium-catalyzed resolution of allylic substrates with
thiols was undertaken in order to see whether they can
function as nucleophiles and whether there is dependency of
the selectivity of the kinetic resolution on the nucleophile. For
the investigations the cyclic carbonates rac-1 a and rac-1 b and
the acyclic carbonates rac-3 aa and rac-3 ba were selected as
substrates and 2-pyrimidinethiol as nucleophile (Schemes 5
and 6). We had previously observed that 2-pyrimidinethiol is
capable to act as a nucleophile in the palladium catalyzed
allylic substitution in the presence of BPA in CH2Cl2 (see
below).[22] 2-Pyrimidinethiol has only a low solubility
(4.6 mmolL�1) in CH2Cl2 at room temperature. Thus, in all
reactions with 2-pyrimidinethiol in CH2Cl2 undissolved thiol
was present until nearly all of the substrate was consumed.


Scheme 5. Palladium-catalyzed kinetic resolution of cyclic carbonates with
thiols.


Scheme 6. Palladium-catalyzed kinetic resolution of acyclic carbonates
with thiols.


The reactions were carried out at room temperature in CH2Cl2
under argon on a 10 mmol scale in substrate by using 2.5 or
5 mol% [Pd2(dba)3] ¥CHCl3, 5 or 11 mol% BPA and equi-
molar amounts of the thiol and they were terminated at
approximately 50% conversion by filtration of the reaction
mixture through Celite and stirring of the liquid phase under
air. Carbonates and sulfides were separated by chromatog-
raphy and their ee values were determined by GC or HPLC
analysis on chiral stationary phases containing columns.
Higher amounts of catalyst were required in all reactions
with thiols as compared to those with sulfinate anions. The
reactions of carbonates rac-1 a and rac-1 b with 2-pyrimidine-
thiol were highly selective in regard to the kinetic resolution
and afforded the highly enantioenriched carbonates ent-1 a
and ent-1 b, respectively and the enantioenriched sulfides 5 aa
and 5 b, respectively, in good yields (cf. Scheme 5) (Table 4,
entries 1 and 2). It should be noted that the ee values of the
sulfides 5 aa and 5 b are significantly lower than that of the
corresponding sulfones 2 aa and 2. Kinetic resolution and
substitution of the acyclic carbonates rac-3 aa and rac-3 ba
with the thiol under the same condition used above proceeded
with similar high selectivities and gave the highly enantioen-
riched carbonates ent-3 aa and ent-3 ba, respectively, and the
enantioenriched sulfides 6 aa and 6 ba, respectively, in good


Table 3. Palladium-catalyzed kinetic resolution of the acyclic carbonate
rac-3aa with lithium tert-butylsulfinate.[a]


Carbonate ent-3 aa Sulfone 4 a
t [min] Conv [%] Yield [%] ee [%] Yield [%] ee [%]


5 24 53 33 21 98
10 36 46 51 32 98
25 73 19 � 99 68 96


[a] 1.5 mol% [Pd2(dba)3] ¥CHCl3 and 4.5 mol% BPA.
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yields (entries 3 and 4). NMR spectroscopy of the crude
reaction mixtures indicated in no case the formation of side
products. Deviations in the yields of carbonates and sulfides
from the maximum yield of 50% are most likely due to losses
during work-up because of their volatility. The reactions of the
cyclic carbonates rac-1 a and rac-1 b went to 50% conversion
of the substrates in much shorter reaction times as compared
to the acyclic carbonates rac-3 aa and rac-3 ba.


Formation of sulfides 5 aa, 5 b, 6 aa and 6 ba rather than the
isomeric N-allylic thiopyrimidones in the reaction of the
allylic carbonates rac-1 a, rac-1 b, rac-3 aa and rac-3 ba with
2-pyrimidinethiol was revealed by an analysis of their
13C NMR data in comparison with those of 2-(alkylthio)-
pyrimdines/2-(alkylthio)-pyridines and the corresponding N-
alkyl-thiopyrimidinones/N-alkyl-thiopyridones, which show
characteristic differences.[27e,f, 36]


Asymmetric synthesis


Allylic sulfones : After having shown that in the reactions of
the cyclic and acyclic carbonates with sulfinate anions in the
presence of BPA the substitution of the corresponding �-allyl
intermediates proceed with high enantioselectivities, it was of
interest to see whether an asymmetric synthesis of the cyclic
sulfones 2 aa, 2 b, 2 c and 2 d (Scheme 7) and of the acyclic
sulfones 4 a ± c (Schemes 8 ± 11) could be achieved, requiring a
complete transformation of the racemic substrates. Emphasis
was placed on the asymmetric synthesis of tert-butylsulfones.
The reactions of the cyclic carbonates rac-1 a ± c and rac-1 da
with lithium tert-butylsulfinate were carried out at room
temperature on a 1 ± 5 mmol scale in CH2Cl2/H2O, containing
THAB, by using 1.5 mol% [Pd2(dba)3] ¥CHCl3, 4.5 mol%
BPA and 2 equiv of the sulfinate salt under otherwise the
same conditions used in the corresponding kinetic resolutions.
After TLC, 1H NMR spectroscopy or GC analysis indicated
complete conversion of the carbonate, the reaction mixture
was exposed to air and the sulfone was isolated by chroma-
tography. As shown by Table 5 the highly enantioenriched
cyclohexenyl- and cycloheptenyl sulfones 2 aa and 2 b, re-
spectively, were obtained in high yields (entries 1 and 2). In
the case of the cyclooctenyl carbonate rac-1 c the selectivity of
the kinetic resolution was so high that even after a prolonged
reaction time the conversion of the allylic substrate did not
exceed 53% (entry 3). Thus, the highly enantioenriched
sulfone 2 c was isolated in only 44% yield and the highly
enantioenriched (�99% ee) carbonate ent-1 c in 34% yield.
The reaction of the cyclopentenyl carbonate rac-1 da with


Scheme 7. Asymmetric synthesis of cyclic sulfones.


lithium tert-butylsulfinate gave sulfone 2 d with 89% ee in
76% yield (entry 4).


The reactions of the acyclic carbonates rac-3 aa and rac-3 ba
with lithium tert-butylsulfinate were carried out in a similar
way as those of the cyclic carbonates (Scheme 8). The acyclic


Scheme 8. Asymmetric synthesis of acyclic sulfones from carbonates.


carbonates showed a higher reactivity than the cyclic carbo-
nates rac-1 a ±d. After the complete conversion of the
substrates the highly enantioenriched sulfones 4 a and 4 b
were isolated in high yields (Table 6, entries 1 and 2).
Formation of the corresponding (Z)-configured allylic sul-
fones was not observed. Occasionally, in palladium catalyzed


Table 4. Palladium-catalyzed kinetic resolution of the cyclic allylic carbonates
rac-1a and rac-1b and of the acyclic allylic carbonates rac-3 aa and rac-3 ba with
2-pyrimidinethiol.


Entry Substrate t
[h]


Conv
[%]


Carbonate Yield
[%]


ee
[%]


Sulfide Yield
[%]


ee
[%]


1 rac-1a[a] 1.5 50 ent-1a 41 � 99 5aa 46 84
2 rac-1b[b] 3.5 50 ent-1b 39 97 5b 38 84
3 rac-3aa[a] 20 50 ent-3aa 36 � 99 6aa 36 93
4 rac-3ba[b] 48 50 ent-3ba 28 � 99 6ba 44 92


[a] 2.5 mol% [Pd2(dba)3] ¥CHCl3 and 5.5 mol% BPA. [b] 5 mol% [Pd2(dba)3] ¥
CHCl3 and 11 mol% BPA.


Table 5. Palladium-catalyzed asymmetric synthesis of ayclic allylic S-tert-
butylsulfones.[a]


Entry Carbonate t [h] Sulfone Yield [%] ee [%]


1 rac-1a 19 2 aa 95 94
2 rac-1b 6 2 b 89 93
3 rac-1c 52 2 c 50 94
4 rac-1d 24 2 d 76 89


[a] 1.5 mol% [Pd2(dba)3] ¥CHCl3 and 4.5 mol% BPA.
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asymmetric synthesis of allylic sulfones and kinetic resolution
by using [Pd2(dba)3] ¥CHCl3 as precatalyst separation of the
substrate and the product or isolation of the product by
chromatography was hampered by the presence of dibenzy-
lideneacetone stemming from the precatalyst. Therefore the
reaction of the carbonate rac-3 ba with lithium tert-butylsulfi-
nate was studied by using as precatalyst 3 mol%
[Pd(C3H5)Cl]2 (C3H5� allyl)[37] and 4.5 mol% BPA under
otherwise the same conditions used above. As indicated by
Table 6 the reaction time for 100% conversion was longer but
sulfone 4 b could be isolated with the same high ee value and
in almost the same high yield (entry 3).


As noted previously[7] acetates rac-3 ab and rac-3 bb showed
a much lower reactivity than the corresponding carbonates in
the substitution with tert-butylsulfinate anion and a complete
conversion of the substrates could not be achieved even after
a longer reaction time (Scheme 9). Thus, at 68 and 53%
conversion of rac-3 ab and rac-3 bb the yields of the sulfones
4 a and 4 b, respectively, were only 51 and 43%, respectively
(entries 4 and 5). The enantioselectivities of the substitution
were, however, the same as with the carbonates.


Scheme 9. Asymmetric synthesis of acyclic sulfones from acetates.


For comparison purposes the reaction of the acetates rac-
3 ab and rac-3 bb with the tert-butylsulfinate anion in the
presence of POX as ligand for the palladium atom was
investigated (Scheme 10). We had previously observed that


Scheme 10. Asymmetric synthesis of acyclic sulfones by using POX as
ligand.


the palladium-catalyzed reaction of racemic 1,3-diphenylpro-
penyl carbonate and acetate with lithium tert-butylsulfinate in
THF in the presence of POX was highly enantioselective and
gave the corresponding sulfone of 93% ee.[24] The reaction of
acetates rac-3 ab and rac-3 bb with lithium tert-butylsulfinate
in THF by using 2 or 1.5 mol% [Pd2(dba)3] ¥CHCl3 and 11 or
6 mol% POX could not be brought to completion and gave
sulfones ent-4 a and ent-4 b only with 58 and 61% ee,
respectively (entries 6 and 7). Thus, not only the substitutions
of racemic alkyl substituted allylic substrates with tolylsulfi-
nate anion but also those with tert-butylsulfinate anion
catalyzed by the POX based palladium(0) catalyst show
significantly lower enantioselectivities than those catalyzed by
the BPA based catalyst. Because of the low enantioselectivity
of the substitution, we did not investigate whether the low
conversion was due at least in part to a kinetic resolution or to
the low solubility of lithium tert-butylsulfinate in THFat room
temperature (0.047�).


A substitution of the branched carbonate rac-3 ca with tert-
butylsulfinate anion by using either 1.5 mol% [Pd2(dba)3] ¥
CHCl3 or 1.5 mol% [Pd(C3H5)Cl]2 as precatalyst and
4.5 mol% BPA or 4.5 mol% POX as ligand could not be
achieved (Scheme 11). However, reaction of chloride rac-3 cb
with lithium tert-butylsulfinate in the presence of 1.5 mol%
[Pd(C3H5)Cl]2 and 6 mol% BPA led to a 70% conversion of
the allylic substrate and the branched sulfone 4 c of 84% ee
was isolated in 58% yield (entry 8). The lower ee value of 4 c
as compared to 4 a and 4 b was not due to a competing and
hence non-selective uncatalyzed reaction of rac-3 cb with the
sulfinate anion as revealed by a control experiment. Another
limitation of the palladium catalyzed allylic alkylation of


Scheme 11. Asymmetric synthesis of branched sulfones.


Table 6. Palladium-catalyzed asymmetric synthesis of acyclic allylic S-tert-butylsulfones.


Entry Substrate Precatalyst, mol% Ligand, mol% Solvent t [h] Conv [%] Sulfone Yield [%] ee [%]


1 rac-3aa [Pd2(dba)3] ¥CHCl3, 1.5 BPA, 4.5 CH2Cl2, H2O, THAB 2 100 4 a 98 98
2 rac-3ba [Pd2(dba)3] ¥CHCl3, 1.5 BPA, 4.5 CH2Cl2, H2O, THAB 2 100 4 b 97 97
3 rac-3ba [Pd(C3H5)Cl]2, 3 BPA, 4.5 CH2Cl2, H2O, THAB 6 100 4 b 96 96
4 rac-3ab [Pd2(dba)3] ¥CHCl3, 1.5 BPA, 4.5 CH2Cl2, H2O, THAB 100 68 4 a 51 98
5 rac-3bb [Pd2(dba)3] ¥CHCl3, 1.5 BPA, 4.5 CH2Cl2, H2O, THAB 48 53 4 b 43 96
6 rac-3ab [Pd2(dba)3] ¥CHCl3, 2 POX, 11 THF 48 55 ent-4 a 55 58
7 rac-3bb [Pd2(dba)3] ¥CHCl3, 1.5 POX, 6 THF 70 68 ent-4 b 60 61
8 rac-3cb [Pd(C3H5)Cl]2, 1.5 BPA, 6 CH2Cl2, H2O, THAB 48 70 4 c 58 84
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sulfinate anions was apparent in the case of the branched
racemic carbonate rac-3 d where a substitution with formation
of sulfone 4 d could be accomplished neither with BPA nor
with POX as ligand.


Allylic sulfides : After having recorded high enantioselectiv-
ities in the second step (cf. Scheme 1) of the reaction of
racemic carbonates with 2-pyrimidinethiol in the presence of
BPA, we investigated the asymmetric synthesis of the cyclic
sulfides 5 aa and 5 ab (Scheme 12) and of the acyclic sulfides


Scheme 12. Asymmetric synthesis of cyclic sulfides.


6 aa, 6 ab, 6 ac, 6 ba and 6 bb (Scheme 13), which requires a
complete transformation of the corresponding racemic sub-
strates. 2-Pyridinethiol and 4-chlorothiophenol were also
included in this study, since we had observed previously that
these two thiols are capable to act as nucleophiles in the
palladium catalyzed allylic substitution in the presence of
BPA as ligand. The reactions of the cyclohexenyl carbonate
rac-1 a with 2-pyrimidinethiol and 2-pyridinethiol were car-
ried out on a 1-5 mmol scale in CH2Cl2 by using 5 mol%
[Pd2(dba)3] ¥CHCl3, 11 mol% BPA and 1 equiv of the thiol
under otherwise the same conditions used in the kinetic
resolution. In contrast to 2-pyrimidinethiol, 2-pyridinethiol
and 4-chlorothiophenol were completely soluble in CH2Cl2
under the conditions used. In order to achieve a complete
conversion of both enantiomers of the carbonates, larger
amounts of the precatalyst and the ligand were required as
compared to the analogous reactions with sulfinate anions.
After TLC indicated the complete conversion of the carbo-
nate, the reaction mixture was exposed to air and the sulfide
isolated by chromatography. As shown by Table 7 the


Scheme 13. Asymmetric synthesis of acyclic sulfides.


enantioenriched pyrimidyl sulfide 5 aa could be isolated in
medium to good yield (entry 1). Interestingly, the correspond-
ing pyridyl sulfide 5 ab derived from the reaction of rac-1 a
with 2-pyridinethiol had a much lower ee value (entry 2),
which was not caused by a partial racemization of the sulfide
during work-up as revealed by a control experiment. The
reactions of the cycloheptenyl carbonate rac-1 b with 2-pyr-
imidinethiol afforded the sulfide 5 b in a similar yield as in the
cyclohexenyl case but with a lower ee value (entry 3).


Surprising results were obtained in the reaction of the
cyclopentenyl esters rac-1 da and rac-1 db with 2-pyrimidine-


Table 7. Palladium-catalyzed asymmetric synthesis of cyclic and acyclic allylic
sulfides.[a]


Entry Substrate Thiol t
[h]


Sulfide E :Z Yield
[%]


ee
[%]


1 rac-1 a[a] 2-pyrimidinethiol 24 5aa ± 63 84
2 rac-1 a[a] 2-pyridinethiol 27 5ab ± 64 55
3 rac-1 b[a] 2-pyrimidinethiol 24 5b ± 61 84
4 rac-1 da[b] 2-pyrimidinethiol 0.5 5c ± 80 34
5 rac-1 db[b] 2-pyrimidinethiol 0.5 5c ± 96 36
6 rac-3 aa[c] 2-pyrimidinethiol 48 6aa 29:1 72 89
7 rac-3 aa[a] 2-pyridinethiol 48 6ab 15:1 87 68
8 rac-3 aa[d] 4-chlorothiophenol 48 6ac 10:1 73 90
9 rac-3 ba[a] 2-pyrimidinethiol 72 6ba � 99:1 64 91


10 rac-3 ba[c] 2-pyridinethiol 72 6bb 16:1 24 50


[a] 5 mol% [Pd2(dba)3] ¥CHCl3 and 11 mol% BPA. [b] 2.5 mol% [Pd2(dba)3] ¥
CHCl3 and 5.5 mol% BPA. [c] 5 mol% [Pd2(dba)3] ¥CHCl3 and 10 mol% BPA.
[d] 5 mol% [Pd2(dba)3] ¥CHCl3 and 13 mol% BPA.
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thiol (entries 4 and 5). Not only were the reaction times much
shorter compared with the reaction of the cyclohexenyl
analogues but also the ee values of the sulfide 5 c, which was
isolated in high yields, were much lower.


The reactions of the acyclic carbonates rac-3 aa and rac-3 ba
with 2-pyrimidinethiol, 2-pyridinethiol and 4-chlorothiophe-
nol were carried out in a similar way as those of the cyclic
carbonate (cf. Scheme 13). Table 7 shows that whereas
pyrimidyl sulfides 6 aa and 6 ba were formed with high ee
values (entries 6 and 9) the pyridyl sulfides 6 ab and 6 bb were
obtained with low ee values (entries 7 and 10). Interestingly,
the (E)-configured sulfides 6 aa, 6 ab and 6 bb contained minor
amounts of the corresponding (Z)-configured isomers.[9] In
the case of the sulfide 6 ba a contamination by the corre-
sponding Z isomer could not be detected. Therefore the
racemic Z isomer of 6 ba was prepared through reaction of
carbonate rac-3 ba with 2-pyrimidinethiol in the presence of
[Pd2(dba)3] ¥CHCl3 and bis(diphenylphosphane)propane in
CH2Cl2 at reflux, which yielded a mixture of rac-6 ba and its Z
isomer in a ratio of 9:1 in 55% yield. Both isomers were
obtained pure by HPLC. Formation of the Z isomers of the
allylic sulfides points to the existence of an equilibrium
between the corresponding (syn,syn)- and (anti,syn)-config-
ured �-allyl complexes (cf. Scheme 1), which are perhaps
interconverting by a � ± � ±�-isomerization mechanism.[38]


The palladium catalyzed asymmetric synthesis of allylic tert-
butylsulfides from tert-butylthiol by using BPA as ligand
failed. No sulfide formation was observed upon treatment of
the carbonates rac-1 a and rac-3 aa with tert-butylthiol in
CH2Cl2 in the presence of 5 mol% [Pd2(dba)3] ¥CHCl3 and
11 mol% BPA at room temperature. Formation of the allylic
sulfides with pyrimidinethiol (pKa 7.13[39a]), 4-chlorothiophe-
nol (pKa 7.06[39b]) and 2-pyridinethiol (pKa 9.81[39c]) but not
with tert-butylthiol (pKa 11.05[39d]) may be related to their
different acidity. The thiols are expected to react with the
leaving group MeOCO2


� (pKa 5.61[39e]) under deprotonation
to give the corresponding thiolates, which ought to be the
more reactive nucleophiles [Eq. (1)].


Furthermore the equilibrium between the leaving group
and the thiol could be shifted to the side of the thiolate
because of a decomposition of methyl carbonate with
formation of carbon dioxide and methanol [Eq. (2)].[39e]


MeOCO2
��RSH � MeOCO2H�RS� (1)


MeOCO2H �CO2 � MeOH (2)


Thus, because of a much lower acidity of tert-butylthiol,
equilibrium may be unfavorable in this. Alternatively, reac-
tion of a thiol with the BPA containing �-allyl intermediate
could lead to the formation of an �-allyl ± palladium complex
containing the thiolate ligand at the palladium atom, whose
stability in the case of tert-butylthiolate may be such as to
prevent a catalytic cycle.


Aspects of kinetics


™Memory effect∫: Although BPA displays in solution time-
average C2 symmetry, its �-allyl palladium complexes do not
(cf. Scheme 1).[40d,h] Nevertheless, both enantiomers of the


symmetrically substituted substrate ought to be converted by
the Pd0 ¥ BPA complex to the same set of equilibrating �-allyl
palladium intermediates (see below). Thus the ee of the
substitution product should be independent of the absolute
configuration of the starting material. However, it has been
reported that with BPA as ligand and certain racemic
substrates, particularly cyclopentenyl esters, the two enan-
tiomers of the substrate may give the substitution product of
different ee values, a phenomenon termed as ™memory
effect∫.[40] Knowledge of the origins of this effect is of
significant importance not only under mechanistic consider-
ations but also for the application of palladium catalyzed
allylic substitution in asymmetric synthesis, where a complete
conversion of the racemic substrate to the product of high ee
value is desired. The low ee values of sulfides 5 ab, 5 c, 6 ab and
6 bb, which were obtained through reaction of the cyclic esters
rac-1 a, rac-1 da and rac-1 db and of the acyclic esters rac-3 aa
and rac-3 ba, respectively, with 2-pyrimidinethiol and 2-pyr-
idinethiol, respectively, at higher catalyst loading could be
ascribed to the operation of this effect. This would be
supported by our observation that in the reaction of the
racemic cyclopentenyl acetate with the thioacetate anion,
which also proceeds under kinetic resolution, the faster
reacting enantiomer gives the substitution product with high
and the slow reacting enantiomer with low enantioselectiv-
ity.[30] Several explanations have been advanced as to the
origins of the ™memory effect∫, which are, however, still a
matter of debate.[40] Recent investigations of the structures of
the Pd0 ¥ BPA and symmetrically substituted �-allyl palladiu-
m(��) ¥ BPA complexes had revealed in both cases monomer±
oligomer equilibria, the components of which feature a P,P- as
well as a P,O-coordination of the palladium atom.[40c,d] It has
been suggested that in the case of BPA as ligand for the
palladium atom the ™memory effect∫ may be mainly due to
1) a combination of a difference in reactivity of the mono-
meric and oligomeric palladium(0) complexes towards the
enantiomers of the substrate and 2) a difference in enantio-
selectivity of the reaction of the monomeric and oligomeric �-
allyl intermediates with the nucleophile.[40c,d,f] This ™oligome-
rization scheme∫ would also accommodate the observation
that the catalyst concentration has an effect upon the ee value
of the substitution product.[40d,e] In order to shed more light on
the reaction of the racemic cyclic esters[11i] with the sulfur
nucleophiles, the time dependencies of the conversion of the
substrate and of the ee values of the substitution product in
the reaction of the cyclohexenyl carbonate rac-1 a with lithium
tert-butylsulfinate (Figure 1, Table 8) (cf. Scheme 2) were
followed by GC analysis according to the method of internal
standard[41a] and by NMR spectroscopy and by GC analysis on
chiral stationary phase containing columns, respectively. In
addition to these two methods the method of enantiomer
labeling,[41b±d] which does not require an internal standard, was
also used for the determination of the concentration of the
remaining substrate. This was done by the measurement of the
ee values of the substrate before and after the addition of a
certain amount of rac-1 a by GC using a chiral stationary
phase containing column.


While the ee value of the cyclohexenyl sulfone 2 aa
remained practically constant until 50% conversion, that of
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Figure 1. Time dependencies of c and ee (X) in the palladium-catalyzed
kinetic resolution of carbonate rac-1 a with lithium tert-butylsulfinate.


carbonate ent-1 a increased and reached 96% at approxi-
mately 50% conversion. Having obtained these results,
cyclohexenyl carbonate ent-1 a of �99% ee and cyclooctenyl
carbonate ent-1 c of �99% ee, both of which are the slow
reacting enantiomers in the kinetic resolution of rac-1 a and
rac-1 c, respectively, were submitted to the palladium-cata-
lyzed reaction with lithium tert-butylsulfinate in the presence
of BPA (Scheme 14). A complete conversion of the cyclo-
hexenyl carbonate ent-1 a to the S configured sulfone 2 aa of
91% ee took place. During the substitution reaction the ee


Scheme 14. Palladium catalyzed substitution of enantioenriched sub-
strates with lithium tert-butylsulfinate.


values of carbonate ent-1 a and sulfone 2 aa remained
constant. The reaction of cyclooctenyl carbonate ent-1 c with
the sulfinate anion was very slow and only after a reaction
time of 4 d could the formation of 4% of the S configured
sulfone 2 c be detected by GC analysis. However, both the
carbonate ent-1 c and ulfone 2 c had an ee value of 99%. The
observation of a constant ee value of the sulfone 2 aa up to
50% conversion of rac-1 a and 100% conversion of ent-1 a
indicates that the enantioselectivity of the substitution step is
independent of the chirality of the substrate, that is, no
™memory effect∫ is operating. In a final experiment sulfone 2 c
of 96% ee was treated with lithium tert-butylsulfinate in the
presence of the precatalyst and BPA, which led to its recovery
with 96% ee. Thus, once sulfone 2 c is formed through reaction
of rac-1 c with the sulfinate anion it does not suffer a partial
racemization during the course of the reaction.


The reactions of the racemic carbonate rac-1 a and of the
enantiomeric carbonates 1 a and ent-1 a with 2-pyrimidinethiol
in CH2Cl2 were studied next (cf. Schemes 5 and 15). The time


Scheme 15. Palladium catalyzed substitution of enantioenriched sub-
strates with 2-pyrimidinethiol.


dependencies of the conversion of the substrates and of the ee
values of the substrates and the sulfide were determined by
GC analysis by the method of internal standard and GC
analysis using a chiral stationary phase containing column,
respectively (Table 9). As revealed by Figure 2 the ee value of
sulfide 5 aa remained practically constant throughout the
reaction and that of carbonate ent-1 a increased with increas-
ing conversion reaching at 50% conversion a value of 99%. In
two further experiments the highly enantioenriched 1 a
(�99% ee) and ent-1 a (�99% ee), which were prepared


Table 8. Selectivity of the palladium-catalyzed kinetic resolution of the
cyclic carbonate rac-1 a with lithium tert-butylsulfinate.


Entry t [min] Conv rac-1a [%] ee ent-1 a [%] S


1 2 23 29 90
2 4 34 50 110
3 5 38 60 173
4 10 49 90 95
5 15 51 95 81
6 20 54 � 99 61


Table 9. Selectivity of the palladium-catalyzed kinetic resolution of the
cyclic carbonate rac-1 a with 2-pyrimidinethiol.


Entry t [min] Conv rac-1a [%] ee ent-1 a [%] S


1 10 29 40 141
2 15 36 51 34
3 20 40 64 95
4 25 46 77 46
5 30 48 89 164
6 35 52 97 76
7 40 53 � 99 80
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Figure 2. Time dependencies of c and ee (X) in the palladium-catalyzed
kinetic resolution of carbonate rac-1 a with 2-pyrimidinethiol.


through kinetic resolution of rac-1 a by employing BPA and
ent-BPA, were submitted separately to the reaction with the
thiol in the presence of BPA. Both substitution reactions led
to the formation of sulfide 5 aa of 87% ee. The ee values of
sulfide 5 aa and carbonates 1 a and ent-1 a remained practically
constant throughout the reaction (Figure 3). These results
show that not only in the reaction of the cyclohexenyl
carbonate rac-1 a with tert-butylsulfinate anion but also with
2-pyrimidinethiol no significant ™memory effect∫ is operating.
This is in contrast to the palladium-catalyzed reaction of rac-
1 a with thioacetate anion in the presence of BPA, where a
powerful ™memory effect∫ was observed.[30] However, in this
case the catalyst loading was much higher.


Figure 3. Time dependencies of ee in the palladium catalyzed reaction of
1a and ent-1a with 2-pyrimidinethiol.


In summary, it seems that the magnitude of the ™memory
effect∫ depends not only on the substrate and the concen-
tration of the catalyst but also on the nucleophile. Particularly
illustrative examples are the reactions of the cyclopentenyl
ester rac-1 da with 2-pyrimidinethiol at higher (cf. Table 7,
entry 4) and with tert-butylsulfinate anion (cf. Table 5) at
lower catalyst concentration. While the reaction with the thiol
delivered sulfide 5 c of 34% ee, that with the sulfinate ion gave
sulfone 2 d of 89% ee.


Selectivity factor : All of the kinetic resolutions described
above have been characterized in terms of the yields and ee
values of the recovered substrate and the product. This seems


particularly appropriate given that a major aim of this work
was the synthetic exploitation of the palladium catalyzed
kinetic resolution. In principle the efficiency of a kinetic
resolution can also be described by the selectivity factor S, the
ratio of the rate constants for the reactions of the enantiomers
of the substrate with the catalyst.[1a,b, 42a] For a palladium
catalyzed kinetic resolution of an allylic substrate obeying
first-order kinetics with regard to the reaction of the substrate
with the catalyst (unimolecularity) S can be calculated
according to Equation (3), which contains as variables the
conversion (c) and the ee value of the substrate (ees).[42b, 43]


Application of Equation (3) requires, however, a determina-
tion of c and ee of the substrate with a precision not easily to
obtain.[1a,o, 44]


S� ln[(1� c)(1� ees)]/ln[(1� c)(1� ees)] (0� c� 1, 0� ees� 1 (3)


Small errors in the determination of ee and c can lead to
major apparent changes of S with conversion, particularly in
the case of high S values,[45] a problem which is often
underestimated or even neglected in the measurement of S.
However, the overall error can be reduced by analysis of a
series of ee versus c values (see below).[11m]


Calculation of S for the kinetic resolution of the cyclo-
hexenyl carbonate rac-1 a with 2-pyrimidinethiol and lithium
tert-butylsulfinate (cf. Figures 1 and 2) according to Equa-
tion (3) gave large values for pairs of ee versus c (cf. Tables 8
and 9); this indicates a high selectivity. This is in accordance
with the isolation of ent-1 a with high ee at approximately 50%
conversion in the preparative experiments (cf. Tables 1, 2 and
4). However, Tables 8 and 9 also reveal major and irregular
changes of S with conversion. Since our measurements of ee
and c had a precision of only �0.5 and �1.0%, respectively,
we ascribe the change of S with conversion mainly to errors in
the determination of both values.[46] Nonlinear regression
(Origin 6.1) of S[11m] (Tables 8 and 9) gave S� 74� 7 for the
kinetic resolution of rac-1a with lithium tert-butylsulfinate and
S� 77� 11 for the kinetic resolution of rac-1a with 2-
pyrimidinethiol.


Overall kinetics : We have investigated the reactions of the
enantiomerically highly enriched carbonates 1 a (�99% ee)
and ent-1 a (�99% ee) with 2-pyrimidinethiol in order to
determine the dependency of the rate of the overall reaction
on the concentration of the substrate. In the case of a first-
order dependency on the substrate measurement of the rate
constants would allow an alternative and direct determination
of the selectivity factor S. Reactions were run in CH2Cl2 at
25 �C under argon with 1 mmol of carbonate (co�
250 mmolL�1), 0.025 mmol [Pd2(dba)3] ¥CHCl3 (c�
6.25 mmolL�1), 0.055 mmol of BPA (c� 13.75 mmolL�1)
and 1 mmol 2-pyrimidinethiol. Because of the low solubility
of the thiol (c� 4.6 mmolL�1), solid thiol was present and
only at the very end of the reaction was a homogenous
mixture formed. Therefore it is assumed that the concen-
tration of the thiol in solution was not only rather low but also
remained constant until nearly all of the substrate had been
consumed. The progress of the reactions was monitored by
GC using tetradecane as an internal standard. A plot of c/co of
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the substrate versus log t[47] (Figure 4) and a plot of c versus t
(Figure 5) for four half-lives of the reaction of 1 a indicated a
pseudo-zero order kinetics in regard to the allylic substrate
under the special conditions used, where the concentration of


Figure 4. Time dependency of c of 1a in the palladium catalyzed reaction
with 2-pyrimidinethiol (c/co vs log t).


Figure 5. Time dependency of c of 1a in the palladium catalyzed reaction
with 2-pyrimidinethiol (c vs t).


the catalyst and the nucleophile remained constant. Thus in
this particular case the rate of the overall catalytic reaction is
independent of the substrate concentration. The reaction of
ent-1 a with 2-pyrimidinethiol, which was carried out under
the same conditions as in the case of 1 a because of
comparison, could be followed only for less than 1 half-live
because of its slowness. Therefore the kinetic data obtained in
this experiment did not allow for a determination of the order
of the reaction of ent-1 a with 2-pyrimidinethiol. The obser-
vation of a pseudo-zero order regime in the allylic substrate
for the overall reaction of 1 a with 2-pyrimidinethiol implies
that the rate-limiting step involves attack of the thiolate on
the �-allyl intermediate. Both, pseudo-zero order[5a] and
pseudo-first order kinetics[11c] with regard to the allylic
substrate had been previously observed in palladium cata-
lyzed allylic substitution with C-nucleophiles in the presence
of chiral ligands other than BPA.


Determination of absolute configuration


The absolute configuration of sulfide 6 aa was determined by
chemical correlation as shown in Scheme 16.[48] Reduction of
sulfide 6 aa with diimide gave the saturated sulfide 7. The (R)-
configured alcohol 8 a of 96% ee[49] was converted via
mesylate 8 b to the saturated sulfide ent-7 of 96% ee. Since


the acyclic sulfides 6 aa, 6 ba, 6 ac, 6 ba and 6 bb (see below) all
have the same sign of optical rotation, theR configuration was
also assigned to the later sulfides. The absolute configuration
of the cyclohexenyl sulfide 5 aa had been assigned previously
by chemical correlation.[28b] The S configuration was assigned
to the cyclic sulfides 5 b and 5 ab (see below) on the basis that


Scheme 16. Determination of absolute configuration.


both have the same sign of optical rotation as 5 aa and the
formation of the (S)-configured sulfones in the reaction of
carbonates rac-1 a and rac-1 b with sulfinate anions (see
below).


The absolute configuration of cyclooctenyl sulfone 4 c was
determined by X-ray crystal structure analysis (Figure 6). By
assuming that the substitution of carbonates rac-1 a ± c with
tert-butylsulfinate anion in the presence of BPA all proceed
with the same sense of asymmetric induction we assigned the
S configuration to all of the sulfones 2 aa, 2 ab, 2 ac,[23a] 2 b and
2 c.


Figure 6. Structure of sulfone 2 c in the crystal.


Synthesis of highly enantioenriched allylic alcohols


The completion of the partial conversion of the racemic allylic
alcohols rac-1 a ± c, rac-3 aa and rac-3 ba to the corresponding
enantioenriched allylic alcohols via palladium-catalyzed res-
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olution required the hydrolysis of the corresponding enan-
tioenriched carbonates (Scheme 17). The reaction of the
cyclic carbonates ent-1 a ± c and of the acyclic carbonates ent-
3 aa and ent-3 ba with NaOH in water led to the isolation of
the highly enantioenriched alcohols 9 a ± c,[50a] 10 a[50b] and
10 b,[50c] respectively, in medium to high yields (Table 10). It
should be noted that because of the high selectivity of the
kinetic resolution of the racemic carbonates and because of


Scheme 17. Synthesis of enantiomerically highly enriched cyclic and
acyclic allylic alcohols.


principle the alcohols 9 a ± c, 10 a and 10 b, can be obtained in
an enantiomeric purity not easily attainable by the known
methods of asymmetric synthesis.[13] The absolute configura-
tions of the alcohols 9 a ± c and 10 a and thus of the carbonates
ent-1 a ± c and ent-3 aa, respectively, were determined by
comparison of their chiroptical data with those reported in
the literature.[50] Determination of the absolute configuration
of alcohol 10 b and thus of carbonate ent-3 ba was achieved
through its hydrogenation to the corresponding saturated
alcohol.[51, 52]


Conclusion


The palladium-catalyzed reactions of symmetrically disubsti-
tuted racemic allylic carbonates, being either cyclic or acyclic,
with sulfinate anions and 2-pyrimidinethiol in the presence of
BPA as ligand proceed with excellent levels of enantioselec-
tivity in both kinetic resolution and substitution. The effi-
ciencies of the kinetic resolutions are described in terms of ee
values and yields of recovered substrates and substitution
products rather than by the selectivity factors. This seems to
be more appropriate given the problems associated with the
accurate experimental measurement of the later. The state-
ment of a selectivity factor based on the measurement of a
single ee versus c pair and without error analysis may lead to
questionable results, in particular in the case of high
selectivities. However, a more reliable S value can be obtained
by measurement and analysis of a series of ee versus c pairs. In
accordance with previous observations the faster reacting
enantiomer of the substrate and the preferentially formed
substitution product have the same absolute configuration.
While the kinetic resolution allows for the synthesis of
enantiomerically highly enriched cyclic and acyclic allylic
alcohols, the substitution provides for an asymmetric synthesis
of enantiomerically highly enriched allylic sulfones, bearing
various groups at the sulfur atom and allylic sulfides, carrying
an aromatic group at the sulfur atom. The allylic substitutions
with thiols required higher amounts of palladium catalyst as
compared to those with sulfinate anions. Furthermore, sulfide
formation in the presence of BPA was observed only with
2-pyrimidinethiol, 2-pyridinethiol and 4-chlorophenylthiol
but not with tert-butylthiol. While the different pKa values
of the thiols used may play a decisive role, it can not be
excluded that the formation of �-allyl palladium thiolate
complexes is also an important factor in the palladium
catalyzed allylic substitution with thiols. An equilibrium
between a palladium thiolate complex and an �-allyl thiolate
ion pair could perhaps account for the higher amount of
catalyst required.


According to experiments with racemic and enantioen-
riched cyclohexenyl carbonate and tert-butylsulfinate anion
and 2-pyrimidinethiol the ee value of the substitution product
is independent of the chirality of the substrate, that is, no
™memory effect∫ is operating. However, a ™memory effect∫
seems to operate in the case of the reaction of the cyclo-
hexenyl ester with 2-pyridinethiol and, in particular, in that of
the cyclopentenyl esters with 2-pyrimidinethiol. Whether the
formation of equilibrium mixtures of monomers and oligom-
ers of the Pd0 ¥ BPA and �-allyl PdII ¥ BPA complexes are
mainly responsible for the ™memory effect∫ remains to be
seen.


Experimental Section


General : All reactions were carried out in absolute solvents under an argon
atmosphere with syringe and Schlenk techniques in oven-dried glassware.
CH2Cl2 was distilled under argon from CaH2. The ligands POX[53] and
BPA,[10] the precatalysts [Pd2(dba)3] ¥CHCl3[33] and [Pd(C3H5)Cl]2,[37] and
lithium tert-butylsulfinate[32] were prepared according to the literature. 1H
and 13C NMR spectra were recorded on a Varian VXR 300, Varian Gemini


Table 10. Synthesis of highly enantioenriched cyclic and acyclic allylic
alcohols.


Carbonate Alcohol Yield [%] ee [%] [�]22D


ent-1a 9a 65 � 99 � 110.8 (c� 1.20, CH2Cl2)
ent-1b 9b 94 � 99 � 28.2 (c� 1.03, CH2Cl2)
ent-1c 9c 75 � 99 � 52.4 (c� 1.46, CH2Cl2)
ent-4a 10a 90 � 99 � 18.5 (c� 1.05, CH2Cl2)
ent-4b 10b 94 99 � 4.0 (c� 0.99, CH2Cl2)
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300, Varian Inova 400 and Varian Unity 500 spectrometer. Chemical shifts
(1H, 13C) are reported relative to Me4Si (�� 0 ppm). Splitting patterns in
the 1H NMR spectra are designated as s, singlet; d, doublet; dd, double
doublet; t, triplet; q, quartet; quin, quintet; m, multiplet. 13C NMR spectra
are denoted as (u) for carbons with zero or two attached protons or (d) for
carbons with one or three attached protons, as determined from ATP pulse
sequence. IR spectra were recorded with a Perkin ±Elmer PE 1759-FT
instrument. GC analyses were performed by using Chrompack CP-9000
[DB-5 (30 m, 0.32 mm; 50 kPa H2); Macherey ±Nagel Lipodex � : octakis-
(2,3-O-dipentyl-6-O-methyl)-�-cyclodextrin (25 m, 0.25 mm; 100 kPa H2);
Macherey ±Nagel Lipodex E: octakis-(2,6-di-O-pentyl-3-O-butyryl)-�-cy-
clodextrin (25 m, 0.25 mm; 100 kPa H2)] and Carlo Erba Mega Series 5300
[CP-Chirasil-Dex-CB (CP-�I-CB): permethyl-�-cyclodextrin (25 m,
0.25 mm; 100 kPa H2); Hydrodex-�-6-TBDM: heptakis(2,3-di-O-methyl-
6-O-tert-butyldimethylsilyl)-�-cyclodextrin (25 m, 0.25 mm, 100 kPa H2)]
instruments. GC-MS analyses were run on a Magnum Finnigan (HT-5:
25 m, 0.25 mm; 50 kPa He, CI, 40 eV, MeOH). HPLC analyses were
performed on a Waters 600 (UV 485; RI 410) instrument with a Baker
Chiralcel OD-H column. MS spectra were recorded on a Varian MAT 212S
(EI, 70 eV) instrument. Only decisive signals of the MS spectra and those
with an intensity higher than 10% are listed. Column chromatography was
carried out on Merck silica gel 60, 0.063 ± 0.200 mm. TLC was done with
Merck silica gel 60 F254 aluminum plates. Elementary analyses were carried
out by the microanalytical laboratories of the Institut f¸r Organische
Chemie at the RWTH Aachen. Optical rotary powers were measured on a
Perkin ±Elmer 241 instrument at approximately 22 �C.


X-ray Analyses : The crystal data and the most salient experimental
parameters used in the X-ray measurement and in the crystal structure
analysis are reported in Table 11. The crystal structure was solved using
direct methods as implemented in the XTAL3.7 package of crystallo-
graphic routines.[54a] The molecular structure was visualized with the
program SCHAKAL 92.[54b,c] The absolute configuration of 2c as shown in
Figure 6 has been determined by the method of Flack[54d] (�abs� 0.01(4)).


General procedure for the asymmetric synthesis of allylic sulfones and
kinetic resolution of allylic carbonates with sulfinate anions (GP1): The
precatalyst and ligand were placed in a Schlenk flask containing a stirring


bar and the flask was evacuated and refilled with argon. Then the
precatalyst and the ligand were dissolved under stirring through addition of
CH2Cl2 or THF. The solution of [Pd2(dba)3] ¥CHCl3 and BPA initially
attained a dark violet color which gradually changed to bright red-orange
(approximately 15 min). Then the substrate was added. Stirring of the
mixture was continued until the color of the solution had changed from red-
orange to yellow (approximately 15 min). The sulfinate salt and THAB
were placed in a second Schlenk flask which was evacuated and refilled
with argon. Then the salt and the phase transfer catalyst were dissolved
through addition of degassed water. Alternatively, a suspension of the
sulfinate salt in THF was prepared in the same way. Both the solution
containing the sulfinate salt and the solution containing the substrate were
cooled in an ice bath and the solution or suspension of the sulfinate salt was
added under argon with a syringe to the solution containing the catalyst and
the substrate. Subsequently, the reaction mixture was either stirred at 0 �C
or warmed to room temperature and stirred at this temperature for the time
given and the progress of the reaction was monitored by TLC, GC or
1H NMR spectroscopy. Then saturated aqueous NaCl was added and the
mixture was stirred at room temperature under exposure to air for 1 h.
Then CH2Cl2 was added and the aqueous phase was extracted with CH2Cl2.
The combined organic phases were dried (MgSO4) and concentrated in
vacuo. Chromatography or kugelrohr distillation gave the sulfone and the
allylic substrate. In kinetic resolution experiments stirring of the mixture
under exposure to air was omitted.


Kinetic resolution of carbonate rac-1 a with lithium-tert-butylsulfinate : (S)-
3-(2-methyl-propan-2-sulfonyl)-cyclohexene (2 aa) and (R)-carbonic acid
cyclohex-2-enyl methyl ester (ent-1 a): Following GP1, a mixture of
carbonate rac-1 a (1.57 g, 10 mmol), [Pd2(dba)3] ¥CHCl3 (155 mg,
0.15 mmol) and BPA (311 mg, 0.45 mmol) in CH2Cl2 (10 mL) was treated
under stirring at 0 �C successively with a suspension of LiO2StBu (2.56 g,
20 mmol) and THAB (360 mg, 0.8 mmol) in CH2Cl2 (15 mL) and degassed
water (8 mL). Quenching of the mixture after stirring it at 0 �C for 45 min
gave a mixture of carbonate ent-1 a and sulfone 2aa in a ratio of 46:54
(1H NMR). Chromatography (hexane/EtOAc 7:1, 1% NEt3) afforded
sulfone 2aa (999 mg, 49%) of 98% ee {1H NMR, 400 MHz, CDCl3,
30 mol%, [Eu(hfc)3]}: � (tBu) (2 aa)� 1.78, � (tBu) (ent-2aa)� 1.80] as a
colorless solid and carbonate ent-1a (536 mg, 34%) of� 99% ee [GC,
Lipodex E, tR (ent-1 a)� 13.3 min, tR (1a)� 13.8 min] as a colorless oil.


Sulfone 2aa : [�]20D ��177.0 (c� 1.01, CH2Cl2); m.p. 55 �C; the spectro-
scopic data were identical to those reported in the literature.[7]


Carbonate ent-1 a : [�]20D ��168.0 (c� 1.73, CH2Cl2); 1H NMR (300 MHz,
CHCl3): �� 1.56 ± 2.16 (m, 6H), 3.77 (s, 3H), 5.09 ± 5.14 (m, 1H), 5.78 (ddt,
J� 10.0, 3.7, 2.0 Hz, 1H), 5.97 (dtd, J� 10.0, 3.7, 1.3 Hz, 1H); 13C NMR
(75 MHz, CHCl3): �� 18.6 (u), 24.9 (u), 28.2 (u), 54.5 (d), 71.9 (d), 125.0
(d), 133.3 (d), 155.5 (u); IR (neat): �� � 3084 (w), 3061 (w), 3030 (w), 2983
(w), 2937 (w), 1744 (s), 1496 (m), 1450 (m), 1371 (m), 1305 (m), 1255 (s),
1005 (m), 991 (m), 964 (m), 789 (m), 748 (m), 697 (m), 541 cm�1 (m); MS:
m/z (%): 156 (11) [M�], 111 (11), 97 (26), 84 (12), 81 (41), 80 (55), 79 (74),
77 (14), 74 (59), 59 (100), 53 (11), 46 (18), 45 (73); elemental analysis calcd
(%) for C8H12O3: C 61.52, H 7.74; found: C 61.34, H 7.79.


Kinetic resolution of carbonate rac-1b with lithium tert-butylsulfinate : (S)-
3-(2-methyl-propan-2-sulfonyl)-cycloheptene (2 b) and (R)-carbonic acid
cyclohept-2-enyl methyl ester (ent-1b): Following GP1, a mixture of
carbonate rac-1b (1.77 g, 10 mmol), [Pd2(dba)3] ¥CHCl3 (155 mg,
0.15 mmol) and BPA (311 mg, 0.45 mmol) in CH2Cl2 (10 mL) was treated
under stirring at 0 �C successively with a suspension of LiO2StBu (2.56 g,
20 mmol) and THAB (360 mg, 0.8 mmol) in CH2Cl2 (15 mL) and degassed
water (8 mL). Quenching of the mixture after stirring it at 0 �C for 4 h gave
a mixture of carbonate ent-1 b and sulfone 2b in a ratio of 47:53 (1H NMR).
Chromatography (hexane/EtOAc 7:1, 1% NEt3) afforded sulfone 2b
(993 mg, 46%) of 95% ee {1H NMR, 400 MHz, CDCl3, 30 mol%,
[Eu(hfc)3]}: � (tBu) (2b)� 2.06, � (tBu) (ent-2b)� 2.21; GC, Lipodex-E,
tR (ent-2b)� 35.07 min, tR (2b)� 34.58 min] as a colorless solid and
carbonate ent-1b (580 mg, 33%) of 94% ee [GC, Lipodex E, tR (ent-
1b)� 20.78 min, tR (1 b)� 20.93 min] as a colorless oil. Sulfone 2 b : [�]20D �
�95.4 (c� 1.01, CH2Cl2); m.p. 48 �C; the spectroscopic data were identical
to those reported in the literature.[7]


Carbonate ent-1b : [�]20D ��33.2 (c� 1.29, CH2Cl2); 1H NMR (400 MHz,
CDCl3): �� 1.34 ± 2.30 (m, 8H), 3.77 (s, 3H), 5.26 (br d, J� 7.7 Hz, 1H),
5.56 ± 5.76 (m, 1H), 5.79 ± 5.90 (m, 1H); 13C NMR (100 MHz, CDCl3): ��


Table 11. Crystal data and parameters of data collection for 2 c.


formula C12H22O2S
Mr 230.37
color and habit colorless, irregular
crystal size [mm], ca. 0.3� 0.3� 0.3
crystal system orthorhombic
space group P212121 (19)
a [ä] 6.051(2)
b [ä] 15.205(1)
c [ä] 27.643(3)
V [ä3] 2543.3(9)
Z 2� 4[a]


�calcd [g cm�3] 1.203
� [mm�1] 2.098
diffractometer CDA4 Enraf-Nonius
T [K] 150
radiation CuK�


� [ä] 1.54179
scan method �/2	

max [�] 74.9
no. of data coll.[b] 6278
obsn criterion I� 2�(I)
refinement on F
no. params refd 271
no. data obsd in refmnt 4803
R, Rw


[c] 0.058/0.073
�(�) [eä�3] � 0.57/� 0.79
GOF 2.627


[a] Two symmetrically independent species. [b] Friedel pairs col-
lected. [c] R�� � �Fo �� �Fc � �/� �Fo � ; Rw � [�w(�Fo �� �Fc � )2/�w �Fo � 2]0.5 ;
w�1/�2(Fo) where Fo and Fc are observed and calculated structure factors.
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26.5 (u), 26.6 (u), 28.5 (u), 32.8 (u), 54.5 (d), 78.2 (d), 131.8 (d), 133.1 (d),
155.4 (u); IR (neat): �� � 2930 (m), 2857 (w), 1747 (s), 1444 (s), 1356 (w),
1326 (m), 1268 (s), 1203 (w), 1127 (w), 977 (m), 944 (m), 794 cm�1 (m); MS:
m/z (%): 170 (2) [M�], 95 (7), 94 (15), 79 (29), 77 (4), 67 (5), 59 (5), 55 (7);
elemental analysis calcd (%) for C8H12O3: C 63.51, H 8.29; found: C 63.30,
H 8.26.


Kinetic resolution of carbonate rac-1c with lithium-tert-butylsulfinate : (S)-
3-(2-methyl-propan-2-sulfonyl)-cyclooctene (2 c) and (R)-carbonic acid
cyclooct-2-enyl methyl ester (ent-1 c)


On a 9.3 mmol scale : FollowingGP1, a mixture of carbonate rac-1 c (1.71 g,
9.3 mmol), [Pd2(dba)3] ¥CHCl3 (145 mg, 0.14 mmol) and BPA (288 mg,
0.42 mmol) in CH2Cl2 (10 mL) was treated under stirring at 0 �C succes-
sively with a suspension of LiO2StBu (2.56 g, 20 mmol) and THAB
(220 mg, 0.5 mmol) in CH2Cl2 (15 mL) and degassed water (8 mL).
Quenching of the mixture after stirring it successively at 0 �C for 4 h and
at room temperature for 20 h gave a mixture of carbonate ent-1 c and
sulfone 2 c in a ratio of 42:58 (1H NMR). Chromatography (hexane/EtOAc
10:1, 1%NEt3) furnished sulfone 2c (1.03 g, 48%) of 96% ee [GC, Lipodex
E, tR (ent-2 c)� 134.63 min, tR (2c)� 134.96 min] as a colorless solid and
carbonate ent-1 c (584 mg, 34%) of �99% ee [GC, Lipodex E, tR (ent-
1c)� 21.97 min, tR (1c)� 23.63 min] as a colorless oil.


Sulfone 2 c : [�]20D ��135.4 (c� 1.99, CH2Cl2); m.p. 55 �C; 1H NMR
(400 MHz, CDCl3): �� 1.27 ± 1.38 (m, 2H), 1.42 (s, 9H), 1.44 ± 1.58 (m,
1H), 1.71 ± 1.85 (m, 4H), 2.01 ± 2.11 (m, 1H), 2.17 ± 2.27 (m, 2H), 4.16 ± 4.23
(m, 1H), 5.70 (m, 1H), 5.92 (m, 1H); 13C NMR (75 MHz, CDCl3): �� 24.09
(u), 24.31 (d), 26.87 (u), 27.33 (u), 27.40 (u), 29.24 (u), 55.35 (d), 61.02 (u),
125.46 (d), 132.80 (d); GC-MS (EI, 70 eV) m/z (%): 231 (1.5) [M�], 123
(100), 109 (18); IR (KBr): �� � 2925 (s), 2857 (s), 1479 (m), 1450 (m), 1395
(w), 1371 (w), 1305 (s), 1286 (s), 1263 (s), 1244 (s), 1222 (m), 1197 (m), 1110
(s), 1011 (w), 975 (w), 961 (w), 942 (w), 891 (w), 873 (w), 802 (w), 762 (m),
724 (m), 664 (s), 583 cm�1 (s); elemental analysis calcd (%) for C12H22O2S:
C 62.58, H 9.63; found: C 62.55, H 9.64.


ent-1c : [�]20D ��78.4 (c� 1.02, CH2Cl2); 1H NMR (400 MHz, CDCl3): ��
1.35 ± 1.45 (m, 1H), 1.47 ± 1.75 (m, 6H), 1.94 ± 2.03 (m, 1H), 2.09 ± 2.18 (m,
1H), 2.20 ± 2.30 (m, 1H), 3.77 (s, 3H), 5.48 ± 5.56 (m, 2H), 5.66 ± 5.73 (m,
1H); 13C NMR (100 MHz, CDCl3): �� 23.27 (u), 25.82 (u), 26.36 (u), 28.80
(u), 34.99 (u), 54.56 (d), 76.42 (d), 130.12 (d), 130.13 (d), 155.34 (u); GC-MS
(CI, 70 eV): m/z (%): 184 [M�], 109 (100), 107 (17), 75; IR (capillary): �� �
2930 (s), 2858 (m), 1747 (s), 1443 (s), 1333 (m), 1305 (m), 1271 (s), 1149 (w),
1135 (w), 1021 (m), 993 (w), 950 (s), 794 (m), 757 (m), 723 cm�1 (w);
elemental analysis calcd (%) for C10H16O3: C 65.19, H 8.75; found C 65.21,
H 8.63.


On a 30 mmol scale : Following GP1, a mixture of carbonate rac-1c (5.70 g,
31.0 mmol), [Pd2(dba)3] ¥CHCl3 (310 mg, 0.30 mmol) and BPA (830 mg,
1.2 mmol) in CH2Cl2 (10 mL) was treated under stirring at 0 �C successively
with a suspension of LiO2StBu (7.70 g, 60 mmol) and THAB (650 mg,
1.5 mmol) in CH2Cl2 (50 mL) and degassed water (20 mL). Quenching of
the mixture after stirring it at room temperature for 26 h gave a mixture of
carbonate ent-1c and sulfone 2 c in a ratio of 42:58 (1H NMR). Chroma-
tography (hexane/EtOAc 10:1, 1% NEt3) furnished sulfone 2 c (3.14 g,
44%) of 97% ee (GC, Lipodex E) as a colorless solid and carbonate ent-1 c
(2.34 g, 41%) of 95% ee (GC, Lipodex E) as a colorless oil.


On a 50 mmol scale : Following GP1, a mixture of carbonate rac-1c (9.80 g,
53.0 mmol), [Pd2(dba)3] ¥CHCl3 (530 mg, 0.50 mmol), BPA (1.05 g,
1.5 mmol) and tetradecane (1.25 g, 6.3 mmol) in CH2Cl2 (50 mL) was
treated under stirring at 0 �C successively with a suspension of LiO2StBu
(10.0 g, 78 mmol) and THAB (1.086 g, 2.5 mmol) in CH2Cl2 (75 mL) and
degassed water (30 mL). Quenching of the mixture after stirring it at room
temperature for 48 h gave a mixture of carbonate ent-1c and sulfone 2 c in a
ratio of 42:58 (1H NMR). Chromatography (hexane/EtOAc 10:1, 1%
NEt3) furnished sulfone 2c (5.86 g, 48%) of 89% ee (GC Lipodex E).
Crystallization from hexane/ethyl acetate gave sulfone 2 c (4.88 g, 40%) of
�99% ee (GC, Lipodex E); [�]20D � 148.3 (c� 2.81, CH2Cl2)) as a colorless
solid. Besides sulfone 2 c carbonate ent-1c (3.81 g, 39%) of �99% ee (GC,
Lipodex E) was isolated as a colorless oil.


Determination of the conversion in the kinetic resolution of carbonate rac-
1a in the reaction with lithium tert-butylsulfinate by the method of internal
standard : BPA (311 mg, 0.45 mmol), [Pd2(dba)3] ¥CHCl3 (155 mg,
0.15 mmol) and tetradecane (253 mg, 1.27 mmol) were placed under argon
in a Schlenk flask. Subsequently CH2Cl2 (10 mL) was added and the


mixture was stirred at room temperature for 20 min and then cooled to 0 �C.
In a second Schlenk flask were placed under argon LiO2StBu (2.62 g,
20 mmol), THAB (300 mg, 0.7 mmol) and CH2Cl2 (20 mL) and the mixture
was cooled to 0 �C and treated with degassed water (10 mL). Than the
solution of the sulfinate salt was added to the solution containing the
catalyst and the resulting mixture was treated with carbonate rac-1a
(1.77 g, 11 mmol). The mixture was stirred at 0 �C and samples of the
organic phase (0.1 mL) were withdrawn with a syringe after 2, 4, 5, 10, 15,
20 and 30 min under exposure to air and analyzed by GC. After a total
reaction time of 45 min phases were separated and the aqueous phase was
extracted with CH2Cl2. The combined organic phases were dried (MgSO4)
and concentrated in vacuo. Chromatography (hexane/EtOAc 7:1) afforded
sulfone 2aa (990 mg, 45%) of 96% ee [1H NMR, 400 MHz, CDCl3,
30 mol%, Eu(hfc)3] as a colorless solid and carbonate ent-1a (498 mg,
29%) of �99% ee (GC, Lipodex E) as a colorless oil.


Substitution of carbonate ent-1 a with lithium tert-butylsulfinate : Following
GP1, BPA (16 mg, 2.3 �mol), [Pd2(dba)3] ¥CHCl3 (8 mg, 0.77 �mol) and
carbonate ent-1 a (79 mg, 0.5 mmol) of �99% ee in CH2Cl2 (3 mL) were
treated with LiO2StBu (128 mg, 1 mmol) and THAB (13 mg, 2.99 �mol) in
CH2Cl2 (3 mL) and degassed water (4 mL). Then the mixture was stirred at
room temperature for 18 h. Chromatography (hexane/EtOAc 7:1) afforded
sulfone 2aa (88 mg, 87%) of 91% ee [1H NMR, 400 MHz, CDCl3,
30 mol% Eu(hfc)3] as a colorless solid.


Substitution of carbonate ent-1c with lithium tert-butylsulfinate : Following
GP1, BPA (31 mg, 0.045mmol), [Pd2(dba)3] ¥CHCl3 (15 mg, 0.015 mmol)
and carbonate ent-1c (194 mg, 1.05 mmol) of 99% ee in CH2Cl2 (3 mL)
were treated with LiO2StBu (250 mg, 2.1 mmol) and THAB (22 mg,
0.05 mmol) in CH2Cl2 (3 mL) and degassed water (2 mL). Then the mixture
was stirred at room temperature for 4 d. GC showed formation of 4.5%
sulfone 2c of 99% ee (GC, Lipodex E) and 95% carbonate ent-1c of 99%
ee (GC, Lipodex E).


Kinetic resolution of carbonate rac-1a with sodium p-tolylsulfinate : (S)-3-
(tolyl-sulfonyl)-cyclohexene (2 ab) and (R)-carbonic acid cyclohex-2-enyl
methyl ester (ent-1 a): Following GP1, BPA (63 mg, 0.09 mmol),
[Pd2(dba)3] ¥CHCl3 (31 mg, 0.03 mmol) and rac-1a (313 mg, 2.0 mmol) in
CH2Cl2 (6 mL) were treated with NaO2STol (713 mg, 4 mmol) and THAB
(45 mg, 0.1 mmol) in CH2Cl2 (6 mL) and degassed water (3 mL). After
stirring the mixture at 0 �C for 30 min a mixture of carbonate ent-1 a and
sulfone 2ab in a ratio of 32:68 was isolated. Chromatography (hexane/
EtOAc 7:1) afforded sulfone 2ab (234 mg, 60%) of�99% ee (HPLC, OD-
H column) as a colorless solid and carbonate ent-1a (74 mg, 24%) of
�99% ee (GC, Lipodex E) as a colorless oil. Sulfone 2ab : m.p. 58 �C;
[�]20D ��133.7 (c� 1.02, CH2Cl2); 1H NMR (400 MHz, CDCl3): �� 1.44 ±
1.56 (m, 1H), 1.72 ± 1.91 (m, 2H), 1.94 ± 2.03 (m, 3H), 2.45 (s, 3H), 3.73 (m,
1H), 5.79 (dq, J� 10.1, 2.4 Hz, 1H), 6.06 (dq, J� 10.1, 2.2 Hz, 1H), 7.32 ±
7.38 (pseudo-d, 2H), 7.74 (pseudo-d, 2H); 13C NMR (100 MHz, CDCl3):
�� 19.51 (u), 21.62 (d), 22.69 (u), 24.34 (u), 61.74 (d), 118.52 (d), 128.98 (d),
129.41 (d), 134.18 (u), 134.94 (d), 144.36 (u); MS: 236 (0.3) [M�], 157 (39),
91 (7), 82 (10), 81 (100), 80 (13), 79 (22), 65 (7), 53 (6); IR (KBr): �� � 3038
(m), 2941 (m), 2864 (m), 2837 (m), 1596 (m), 1497 (m), 1449 (m), 1405 (w),
1288 (s), 1211 (w), 1185 (w), 1144 (s), 1086 (s), 1044 (m), 984 (m), 960 (w),
894 (m), 872 (m), 819 (s), 727 (w), 800 (m), 772 (w), 735 (m), 710 (s);
elemental analysis calcd (%) for C13H16O2S: C 66.07, H 6.82; found: C
65.90, H 6.91.


Kinetic resolution of carbonate rac-1a with sodium phenylsulfinate : (S)-3-
(phenyl-sulfonyl)-cyclohexene (2 ac) and (R)-carbonic acid cyclohex-2-
enyl methyl ester (ent-1 a): Following GP1, BPA (60 mg, 0.09 mmol),
[Pd2(dba)3] ¥CHCl3 (31 mg, 0.03 mmol) and rac-1a (316 mg, 2.0 mmol) in
CH2Cl2 (6 mL) were treated with NaO2SPh (656 mg, 4 mmol) and THAB
(40 mg, 0.09 mmol) in CH2Cl2 (6 mL) and degassed water (4 mL). After
stirring the mixture at 0 �C for 30 min a mixture of carbonate ent-1 a and
sulfone 2 ac in a ratio of 38:62 was isolated. Chromatography (hexane/
EtOAc 7:1) afforded sulfone 2ac (252 mg, 56%) of�99% ee [GC, Lipodex
E, tR (3 b)� 27.0 min, tR (3b)� 26.57, tR (ent-3 b)� 27.64 min] as a colorless
oil and carbonate ent-1 a (85 mg, 27%) of �99% ee (GC, Lipodex E).


Sulfone 2ac : [�]20D ��134.7 (c� 1.02, CH2Cl2); 1H NMR (300 MHz,
CDCl3): �� 1.26 ± 1.56 (m, 1H), 1.70 ± 2.01 (m, 5H), 3.76 (m, 1H), 5.7 ±
5.82 (dq, J� 10.0, 2.35 Hz, 1H), 6.05 ± 6.13 (m, 1H), 7.53 ± 7.69 (m, 3H),
7.86 ± 7.90 (m, 2H); 13C NMR (75 MHz, CDCl3): �� 19.55 (u), 22.75 (u),
24.43 (u), 61 85 (d), 118.53 (d), 129.08 (d), 129.20 (d), 133.76 (d), 135.43 (d).
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Kinetic resolution of carbonate rac-3aa with lithium tert-butylsulfinate :
(R,E)-4-(2-methyl-propan-2-sulfonyl)-2-pentene (4 a) and (S,E)-carbonic
acid pent-2-enyl methyl ester (ent-3aa): Following GP1, BPA (315 mg,
0.45 mmol), [Pd2(dba)3] ¥CHCl3 (150 mg, 0.15 mmol) and rac-3aa (1.43 g,
9.92 mmol) in CH2Cl2 (10 mL) were treated with LiO2StBu (2.50 g,
19.5 mmol) and THAB (380 mg, 0.87 mmol) in CH2Cl2 (20 mL) and
degassed water (3 mL). Termination of the reaction after stirring the
mixture at room temperature for 25 min gave a mixture of carbonate ent-
3aa and sulfone 4 a in a ratio of 27:73. Chromatography (hexane/EtOAc
10:1) afforded sulfone 4 a (1.28 g, 68%) of 96% ee [GC, Lipodex E, tR
(4a)� 32.70 min, tR (ent-4a)� 33.73 min] as a colorless solid and carbonate
ent-3aa (270 mg, 19%) of�99% ee [GC, Lipodex E, tR (3aa)� 5.95 min, tR
(ent-3aa)� 6.42 min] as a colorless oil. Carbonate ent-3 aa : [�]20D ��64.3�
(c� 0.90, CH2Cl2); 1H NMR (300 MHz, CDCl3): �� 1.35 (d, J� 6.7 Hz,
3H), 1.69 (ddd, J� 6.4, 1.7, 0.7 Hz, 3H), 3.76 (s, 3H), 5.15 (quin, J� 6.4 Hz,
1H), 5.50 (ddq, J� 15.1, 6.4, 1.7 Hz, 1H), 5.77 (dqd, J� 15.4, 6.4, 1.0 Hz,
1H); 13C NMR (75 MHz, CDCl3): �� 17.7 (d), 20.4 (d), 54.5 (d), 75.5 (d),
129.1 (d), 130.3 (d), 155.2 (u); IR (neat): �� � 2983 (m), 2958 (m), 2922 (w),
2857 (w), 1747 (s), 1678 (w), 1585 (w), 1444 (s), 1380 (m), 1330 (m), 1270 (s),
1172 (w), 1142 (w), 1125 (w), 1087 (w), 1038 (s), 1009 (w), 966 (m), 940 (m),
897 (m), 864 (m), 793 cm�1 (m); MS (EI): m/z (%): 144 (8) [M�], 112 (10),
85 (28), 69 (100), 68 (24), 67 (32), 59 (17), 55 (16), 53 (13); elemental
analysis calcd (%) for C7H12O3: C 58.32, H 8.39; found: C 58.51, H 8.51.


Sulfone 4a : [�]20D ��11.2 (c� 2.81, CH2Cl2). Following GP1, BPA (66 mg,
0.09 mmol), [Pd2(dba)3] ¥CHCl3 (33 mg, 0.03 mmol) and rac-3aa (303 mg,
2.1 mmol) in CH2Cl2 (3 mL) were treated with LiO2StBu (517 mg, 4 mmol)
and THAB (45 mg, 0.1 mmol) in CH2Cl2 (3 mL) and degassed water
(3 mL). Terminated of the reaction after stirring the mixture at room
temperature for 5 min gave a mixture of carbonate ent-3aa and sulfone 4a
in a ratio of 76:24. Chromatography (hexane/EtOAc 10:1) afforded sulfone
4a (85 mg, 21%) of 98% ee (GC, Lipodex E) as a colorless solid and
carbonate ent-3aa (161 mg, 53%) of 33% ee (GC, Lipodex E) as a colorless
oil.


General procedure for the kinetic resolution of allylic carbonates with
thiols (GP2): The precatalyst and the ligand were placed in a Schlenk flask
containing a stirring bar and the flask was evacuated and refilled with
argon. Then precatalyst and ligand were dissolved under stirring by
addition of CH2Cl2. Stirring was continued until the color of the solution
had changed from dark violet to bright red-orange (approximately 15 min).
Then the substrate was added. Stirring of the mixture was continued until
the color of the solution had changed from red-orange to yellow
(approximately 15 min). The thiol (and tetradecane as internal standard
in the case to determine the conversion) were placed in a second Schlenk
flask and the flask was evacuated and refilled with argon. Then the thiol
was suspended by the addition of CH2Cl2. The mixture containing the
catalyst and the substrate were added under argon and stirring with a
cannula to the suspension of the thiol. The reaction mixture was stirred at
room temperature for the time given and the reaction progress was
monitored by TLC or GC. For work-up the mixture was filtered through
Celite and washed with CH2Cl2 and concentrated in vacuo. Chromatog-
raphy gave the sulfide and the carbonate.


Kinetic resolution of carbonate rac-3aa with 2-pyrimidinethiol : 2-((R,E)-1-
methyl-but-2-enylsulfanyl)-pyrimidine (6 aa) and (S)-carbonic acid methyl
1-methyl-but-2-enyl ester (ent-1 a): Following GP2, a mixture of carbonate
rac-3aa (1.44 g, 10 mmol), [Pd2(dba)3] ¥CHCl3 (259 mg, 0.25 mmol) and
BPA (380 mg, 0.55 mmol) in CH2Cl2 (20 mL) was treated with 2-pyrimi-
dinethiol (1.12 g, 10 mmol) in CH2Cl2 (20 mL). After 20 h conversion of
carbonate rac-3aa was approximately 50% and the reaction was termi-
nated. Purification by flash chromatography (pentane/diethyl ether 20:1�
3:1) gave sulfide 6aa (649 mg, 36%) of 93% ee [GC, Lipodex �, tR (6 aa)�
36.02 min, tR (ent-6aa)� 36.08 min] and carbonate ent-3aa (519 mg, 36%)
of �99% ee (GC, Lipodex E).


Sulfide 6 aa : [�]20D ��188.1 (c� 1.06, CHCl3); 1H NMR (400 MHz, CDCl3):
�� 1.51 (d, J� 7.0 Hz, 3H), 1.69 (dm, J� 5.7 Hz, 3H), 4.47 (quin, J�
6.7 Hz, 1H), 5.64 (ddq, J� 15.4, 7.0, 1.3 Hz, 1H), 5.74 (dqd, J� 15.1, 5.7,
1.0 Hz, 1H), 6.94 (t, J� 4.7 Hz, 1H), 8.52 (d, J� 4.7 Hz, 2H); 13C NMR
(100 MHz, CDCl3): �� 17.8 (d), 20.4 (d), 41.7 (d), 116.3 (d), 126.4 (d), 131.7
(d), 157.2 (d), 172.5 (u); IR (neat): �� � 3027 (w), 2965 (w), 2924 (w), 1565
(s), 1547 (s), 1450 (m), 1426 (w), 1382 (s), 1188 (s), 1017 (w), 965 (w), 798
(w), 774 (m), 749 (m), 630 cm�1 (w); GC-MS (EI): m/z (%): 180 (10) [M�],
151 (99), 147 (57), 113 (20), 112 (39), 84 (18), 79 (14), 69 (100), 68 (24), 67


(30), 59 (10), 57 (15), 53 (28), 52 (16); elemental analysis calcd (%) for
C9H12N2S: C 59.97, H 6.71, N 15.54; found: C 59.76, H 6.95, N 15.22.


Carbonate ent-3 aa : [�]20D ��64.4� (c� 1.04, CHCl3).


Kinetic resolution of carbonate rac-3ba with 2-pyrimidinethiol : 2-((R,E)-1-
ethyl-pent-2-enylsulfanyl)-pyrimidine (6 ba) and (S)-carbonic acid 1-ethyl-
pent-2-enyl methyl ester (ent-3ba): Following GP2, a mixture of carbonate
rac-3ba (1.76 g, 10.3 mmol), [Pd2(dba)3] ¥CHCl3 (517 mg, 0.5 mmol) and
BPA (760 mg, 1.1 mmol) in CH2Cl2 (20 mL) was treated with 2-pyrimidi-
nethiol (1.12 g, 10 mmol) in CH2Cl2 (20 mL) in CH2Cl2 (20 mL). After 2 d
conversion of carbonate rac-3ba was approximately 50%. Purification by
flash chromatography (pentane/diethyl ether 7:1� 3:1) gave sulfide 6ba
(962 mg, 44%) of 92% ee [HPLC, Chiralcel OD-H column, hexane/iPrOH
95:5, tR (6 ba)� 10.13 min, tR (ent-6 ba)� 8.99 min] and carbonate ent-3ba
(492 mg, 28%) of �99% ee [GC, Hydrodex-�-6-TBDM, tR (ent-3 ba)�
26.49 min].


Sulfide 6ba : [�]20D ��209.4 (c� 2.11, CHCl3).1H NMR (400 MHz, CDCl3):
�� 0.95 (t, J� 7.4 Hz, 3H), 1.02 (t, J� 7.4, 3H), 1.80 ± 1.94 (m, 2H), 1.97 ±
2.08 (m, 2H), 4.31 (td, J� 8.2, 6.0 Hz, 1H), 5.46 (ddt, J� 15.1, 8.5, 1.7 Hz,
1H), 5.77 (dtd, J� 15.4, 6.4, 0.7 Hz, 1H), 6.93 (t, J� 4.8 Hz, 2H), 8.49 (d,
J� 5.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 11.7 (d), 13.6 (d), 25.4
(u), 27.8 (u), 48.7 (d), 116.3 (d), 128.2 (d), 134.5 (d), 157.1 (d), 172.5 (u); IR
(neat): �� � 2964 (m), 2932 (m), 2873 (w), 1565 (s), 1547 (s), 1460 (m), 1426
(w), 1382 (s), 1187 (s), 965 (w), 798 (w), 774 (m), 750 (m), 631 cm�1 (w); MS
(EI): m/z (%): 208 (7) [M�], 175 (19), 165 (35), 113 (30), 97 (11), 96 (19), 81
(22), 67 (11), 55 (100), 53 (14); elemental analysis calcd (%) for C11H16N2S:
C 63.42, H 7.74, N 13.45; found: C 63.38, H 7.70,N 13.29.


Carbonate ent-3ba : [�]20D ��60.2� (c� 1.31, CHCl3); 1H NMR (300 MHz,
CDCl3): �� 0.91 (t, J� 7.4 Hz, 3H), 0.99 (t, J� 7.6 Hz, 3H), 1.55 ± 1.80 (m,
2H), 2.06 (quinm, J� 7.5 Hz, 2H), 3.76 (s, 3H), 4.95 (q, J� 7.0 Hz, 1H),
5.40 (ddt, J� 15.4, 7.9, 1.7 Hz, 1H), 5.81 (dtd, J� 15.4, 6.4, 0.7 Hz, 1H);
13C NMR (75 MHz, CDCl3): �� 9.5 (d), 13.2 (d), 25.2 (u), 27.6 (u), 54.5 (d),
80.7 (d), 126.5 (d), 136.9 (d), 155.4 (u); IR (neat): �� � 2967 (m), 2937 (m),
2879 (w), 2854 (w), 1749 (s), 1443 (s), 1383 (w), 1348 (m), 1265 (s), 1076 (w),
969 (m), 948 (s), 923 (m), 793 cm�1 (m); GC-MS (EI): m/z (%): 172 (3)
[M�], 143 (10), 99 (26), 97 (36), 96 (25), 81 (83), 79 (12), 71 (25), 69 (24), 68
(17), 67 (95), 59 (38), 57 (18), 55 (100), 54 (15), 53 (18), 45 (10); elemental
analysis calcd (%) for C9H16O3: C 62.77, H 9.36; found: C 62.56, H 9.65.


Determination of the conversion in the kinetic resolution of carbonate rac-
1a in the reaction with 2-pyrimidinethiol by the method of internal
standard : 2-((S)-cyclohex-2-enylsulfanyl)-pyrimidine (5 aa) and (R)-car-
bonic acid cyclohex-2-enyl methyl ester (ent-1a): Following GP2, a mixture
of carbonate rac-1a (1.52 g, 9.7 mmol), [Pd2(dba)3] ¥CHCl3 (259 mg,
0.25 mmol) and BPA (380 mg, 0.55 mmol) containing tetradecane
(252 mg, 1.27 mmol) in CH2Cl2 (20 mL) was treated with 2-pyrimidinethiol
(1.12 g, 10 mmol) in CH2Cl2 (20 mL). Samples (0.1 mL) were taken with a
syringe after 10, 15, 20, 25, 30, 35, 40, 45, 50 and 55 min and filtered under
exposure to air through Celite. The Celite was washed with CH2Cl2 (2 mL)
and the filtrate was analyzed by GC. After 60 min conversion of carbonate
rac-1a was 50%. Purification by flash chromatography (pentane/diethyl
ether 7:1� 3:1) gave sulfide 5aa (860 mg, 46%) of 84% ee [GC, CP-�I-CB,
tR (5aa)� 58.88, tR (ent-5aa)� 58.72 min] as a colorless oil and the
carbonate ent-1a (614 mg, 41%) of �99% ee (GC, Lipodex E) as a
colorless oil.


Sulfide 5 aa : [�]20D ��124.8 (c� 1.14, CHCl3); 1H NMR (300 MHz, CDCl3):
�� 1.63 ± 1.76 (m, 1H), 1.79 ± 1.99 (m, 2H), 2.03 ± 2.16 (m, 3H), 4.53 ± 4.56
(m, 1H), 5.78 ± 5.92 (m, 2H), 6.96 (t, J� 5.0 Hz, 1H), 8.51 (d, J� 5.0 Hz,
2H); 13C NMR (75 MHz, CDCl3): �� 19.8 (u), 24.9 (u), 29.1 (u), 40.8 (d),
116.4 (d), 126.3 (d), 131.0 (d), 157.2 (d), 172.5 (u); IR (neat): �� � 2932 (m),
2858 (w), 2834 (w), 1564 (s), 1547 (s), 1444 (m), 1428 (m), 1381 (s), 1255 (w),
1189 (s), 871 (w), 799 (w), 774 (m), 748 (m), 724 (w), 628 cm�1 (m); MS (EI):
m/z (%): 192 (39) [M�], 159 (87), 131 (16), 113 (96), 84 (13), 81 (63), 80
(66), 79 (100), 77 (26), 53 (28), 52 (12); elemental analysis calcd (%) for
C10H12N2S: C 62.47, H 6.29, N 14.57; found: C 62.18, H 6.39, N 14.60.


Carbonate ent-1 a : [�]20D ��166.7 (c� 1.10, CHCl3).


Kinetic resolution of carbonate rac-1b with 2-pyrimidinethiol : 2-((S)-
cyclohept-2-enylsulfanyl)-pyrimidine (5 b) and (R)-carbonic acid cyclo-
hept-2-enyl methyl ester (ent-1b): Following GP2, a mixture of carbonate
rac-1b (828 mg, 4.9 mmol), [Pd2(dba)3] ¥CHCl3 (259 mg, 0.25 mmol) and
BPA (380 mg, 1.1 mmol) in CH2Cl2 (10 mL) was treated with 2-pyrimidi-
nethiol (560 mg, 5 mmol) in CH2Cl2 (10 mL). After 3.5 h conversion of
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carbonate rac-1 b was approximately 50%. Purification by flash chroma-
tography (pentane/diethyl ether 7:1) gave sulfide 5b (380 mg, 38%) of
84% ee [GC, CP-�I-CB, tR (5b)� 47.92, tR (ent-5 b)� 47.67 min] as a
colorless oil and carbonate ent-1b (324 mg, 39%) of 97% ee (GC, Lipodex
E) as a colorless oil. Sulfide 5b : [�]20D ��157.5 (c� 1.42, CHCl3); 1H NMR
(400 MHz, CDCl3): �� 1.50 ± 2.27 (m, 8H), 4.67 ± 4.71 (m, 1H), 5.82 ± 5.93
(m, 2H), 6.94 (t, J� 4.7 Hz, 1H), 8.51 (d, J� 4.7 Hz, 2H); 13C NMR
(100 MHz, CDCl3): �� 27.2 (u), 27.2 (u), 28.4 (u), 32.3 (u), 44.9 (d), 116.3
(d), 131.7 (d), 134.0 (d), 157.2 (d), 172.5 (u); GC-MS (EI): m/z (%): 206 (19)
[M�], 174 (11), 173 (77), 163 (17), 145 (15), 137 (16), 114 (11), 113 (100), 112
(35), 95 (57), 94 (79), 91 (17), 84 (20), 80 (14), 79 (83), 77 (29), 67 (88), 65
(21), 57 (20), 55 (34), 53 (36), 52 (30); elemental analysis calcd (%) for
C11H14N2S: C 64.04, H 6.84, N 13.58; found: C 64.14, H 6.75, N 13.83.


Carbonate ent-1 b : [�]20D ��34.1� (c� 0.99, CHCl3).


Determination of the conversion of carbonate 1a in the reaction with
2-pyrimidinethiol by the method of internal standard : 2-((S)-cyclohex-2-
enylsulfanyl)-pyrimidine (5 aa) and (S)-carbonic acid cyclohex-2-enyl
methyl ester (1 a): Following GP2, a mixture of carbonate 1 a (156 mg,
1 mmol) of �99% ee, [Pd2(dba)3] ¥CHCl3 (25.9 mg, 0.025 mmol) and BPA
(38.0 mg, 0.055 mmol) in CH2Cl2 (2 mL) containing tertradecane (65 mg,
0.33 mmol) was treated with 2-pyrimidinethiol (112 mg, 1 mmol) in CH2Cl2
(2 mL) and samples were taken with a syringe after 20, 30, 40, 50, 60, 70, 80,
90, 100 and 110 min and filtered under exposure to air through Celite. The
Celite was washed with CH2Cl2 (2 mL) and the filtrate was analyzed by GC.


Determination of the conversion of carbonate ent-1a in the reaction with
2-pyrimidinethiol by the method of internal standard : 2-((S)-cyclohex-2-
enylsulfanyl)-pyrimidine (5 aa) and (R)-carbonic acid cyclohex-2-enyl
methyl ester (ent-1a): Following GP2, a mixture of carbonate 1 a
(156 mg, 1 mmol) �99% ee, [Pd2(dba)3] ¥CHCl3 (25.9 mg, 0.025 mmol)
and BPA (38.0 mg, 0.055 mmol) in CH2Cl2 (2 mL) containing tetradecane
(65 mg, 0.33 mmol) was treated with 2-pyrimidinethiol (112 mg, 1 mmol) in
CH2Cl2 (2 mL) and samples were taken with a syringe after 20, 30, 40, 50,
60, 70, 80, 90, 100 and 110 min and filtered under exposure to air through
Celite. The Celite was washed with CH2Cl2 (2 mL) and the filtrate was
analyzed by GC.


(S)-3-(2-Methyl-propan-2-sulfonyl)-cyclopentene (2 d): Following GP1, a
mixture of carbonate rac-1 da (130 mg, 0.93 mmol), [Pd2(dba)3] ¥CHCl3
(15 mg, 0.014 mmol) and BPA (31 mg, 0.045 mmol) in CH2Cl2 (2 mL)
was treated under stirring at 0 �C with a suspension of LiO2StBu (256 mg,
2 mmol) und THAB (24 mg, 0.055 mmol) in CH2Cl2 (3 mL). Then degassed
water (3 mL) was added and the mixture was stirred at room temperature
for 24 h. Chromatography (hexane/EtOAc 5:1) gave sulfone 2d (133 mg,
76%) of 89% ee [GC, Lipodex E, tR (2d)� 33.63 min, tR (ent-2d)�
33.78 min; {1H NMR, CDCl3, 30 mol% [Eu(hfc)3]}: � (tBu) (ent-2d)�
2.50, � (tBu) (2 d)� 2.47] as a colorless solid. M.p. 58 �C; [�]20D ��192.6
(c� 1.02, CH2Cl2).


(S)-3-(2-Methyl-propan-2-sulfonyl)-cyclohexene (2 aa): Following GP1, a
mixture of carbonate rac-1a (781 mg, 5.0 mmol), [Pd2(dba)3] ¥CHCl3
(77 mg, 0.075 mmol) and BPA (155 mg, 0.22 mmol) in CH2Cl2 (30 mL)
was treated under stirring at 0 �C with a suspension of LiO2StBu (1.28 g,
10 mmol) und THAB (109 mg, 0.25 mmol) in CH2Cl2 (30 mL). Then
degassed water (10 mL) was added and the mixture was successively stirred
at 0 �C for 1 h and at room temperature for 18 h. Chromatography (hexane/
EtOAc 7:1, 1% NEt3) afforded sulfone 2aa (960 mg, 95%) of 94% ee
(400 MHz 1H NMR, CDCl3, 30 mol% [Eu(hfc)3]) as a colorless solid.


(S)-3-(2-Methyl-propan-2-sulfonyl)-cycloheptene (2 b): Following GP1, a
mixture of carbonate rac-1b (172 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3
(15 mg, 0.015 mmol) and BPA (31.3 mg, 0.045 mmol) in CH2Cl2 (3 mL)
was treated under stirring at 0 �C with a suspension of LiO2StBu (256 mg,
2 mmol) und THAB (25 mg, 0.057 mmol) in CH2Cl2 (3 mL). Then degassed
water (3 mL) was added and the mixture was successively stirred at 0 �C for
2 h and at room temperature for 4 h under ultrasonication. Chromatog-
raphy (hexane/EtOAc 7:1, 1%NEt3) afforded sulfone 2b (192 mg, 89%) of
93% ee (GC, Lipodex E) as a colorless solid.


(R,E)-4-(2-Methyl-propan-2-sulfonyl)-2-pentene (4 a)


From carbonate rac-3aa in the presence of BPA : Following GP1, a mixture
of carbonate rac-3aa (144 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3 (15.5 mg,
0.015 mmol) and BPA (31.4 mg, 0.045 mmol) in CH2Cl2 (5 mL) was treated
with a solution of THAB (70.0 mg, 0.16 mmol) and LiO2StBu (260 mg,
2.0 mmol) in water (10 mL) and the resulting mixture was stirred at room


temperature for 4 h. Chromatography (hexane/EtOAc 3:1) afforded
sulfone 4 a (186 mg, 98%) of 98% ee (GC, Lipodex E) as a colorless oil.


From acetate rac-3ab in the presence of BPA : Following GP1, a mixture of
acetate rac-3ab (130 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3 (15.5 mg,
0.015 mmol) and BPA (31.4 mg, 0.045 mmol) CH2Cl2 (5 mL) was treated
with a solution of THAB (70.0 mg, 0.16 mmol) and LiO2StBu (260 mg,
2.0 mmol) in water (10 mL) and the mixture was stirred at room temper-
ature for 94 h. Chromatography (hexane/EtOAc 3:1) afforded sulfone 4a
(98 mg, 51%) of 98% ee (GC, Lipodex E) as a colorless oil: [�]20D ��11.2
(c� 1.00, EtOH).


From acetate rac-3ab in the presence of POX : Following GP1, a mixture of
acetate rac-3 ab (2.00 g, 15.6 mmol), [Pd2(dba)3] ¥CHCl3 (403 mg,
0.39 mmol) and POX (640 mg, 1.72 mmol) in THF (50 mL) was treated
with a suspension of NaO2StBu (4.50 g, 31.2 mmol) in THF (60 mL) and the
mixture was stirred at room temperature for 48 h. Chromatography
(hexane/EtOAc 4:1) gave sulfone ent-4a (1.62 g, 55%) of 58% ee (GC,
Lipodex E) as a colorless oil: [�]20D � 4.3 (c� 1.30, EtOH).


(R,E)-5-(2-Methyl-propan-2-sulfonyl)-3-heptene (4 b)


From carbonate rac-3 ba in the presence of BPA : Following GP1, a mixture
of carbonate rac-3ba (172 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3 (15.5 mg,
0.015 mmol) and BPA (31.4 mg, 0.045 mmol) CH2Cl2 (10 mL) was treated
with a solution of LiO2StBu (256 mg, 2.0 mmol) and THAB (70 mg,
0.16 mmol) in water (5 mL) and the mixture was stirred at room temper-
ature for 2 h. Chromatography (silica gel, hexane/EtOAc 3:1) afforded
sulfone 4b (214 mg, 97%) of 97% ee [GC, Lipodex E, tR (ent-4 b)�
31.60 min, tR (4b)� 31.86 min] as a colorless oil: [�]20D ��31.4 (c� 1.00,
EtOH); 1H NMR (300 MHz, CDCl3): �� 0.94 (t, J� 7.4 Hz, 3H), 1.03 (t,
J� 7.4 Hz, 3H), 1.42 (s, 9H), 1.68 (m, 1H), 2.14 (m, 2H), 2.22 (m, 1H), 3.55
(dt, J� 3.3, 10.1 Hz, 1H), 5.45 (ddt, J� 9.9, 15.6, 1.6 Hz, 1H), 5.75 (dt, J�
15.6, 6.3 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 11.35 (d), 13.58 (d),
20.97 (u), 25.10 (d), 26.13 (u), 62.20 (u), 65.34 (d), 124.46 (d), 139.48 (d); MS
(EI, 70 eV) m/z : 219 (1) [M�], 162 (5), 125 (5), 124 (5), 123 (100), 69 (6), 57
(5); IR (capillary): �� � 2980 (s), 2940 (s), 1460 (m), 1280 (s), 1115 (s), 1015
(m), 975 (m), 800 (w), 720 (m), 660 cm�1 (m); elemental analysis calcd (%)
for C11H22O2S: C 60.51, H 10.16; found: C 60.62, H 10.48.


From carbonate rac-3ba in the presence of BPA and [Pd(C3H5)Cl]2 :
Following GP1, a mixture of carbonate rac-3 ba (172 mg, 1.0 mmol),
[Pd(C3H5)Cl]2 (6.8 mg, 0.03 mmol) and BPA (31.4 mg, 0.045 mmol) in
CH2Cl2 (10 mL) was treated with a solution of LiO2StBu (256 mg,
2.0 mmol) and THAB (70 mg, 0.16 mmol) in water (5 mL) and the mixture
was stirred at room temperature for 6 h. Chromatography (hexane/EtOAc
3:1) furnished sulfone 4 b (210 mg, 96%) of 96% ee (GC, Lipodex E) as a
colorless oil: [�]20D ��31.2 (c� 1.32, EtOH).


From acetate rac-3bb in the presence of BPA : Following GP1, a mixture of
acetate rac-3 bb (157 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3 (15.5 mg,
0.015 mmol) and BPA (31.4 mg, 0.045 mmol) in CH2Cl2 (10 mL) was
treated with a solution of LiO2StBu (256 mg, 2.0 mmol) and THAB (70 mg,
0.16 mmol) in water (5 mL) and the mixture was stirred at room temper-
ature for 48 h. Chromatography (hexane/EtOAc 3:1) afforded sulfone 4b
(95 mg, 43%) of 96% ee (GC, Lipodex E) as a colorless oil: [�]20D ��31.4
(c� 1.00, EtOH).


Sulfone ent-4b from acetate rac-3bb in the presence of POX : Following
GP1, a mixture of acetate rac-3 bb (156 mg, 1.0 mmol), [Pd2(dba)3] ¥CHCl3
(15.5 mg 0.015 mmol) and POX (22.0 mg, 0.06 mmol) in THF (10 mL) was
treated with a suspension of LiSO2tBu (250 mg, 2.0 mmol) in THF (10 mL)
and the mixture was stirred at room temperature for 70 h. Chromatography
(hexane/EtOAc 3:1) gave sulfone ent-4 b (130 mg, 60%) of 61% ee (GC,
Lipodex E) as a colorless oil: [�]20D � 14.6 (c� 1.15, THF).


(S,E)-2,6-Dimethyl-5-(2-methyl-propan-2-sulfonyl)-3-heptene (4 c): Fol-
lowing GP1, a mixture of chloride rac-3 cb (364 mg, 2.27 mmol),
[Pd(C3H5)Cl]2 (15.0 mg, 0.034 mmol) and BPA (94.0 mg, 0.136 mmol) in
CH2Cl2 (20 mL) was treated with a solution of LiSO2tBu (600 mg,
4.56 mmol) and THAB (160 mg, 0.36 mmol) in water (15 mL) and the
mixture was stirred at room temperature for 120 h. Chromatography
(hexane/EtOAc 3:1) gave sulfone 4c (330 mg, 58%) of 84% ee [GC,
Lipodex E, tR (ent-4 c)� 76.13 min, tR (4 c)� 76.30 min] as a colorless oil:
[�]20D ��6.35 (c� 1.15, THF); 1H NMR (400 MHz, CDCl3): �� 0.93 (d,
J� 7.1 Hz, 3H), 1.03 (d, J� 6.9 Hz, 3H), 1.04 (d, J� 6.6 Hz, 6H), 1.4 (s,
9H), 2.41 (m, 1H), 2.71 (dh, J� 6.9, 2.8 Hz, 1H), 3.55 (m, 1H), 5.59 (m,
2H); 13C NMR (100 MHz, CDCl3): �� 17.73 (d), 21.62 (d), 22.00 (d), 22.39
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(d), 24.71 (d), 27.49 (d), 31.65 (d), 62.36 (u), 66.42 (d), 119.31 (d), 145.26 (d);
IR (capillary): �� � 2970 (s), 2930 (s), 1460 (s), 1280 (s), 1190 (m), 1120 (s),
980 (m), 800 (m), 695 (m), 635 (m), 560 (m), 490 cm�1 (w); MS (EI, 70 eV)
m/z : 247 (2) [M�], 126 (18), 125 (100), 124 (29), 109 (10), 95 (8), 83 (17), 69
(11); elemental analysis calcd (%) for C13H26O2S: C 63.37, H 10.64; found:
C 63.10, H 10.91.


General procedure for the asymmetric synthesis of sulfides by Pd-catalyzed
allylic substitution of carbonates with thiols (GP3): The precatalyst and the
ligand were placed in a Schlenk flask containing a stirring bar and the flask
was evacuated and refilled with argon. Then precatalyst and ligand were
dissolved under stirring by addition of CH2Cl2. The thiol was placed in a
second Schlenk flask and the flask was evacuated and refilled with argon,
then the carbonate was added. The thiol and carbonate were dissolved or
suspended by the addition of CH2Cl2. Both solutions were degassed by
three freeze-thaw cycles. Stirring was continued until the color of the
solution had changed from dark violet to bright red-orange (approximately
15 min). The solution containing the catalyst and ligand was added under
argon with a cannula to the solution or suspension of the thiol and the
carbonate. This solution was stirred at the desired temperature. For work-
up the reaction mixture was concentrated in vacuo and the sulfide was
isolated by chromatography.


2-((S)-Cyclohex-2-enylsulfanyl)-pyrimidine (5 aa): Following GP3, a mix-
ture of carbonate rac-1 a (187 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3 (51.8 mg,
0.05 mmol) and BPA (75.9 mg, 0.11 mmol) in CH2Cl2 (2.5 mL) was treated
with 2-pyridinethiol (111 mg, 1 mmol) in CH2Cl2 (2.5 mL). After 24 h the
reaction was stopped. Purification by flash chromatography (hexane/
EtOAc 10:1) gave sulfide 5 aa (121 mg, 63%) of 84% ee (GC, CP-�I-CB).


2-((S)-Cyclohex-2-enylsulfanyl)-pyrimidine (5 ab): Following GP3, a mix-
ture of carbonate rac-1 a (182 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3 (51.8 mg,
0.05 mmol) and BPA (75.9 mg, 0.11 mmol) in CH2Cl2 (2.5 mL) was treated
with 2-pyridinethiol (111 mg, 1 mmol) in CH2Cl2 (2.5 mL). After 27 h the
reaction was stopped. Purification by flash chromatography (hexane/
EtOAc 40:1) gave sulfide 5ab (122 mg, 64%) of 55% ee [GC, CP-�I-CB, tR
(5ab)� 26.05 min, tR (ent-5ab)� 25.95 min]: [�]20D ��60.9 (c� 1.82,
CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.62 ± 1.74 (m, 1H), 1.78 ± 1.95
(m, 2H), 2.02 ± 2.14 (m, 3H), 4.56 ± 4.62 (m, 1H), 5.77 ± 5.90 (m, 2H), 6.96
(ddd, J� 7.4, 5.0, 1.0 Hz, 1H), 7.15 (dm, J� 8.0 Hz, 1H), 7.45 (td, J� 7.7,
2.0 Hz, 1H), 8.43 (dm, J� 5.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): ��
19.8 (u), 24.9 (u), 29.3 (u), 39.9 (d), 119.4 (d), 122.4 (d), 126.9 (d), 130.5 (d),
135.9 (d), 149.4 (d), 159.2 (u); MS (EI): m/z (%): 191 (28) [M�], 159 (10),
158 (91), 130 (14), 112 (100), 111 (27), 81 (40), 80 (37), 79 (65), 78 (31), 77
(20), 67 (27), 53 (15), 51 (16); IR (neat): �� � 3026 (m), 2993 (w), 2932 (s),
2858 (m), 2833 (m), 1579 (s), 1555 (s), 1453 (s), 1430 (m), 1414 (s), 1280 (w),
1255 (w), 1205 (w), 1146 (m), 1123 (s), 1041 (m), 997 (w), 986 (m), 871 (m),
756 (s), 724 (s), 638 (w), 619 cm�1 (w). ; elemental analysis calcd (%) for
C11H13NS: C 69.07, H 6.85, N 7.32; found: C 68.83, H 6.75, N 7.60.


2-((S)-Cyclohept-2-enylsulfanyl)-pyrimidine (5 b): Following GP3, a mix-
ture of carbonate rac-1 b (170 mg, 1 mmol), [Pd2(dba)3] ¥CHCl3 (51.8 mg,
0.05 mmol) and BPA (75.9 mg, 0.11 mmol) in CH2Cl2 (2 mL) was treated
with 2-pyrimidinethiol (112 mg, 1 mmol) in CH2Cl2 (2 mL). After 24 h the
reaction was stopped. Purification by flash chromatography (pentane/
diethyl ethyl 7:1) gave sulfide 5b (125 mg, 61%) of 84% ee (HPLC,
Chiralcel OD-H column, hexane/iPrOH 98:2).


2-((S)-Cyclopent-2-enylsulfanyl))-pyrimidine (5 c)


From rac-1da : Following GP3, a mixture of carbonate rac-1da (146 mg,
1.03 mmol), [Pd2(dba)3] ¥CHCl3 (25.8 mg, 0.025 mmol, 2.5 mol%) and
BPA (37.9 mg, 0.055 mmol) in CH2Cl2 (2 mL) was treated with 2-pyrimi-
dinethiol (112 mg, 1 mmol) in CH2Cl2 (2 mL). After 35 min the reaction
was complete. Purification by flash chromatography (hexane/EtOAc 7:1)
gave sulfide 5 c (146 mg, 80%) of 34% ee [GC, Hydrodex-�-6-TBDM, tR
(ent-5c)� 59.99 min, tR (5c)� 60.26 min]: [�]20D ��42.1 (c� 1.41, CHCl3).
1H NMR (500 MHz, CDCl3): �� 1.91 ± 1.98 (m, 1H), 2.30 ± 2.53 (m, 3H),
4.78 (m, 1H), 5.81 (m, 1H), 5.89 (m, 1H), 6.88 (t, J� 4.9 Hz, 1H), 8.44 (d,
J� 4.6 Hz, 2H); 13C NMR (125 MHz, CDCl3): �� 31.58 (u), 31.77 (u),
50.37 (d), 116.53 (d), 130.74 (d), 134.63 (d), 157.39 (d), 173.41 (u); IR
(capillary): �� � 3056 (w), 2933 (m), 2849 (m), 1564 (s), 1546 (s), 1454 (w),
1427 (w), 1381 (s), 1347 (w), 1293 (w), 1254 (w), 1190 (s), 1018 (m), 980 (w),
910 (w), 799 (m), 773 (s), 747 (s), 630 (w), 475 cm�1 (w); MS (CI): m/z (%):
178 (46) [M�], 145 (65), 113 (91), 112 (59), 69 (10), 67 (100), 66 (47), 65 (26),


53 (13), 52 (10); elemental analysis calcd (%) for C9H10N2S: C 60.64, H 5.65,
N 15.71; found: C 60.34, H 5.80, N 15.99.


From rac-1db : Following GP3, a mixture of ester rac-1 db (243 mg,
1.02 mmol), [Pd2(dba)3] ¥CHCl3 (25.8 mg, 0.025 mmol, 2.5 mol%) and
BPA (37.9 mg, 0.055 mmol, 5.5 mol%) in CH2Cl2 (2 mL) was treated with
2-pyrimidinethiol (112 mg, 1 mmol) in CH2Cl2 (2 mL). After 30 min the
reaction was complete. Purification by flash chromatography (hexane/
EtOAc 7:1) gave sulfide 5c (174 mg, 96%) of 36% ee (GC, Hydrodex-�-6-
TBDM): [�]20D ��43.2 (c� 1.13, CHCl3).


2-((R,E)-1-Methyl-but-2-enylsulfanyl)-pyrimidine (6 aa): Following GP3, a
mixture of carbonate rac-3 aa (173 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3
(51.8 mg, 0.05 mmol) and BPA (69.1 mg, 0.10 mmol) in CH2Cl2 (2.5 mL)
was treated with 2-pyridinethiol (112 mg, 1 mmol) in CH2Cl2 (2.5 mL).
After 2 d the reaction was stopped. Purification by flash chromatography
(hexane/EtOAc 10:1) gave sulfide 6aa (129 mg, 72%) of 89% ee [GC,
Lipodex �, tR (6aa)� 36.02 min, tR (ent-6 aa)� 36.08 min] and aE/Z ratio of
29:1 (GC) as a colorless oil: [�]20D ��155.2 (c� 2.02, CHCl3).


2-((R,E)-1-Ethyl-pent-2-enylsulfanyl)-pyrimidine (6 ba): Following GP3, a
mixture of carbonate rac-3ba (207 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3
(51.8 mg, 0.05 mmol) and BPA (75.9 mg, 0.11 mmol) in CH2Cl2 (2.5 mL)
was treated with 2-pyrimidinethiol (112 mg, 1 mmol) in CH2Cl2 (2.5 mL).
After 3 d the reaction was stopped. Purification by flash chromatography
(hexane/EtOAc 10:1) gave sulfide 6 ba (134 mg, 64%) of 91% ee [HPLC,
Chiralcel OD-H-column, hexane/iPrOH 95:5, tR (6 ba)� 10.13 min, tR (ent-
6ba)� 8.99 min]: [�]20D ��210.9 (c� 0.97, CHCl3).


2-((RS,Z)-1-Ethyl-pent-2-enylsulfanyl)-pyrimidine (rac-6ab): Following
GP3, a mixture of carbonate rac-3ba (310 mg, 1.8 mmol), [Pd2(dba)3] ¥
CHCl3 (31.1 mg, 0.03 mmol) and dppp (49.5 mg, 0.12 mmol) in CH2Cl2
(2.5 mL) was treated with 2-pyrimidinethiol (168 mg, 1.5 mmol) in CH2Cl2
(2.5 mL) and the mixture was heated at reflux for 3 d. Purification by
chromatography (hexane/EtOAc 10:1) gave a mixture of rac-6 ab and its Z
isomer (173 mg, 55%) in a ratio of 9:1. HPLC (Merck, LiChrosorb, Si 60,
5 �m, hexane/EtOAc 9:1) afforded rac-6ab (100 mg) and its Z isomer
(17 mg) as colorless oils.Z isomer: 1H NMR (CDCl3, 300 MHz): �� 0.99 (t,
J� 7.6 Hz, 3H), 1.01 (t, J� 7.4 Hz, 3H), 1.60 ± 1.75 (m, 1H), 1.84 ± 1.99 (m,
1H), 2.16 ± 2.32 (m, 2H), 4.58 ± 4.66 (m, 1H), 5.33 (ddt, J� 10.6, 10.6,
1.7 Hz, 1H), 5.77 (dtd, J� 10.7, 7.0, 0.7 Hz, 1H), 6.95 (t, J� 4.8 Hz, 2H),
8.49 (d, J� 5.0 Hz, 1H); 13C NMR (CDCl3, 75 MHz): �� 11.74 (d), 14.15
(d), 21.23 (u), 28.47 (u), 44.15 (d), 116.28 (d), 128.50 (d), 134.49 (d), 157.06
(d), 172.51 (u); MS (EI): m/z : 208 (10) [M�], 175 (22), 165 (42), 113 (42),
112 (10), 97 (11), 96 (24), 81 (32), 79 (13), 67 (13), 55 (100), 53 (16); IR
(capillary): �� � 3306 (w), 2965 (s), 2932 (m), 2873 (m), 1565 (s), 1547 (s),
1461 (m), 1426 (w), 1382 (s), 1188 (s), 798 (m), 774 (m), 749 (m), 631 cm�1


(w).


2-((R,E)-1-Methyl-but-2-enylsulfanyl)-pyridine (6 ab): Following GP3, a
mixture of carbonate rac-3 aa (173 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3
(51.8 mg, 0.05 mmol), BPA (75.9 mg, 0.11 mmol) and nBu4NF (31.5 mg,
0.098 mmol) in CH2Cl2 (2.5 mL) was treated with 2-pyridinethiol (111 mg,
1 mmol) in CH2Cl2 (2.5 mL). After 2 d the reaction was stopped.
Purification by flash chromatography (hexane/EtOAc 40:1) gave sulfide
6ab (157 mg, 87%) of 68% ee [GC, Lipodex E, tR (6ab)� 60.72 min, tR
(ent-6ab)� 60.33 min] and a E/Z ratio of 15:1 (1H NMR) as a colorless oil:
[�]20D ��100.0 (c� 2.52, CHCl3); 1H NMR (300 MHz, CDCl3): �� 1.47 (d,
J� 6.7 Hz, 3H), 1.66 (d, J� 6.7 Hz, 3H), 4.46 (quin, J� 6.8 Hz, 1H), 5.59
(dd, J� 15.5, 7 Hz, 1H), 5.66 (dq, J� 15.5, 5.8 Hz, 1H), 6.97 (ddd, J� 7.3,
4.7, 1.0 Hz, 1H), 7.16 (d, J� 8.1 Hz, 1H), 7.46 (td, J� 7.4, 2.0 Hz, 1H), 8.43
(dm, J� 4.7 Hz, 1H), 13C NMR(75 MHz, CDCl3): �� 17.7 (d), 20.7 (d), 41.4
(d), 119.5 (d), 123.1 (d), 126.0 (d), 132.3 (d), 135.8 (d), 149.4 (d), 159.8 (u);
IR (capillary): �� � 3067 (w), 3044 (w), 3025 (w), 2964 (m), 2920 (m), 2866
(w), 1578 (s), 1556 (s), 1452 (s), 1414 (s), 1377 (w), 1280 (w), 1148 (m), 1124
(s), 1088 (w), 1044 (m), 1017 (m), 985 (m), 964 (m), 758 (s), 725 (m), 620
(w), 481 cm�1 (w); GC-MS (EI): m/z (%): 179 (9) [M�], 151 (10), 150 (100),
146 (30), 131 (14), 112 (19), 11 (43), 83 (12), 78 (23), 69 (58), 68 (12), 67 (51),
53 (13), 52 (10), 51 (22); elemental analysis calcd (%) for C10H13NS:C 67.00,
H 7.32, N 7.81; found: C 66.96, H 7.40, N 8.04.


2-((R,E)-1-Ethyl-pent-2-enylsulfanyl)-pyridine (6 bb): Following GP3, a
mixture of carbonate rac-3ba (207 mg, 1.2 mmol), [Pd2(dba)3] ¥CHCl3
(51.8 mg, 0.05 mmol) and BPA (69.0 mg, 0.10 mmol) in CH2Cl2 (2.5 mL)
was treated with 2-pyridinethiol (112 mg, 1 mmol) in CH2Cl2 (2.5 mL).
After 3 d the reaction was stopped. Purification by flash chromatography
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(hexane/EtOAc 40:1) gave sulfide 6bb (50 mg, 24%) of 50% ee [GC,
Lipodex �, tR (6 bb)� 67.22 min, tR (ent-6 bb)� 66.97 min] and a E/Z ratio
of 16:1 (GC): [�]20D ��88.8 (c� 1.26, CHCl3); 1H NMR (500 MHz, CDCl3):
�� 0.90 (t, J� 7.5 Hz, 3H), 1.01 (t, J� 7.5 Hz, 3H), 1.72 (dquin, J� 21.3,
7.6 Hz, 1H), 1.78 ± 1.87 (m, 1H), 1.95 ± 2.02 (m, 2H), 4.22 (td, J� 8.3,
5.8 Hz, 1H), 5.39 (ddt, J� 15.3, 8.5, 1.5 Hz, 1H), 5.65 (dt, J� 15.3, 6.4 Hz,
1H), 6.97 (ddd, J� 7.3, 4.9, 1.1 Hz, 1H), 7.17 (dm, J� 8.2 Hz, 1H), 7.47 (dt,
J� 7.7, 1.9 Hz, 1H), 8.44 (dm, J� 4.9 Hz, 1H); 13C NMR (125 MHz,
CDCl3): �� 11.8 (d), 13.6 (d), 25.4 (u), 27.9 (u), 48.9 (d), 119.6 (d), 123.6 (d),
128.8 (d), 134.3 (d), 135.8 (d), 149.3 (d), 159.0 (u); IR (neat): �� � 3029 (w),
2963 (s), 2931 (s), 2872 (m), 1564 (s), 1546 (s), 1459 (m), 1425 (w), 1381 (s),
1254 (w), 1187 (s), 964 (m), 797 (m), 774 (s), 749 (m), 630 cm�1 (m); MS
(EI):m/z (%): 207 (14) [M�], 192 (16), 178 (12), 174 (28), 164 (79), 112 (43),
111 (42), 97 (16), 96 (23), 83 (12), 81 (41), 79 (13), 78 (31), 74 (36), 73 (13),
67 (33), 61 (33), 59 (46), 55 (100), 53 (10), 51 (11), 45 (41); elemental
analysis calcd (%) for C12H17NS: C 69.52, H 8.26, N 6.776; found: C 69.59,
H 8.34, N 6.97.


1-Chloro-4-((R,E)-1-methyl-but-2-enylsulfanyl)-benzene (6 ac): Following
GP3, a mixture of carbonate rac-3 aa (144 mg, 1 mmol), [Pd2(dba)3] ¥CHCl3
(51.8 mg, 0.05 mmol) and BPA (90 mg, 0.13 mmol) in CH2Cl2 (2.5 mL) was
treated with 4-chlorothiophenol (188 mg, 1.3 mmol) in CH2Cl2 (2.5 mL).
After 2 d the reaction was stopped. Purification by flash chromatography
(hexane/EtOAc 40:1) gave sulfide 15 c (155 mg, 73%) of 90% ee [GC,
Lipodex �, tR (6ac)� 49.62 min, tR (ent-6 ac)� 49.44 min] and a E/Z ratio of
10:1 (1H NMR) as a colorless oil : [�]20D ��35.7 (c� 1.45, CHCl3); 1H NMR
(300 MHz, CDCl3): �� 1.34 (d, J� 7.0 Hz, 3H), 1.61 (d, J� 5.3 Hz, 3H),
3.68 (quin, J� 6.7 Hz, 1H), 5.28 ± 5.46 (m, 2H), 7.22 ± 7.37 (m, 4H);
13C NMR(75 MHz, CDCl3): �� 17.6 (d), 20.6 (d), 46.2 (d), 126.3 (d), 128.7
(d), 132.5 (d), 133.1 (u), 133.6 (u), 134.2 (d); IR (CHCl3): �� � 3023 (w), 2970
(m), 2922 (m), 2866 (w), 1573 (w), 1476 (s), 1448 (s), 1389 (m), 1377 (m),
1261 (w), 1201 (m), 1095 (s), 1044 (w), 1013 (s), 963 (s), 821 (s), 746 (m), 554
(m), 502 cm�1 (m); MS (CI): m/z (%): 215 (37Cl) (35) [M��H], 214 (37Cl)
(19) [M�], 213 (35Cl) (100) [M��H], 212 (35Cl) (18) [M�], 201 (22);
elemental analysis calcd (%) for C11H13ClS: C 62.11, H 6.16; found: C 61.89,
H 6.21.


(R)-Cyclohex-2-en-1-ol (9 a): NaOH (5 g, 0.125 mol) in water (25 mL) was
added to a solution of carbonate ent-1 a (350 mg, 2.24 mmol) of�99% ee in
MeOH (2 mL). The mixture was stirred at room temperature for 4 d after
which time TLC indicated the complete consumption of the carbonate. The
mixture was extracted with diethyl ether and the combined organic phases
were dried (MgSO4) and concentrated in vacuo. Chromatography (pen-
tane/diethyl ether 7:1) afforded alcohol 9 a (143 mg, 65%) of �99% ee
[GC, Lipodex E, tR (9 a)� 26.58 min, tR (ent-9 a)� 25.57 min] as a colorless
oil: [�]20D �� 110.8 (c� 1.20, CH2Cl2).


(R)-Cyclohept-2-en-1-ol (9 b): NaOH (10 g, 0.25 mol) in water (50 mL) was
added to a solution of carbonate ent-1 b (200 mg, 1.17 mmol) of � 99% ee
in MeOH (3 mL). The mixture was stirred at room temperature for 4 d
after which time TLC indicated the complete consumption of the
carbonate. The mixture was extracted with diethyl ether and the combined
organic phases were dried (MgSO4) and concentrated in vacuo. Chroma-
tography (pentane/diethyl ether 7:1) afforded alcohol 9 b (126 mg, 94%) of
�99% ee [GC, Lipodex �, tR (7b)� 12.36 min; Lipodex �, tR (9b)�
13.95 min, tR (ent-9b)� 14.06 min] as a colorless oil: [�]20D ��28.2 (c�
1.03, CH2Cl2).


(R)-Cyclooct-2-en-1-ol (9 c): NaOH (10 g, 0.25 mol) in water (50 mL) was
added to a solution of carbonate ent-1c (600 mg, 3.25 mmol) of�99% ee in
MeOH (3 mL). The mixture was stirred at room temperature for 4 d after
which time TLC indicated the complete consumption of the carbonate. The
mixture was extracted with diethyl ether and the combined organic phases
were dried (MgSO4) and concentrated in vacuo. Chromatography (pen-
tane/diethyl ether 7:1) afforded alcohol 9c (308 mg, 75%) of �99% ee
[GC, Lipodex-�, tR (9 c)� 11.36 min; GC, Lipodex E: tR (9 c)� 8.44 min,
GC, Lipodex-�, tR (9c)� 11.47 min, tR (ent-9 c)� 12.04 min] as a colorless
oil: [�]20D ��52.4 (c� 1.46, CH2Cl2).


(S,E)-Pent-3-en-2-ol (10 a): NaOH (600 mg, 0.015 mol) in water (6 mL) was
added to a solution of carbonate ent-3 aa (288 mg, 2 mmol) of �99% ee.
The mixture was stirred at room temperature for 2 d after which time TLC
indicated the complete consumption of the carbonate. The mixture was
extracted with diethyl ether and the combined organic phases were dried
(MgSO4). Concentration of the organic phase in vacuo afforded alcohol


10a (155 mg, 90%) of �99% ee [GC, Lipodex E, tR (10a)� 3.47 min] as a
colorless oil: [�]20D ��18.57 (c� 1.05, CH2Cl2).


(S,E)-Hept-4-en-3-ol (10 b): NaOH (600 mg, 0.015 mol) in water (6 mL)
was added to a solution of carbonate ent-3ba (344 mg, 2 mmol) of 99% ee.
The mixture was stirred at room temperature for 4 d after which time TLC
indicated the complete consumption of the carbonate. The mixture was
extracted with diethyl ether and the combined organic phases were dried
(MgSO4). Concentration of the organic phase in vacuo and afforded
alcohol 10b (214 mg, 94%) of 99% ee [GC, Hydrodex-�-6-TBDM, tR
(10b)� 26.93 min, tR (ent-10b)� 27.16 min] as a colorless oil: [�]20D ��4.04
(c� 0.99, CH2Cl2).
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Helical Supramolecular Aggregates Based on Ureidopyrimidinone Quadruple
Hydrogen Bonding


J. H. K. Ky Hirschberg, Rolf A. Koevoets, Rint P. Sijbesma,* and E. W. Meijer*[a]


Abstract: A series of mono- and bifunc-
tional compounds 2 ± 7, based on the
ureido pyrimidinone quadruple hydro-
gen bonding unit, was prepared to study
the mode of aggregation of these com-
pounds in the bulk and in solution.
Compounds 2 ± 7 exhibit thermotropic
liquid crystalline properties, as evi-
denced by differential scanning calorim-
etry and optical polarization microsco-
py. The presence of an ordered hexago-
nal discotic (Dho) phase of 2a was
confirmed by X-ray diffraction on an
aligned sample. In chloroform, the bi-
functional compounds form cyclic dim-
ers at millimolar concentrations, and


these dimers exist in equilibrium with
linear species above a critical concen-
tration, which may be from 6 m� to
greater than 260 m�, depending on the
structure of the spacer. Circular dichro-
ism measurements in chloroform did not
show a Cotton effect. Dodecane solu-
tions of compounds 3, 4b, and 7b display
a Cotton effect at the absorption band of
the phenyl-pyrimidinone unit. Amplifi-


cation of chirality was observed in
mixtures of 7a and 7b, but not in
mixtures of 4a and 4b, indicating that
7a and 7b form mixed polymeric aggre-
gates with a helical architecture in
dodecane solution, whereas 4a and 4b
do not. The Cotton effect is lost upon
increasing the temperature. Half of the
helicity is lost at 25 �C for 3 and at 60 �C
for 4b, suggesting that 3, bearing the
shorter spacer, forms less stable columns
than 4b. Compound 7b loses half of its
helicity at 45 �C. Compounds 2b, 5, and 6
do not exhibit helical organization, as
evidenced by the absence of Cotton
effects.


Keywords: aggregation ¥ helical
structures ¥ hydrogen bonds ¥ supra-
molecular chemistry ¥ ureido
pyrimidinone


Introduction


Supramolecular polymers[1] , [2] are a fascinating class of
materials, formed by the association of monomers through
reversible, noncovalent interactions such as hydrogen bond-
ing, metal coordination, or � ±� stacking. Linear hydrogen-
bonded supramolecular polymers were first introduced by
Lehn and co-workers, who used triple hydrogen bonds
between monomers.[3] , [4] Monomers with tartaric acid back-
bones were shown to form liquid-crystalline materials in
which the molecules are packed in helical columns,[5] which
form helically twisted fibers.[6] Stronger interactions have
been obtained with single hydrogen bonds between carboxylic
acids and pyridines,[7] or by use of arrays of more than three
hydrogen bonds.[8±11] We have employed the high strengths of
the ureidotriazine[12] and ureidopyrimidinone[13] quadruple
hydrogen bonding units to obtain linear supramolecular


polymers with high degrees of polymerization both in bulk
and in solution from monomers containing two of these
units.[14] The directionality and the selectivity of multiple
hydrogen bonds allow a high degree of control over polymer
architecture with respect to chain length–which can be
adjusted by mixing monofunctional and bifunctional com-
pounds–and with respect to the degree of cross-linking in
reversible networks–which can be controlled by addition of
trifunctional compounds. Even greater control over polymer
architectures can in principle be achieved by employing
additional noncovalent interactions between monomeric units
that favor a specific conformation of the polymeric chain.
Conformational control is the basis of the functionality of
biomacromolecules such as DNA and proteins, and has
become a fruitful area of research in synthetic covalent
polymers. Here, the conformational preferences of mono-
meric units in combination with inter-residue hydrogen bonds
or stacking interactions have been used to obtain macro-
molecules that are folded into a well-defined secondary
structure (™foldamers∫).[15±17] Recently we have applied this
concept to supramolecular polymers, by using solvophobic
interactions between ureido-s-triazine (UTr) units connected
by a spacer and provided with solubilizing trialkoxyphenyl
groups to obtain supramolecular polymers with a helical
columnar architecture in dodecane (Figure 1).[18] The struc-
ture of the columns was shown to be biased towards a single
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helicity by the use of homochiral
side chains. In CHCl3, a solvent
in which solvophobic interac-
tions between aromatic groups
are much weaker, but the hydro-
gen bonding between ureidotria-
zine groups is still relatively
strong (Kdim� 2� 104��1), the
compounds form random coil
polymers.[12] This approach was
extended to defined architec-
tures in water through the use
of chiral penta(ethylene oxide)
derivatives.[19]


Ureidopyrimidinones (UPy)
have a much higher dimerization
constant[20] (Kdim� 6� 107��1 in
CHCl3) and bifunctional com-
pounds containing this unit
should in principle allow the
construction of polymers with a
higher degree of polymerization
in either dodecane or chloro-
form. Previously, we have shown
that bifunctional UPy derivative
1, which is strongly preorganized
by its �,��-tetramethyl xylylene
spacer, exclusively forms cyclic
dimers in CHCl3 and in the
crystal (Figure 2). In solution,
the cyclic dimers of 1 exist as a
slowly interconverting mixture
of syn and anti isomers, with
UPy units present in either the
keto or the enol tautomeric
form.[21]


To achieve highly preorgan-
ized supramolecular polymers
with a columnar architecture,
we studied the mode of aggre-
gation (cyclic versus polymeric)
of bifunctional ureidopyrimidi-
nones, with less preorganized
spacer units than 1, and we
provided these molecules with


trialkoxyphenyl groups to pro-
mote a columnar architecture.
Here we present the results of a
study of compounds 2 ± 7 in bulk
and in solution, by differential
scanning calorimetry (DSC) and
X-ray crystallography in the
bulk, and by 1H NMR and
circular dichroism in solution.
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Figure 1. Ureido-s-triazine derivative C6-(UTr)2, and schematic representations of helical supramolecular
polymers (observed in dodecane) and random coil polymers (observed in chloroform).


Figure 2. a) Structural formula of bifunctional UPy derivative 1. b) Three isomeric cyclic dimers observed for this
compound. c) Crystal structure of the syn dimer.[21]
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Results


Synthesis: Monofunctional ureidopyrimidinone 2a and 2b and
bifunctional derivatives 3 ±7 were synthesized either by acyla-
tion of isocytosines 11a or 11b with butyl isocyanate or the
appropriate diisocyanate, when commercially available, or they
were prepared by the action of di-tert-butyl tricarbonate on the
corresponding diamine (Scheme 1). In the reported synthesis of
isocytosine 2a,[22] ethyl 3,4,5-trialkoxybenzoylacetate 9a was
obtained from the corresponding benzoyl chloride by treatment
with ethyl acetoacetate 8, followed by decarboxylation.[23] In
this work a more efficient method was used for the synthesis of
9b, in which the acid chloride was allowed to react with
potassium ethyl malonate (10) under the action of anhydrous
magnesium chloride/triethylamine as a base system.[24] By this
method, �-keto ester 9b was obtained in 86% yield. Con-
densation of the �-keto esters (used without further purifica-
tion) with guanidinium carbonate in ethanol afforded isocyto-
sines 11a and 11b in 39% and 45% yields, respectively


Scheme 1. Synthesis of mono- and bifunctional ureidopyrimidinones 2 ± 7.


(Scheme 2). All compounds
were purified by column chro-
matography and were fully char-
acterized by 1H NMR, 13C NMR,
IR spectroscopy, MALDI-TOF
mass spectrometry, and elemen-
tal analysis.


Liquid crystallinity : Upon dime-
rization, the UPy derivatives 2a
and 2b form disk-shaped dim-
ers, with a rigid, planar core,
surrounded by flexible alkyl
groups. This architecture is con-
ducive to the formation of a
columnar discotic mesophase in
bulk.[25] In bifunctional deriva-
tives 3 ± 7, similar columns of
UPy dimers may be formed
when each spacer moiety con-
nects two stacked disks. De-
pending on the arrangement of
the spacers, the columns are
either polymeric, or they consist
of stacks of cyclic dimers of the
bifunctional molecules (Figure 3).


To investigate the presence of (columnar discotic) meso-
phases, the thermal behavior of the compounds was studied by
polarization microscopy and DSC. All compounds feature
strong birefringent textures, which are liquid-like at room
temperature. Monofunctional compound 2a and bifunctional
compound 3 feature fan-like textures upon slowly cooling
from the isotropic phase. These focal conic textures are typical
for discotic hexagonal phases. For compounds 2b and 4 ± 7,
only tiny homeotropic monodomains were present in the
liquid crystalline state, probably due to the highly viscous
isotropic melt. Upon heating, the DSC traces of the com-
pounds each show a transition from the mesophase to the
isotropic state at temperatures between 98 and 242 �C. The
transition was also observed upon cooling, except in the case
of chiral compound 3. Sharp melting points were observed for
achiral compounds 2a (Figure 4), 4a, and 7a, while the chiral
compounds only showed broad transitions, below �50 �C,
presumably due to a glass transition. The phase transition
temperatures are summarized in Table 1.
To confirm the presence of a columnar discotic arrange-


ment of dimers, as inferred from the textures in optical
polarized microscopy, the structures of the mesophases of 2a
and 3 were investigated by X-ray diffraction (Figure 5 and
Table 2). The diffraction pattern of 2a features a perpendic-
ular orientation of the low-angle and the wide-angle reflec-
tions, indicating an orthogonal phase. The low-angle reflec-
tions at spacings of 28.9, 15.4, and 14.1 allow indexation as the
200, 120, and 400 reflections in an orthogonal lattice with
lattice constants of a� 56.4 ä and b� 32.6 ä. The sharp wide-
angle reflections feature a perpendicular orientation with
respect to the small-angle reflections, which indicates that the
phase is ordered, and the disks are stacked with an interdisc
distance of 3.5 ä. For compound 3 a sharp reflection with a
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Figure 3. Schematic representation of columns of bifunctional compounds
3 ± 7, which are either polymeric (a), or consist of stacks of cyclic dimers (b).


Figure 4. DSC thermogram of compound 2a. First and second heating and
cooling scans are shown.


spacing of 31.6 ä was found, but no higher order peaks were
observed. In combination with a fan-like texture observed by
polarization microscopy, this suggests the presence of a
columnar mesophase for 3.


Aggregation in chloroform : Ureidopyrimidinones have been
shown[13] to exist in solution as mixtures of strongly dimerizing
tautomers, a [1H]-pyrimidin-4-one (keto) tautomer and a
pyrimidin-4-ol (enol) tautomer (Figure 6, inset). The position
of the keto ± enol equilibrium has been studied by 1H NMR
spectroscopy, and is substituent- and solvent-dependent. The
1H NMR spectrum of monofunctional compound 2b in CDCl3
is shown in Figure 6 and shows signals of the keto and the enol


tautomer in an 87:13 ratio. From
the position of the NH protons
(between �� 10 and 14 ppm for
both tautomers) it can be con-
cluded that hydrogen bonds are
present.


1H NMR spectra of dilute
solutions of bifunctional com-
pounds 3 ± 7 in CDCl3 are much
more complex. As examples,
spectra of solutions of 3 and 4b
are shown in Figure 7. Upon
addition of small amounts of


Figure 5. X-ray diffraction pattern of the mesophase of compound 2a.


trifluoroacetic acid, which disrupts the hydrogen bonds
between ureidopyrimidinone units, the spectra simplify dra-
matically (Figure 7d and 7h). Similar complex spectra have
been observed for bifunctional compound 1, which exists in
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Scheme 2. Synthesis of isocytosine 11a, b.


Table 1. Thermotropic properties of compounds 2 ± 7b determined by
DSC.[a]


Compound K T [�C] �H [kJmol�1] M T �C �H [kJmol�1] I


2a ¥ 45 50 ¥ 131 2
2b ¥ 98 1.5 ¥
3 ¥ 173 2.2 ¥
4a ¥ � 11 14 ¥ 164 3.7 ¥
4b ¥ [b] 160[c] ¥
5 ¥ 147 2.2 ¥
6 ¥ 207 12.3 ¥
7a ¥ � 17 18 ¥ 242 7.1 ¥
7b ¥ 239 7.5 ¥


[a] ¥ The phase is observed; K� crystalline phase; M�mesophase; I�
isotropic phase. [b] Only observed after precipitation in methanol. [c] This
value is obtained from the first heating curve.


Table 2. Diffraction spacings [ä] for the Dho mesophase of 2a.


Interdisc distance 200/110 120 400/220 Alkyl halo


observed
a� 56.4; b� 32.6 28.9 15.4 14.1 4.4 3.5
calculated 28.2 15.6 14.1







FULL PAPER R. P. Sijbesma, E. W. Meijer et al.


Figure 6. 1H NMR spectrum of monofunctional ureidopyrimidinone 2b in
CDCl3.


solution as a mixture of isomeric cyclic dimers I, II, and III,
interconverting slowly on the NMR time scale, and giving rise
to a set of four signals for each proton in the molecule.[21]


Concentration-dependent 1H NMR studies were performed
on compounds 3, 4b, 5, 6, and 7b in order to study the
equilibrium between cycles and polymer in chloroform.
Spectra of solutions of 3 show four sets of signals. To establish
the relative size of the aggregates giving rise to the different
sets of signals, NMR diffusion experiments were performed
on a 100 m� chloroform solution of 3. The diffusion constants
relative to solvent molecules are similar for all sets of signals
(Table 3) and are relatively high, indicating that at this
concentration 3 is present as small, cyclic aggregates. From the
similarity of the spectrum with that of 1, we conclude that
these cycles are mixtures of isomeric dimers with UPy groups


in keto and enol tautomeric forms. Upon increasing the
concentration to 260 m�, no signals originating from poly-
meric aggregates were observed.
Compound 4b, however, displays different behavior. In the


1H NMR spectrum of this compound, multiple sets of signals
are observed at low concentrations, with diffusion constants
similar to those to the cyclic dimers of 3, while above 10 m�,
an additional set of peaks from polymeric aggregates is
observed, showing a much lower diffusion constant (Table 3).
It has been predicted that equilibria between cyclic and


polymeric species consisting of strongly associating bifunc-
tional monomers should display
critical concentrations, below
which no polymer is present,
and above which the concentra-
tion of cycles remains con-
stant.[26] , [27] Such behavior has
indeed been observed by us in
bifunctional UPy derivatives.[28]


The lowest concentrations at
which polymeric species could
be observed in the 1H NMR
spectra were determined for
compounds 3, 4b, 5, and 6. These
critical concentrations are sum-
marized in Table 4. The results
show that there is a large influ-
ence of spacer structure on the
critical concentration. Unfortu-
nately, due to the extremely
complex spectrum of 7b, it was
not possible to establish a critical
concentration for the most pre-
organized compound in the ser-
ies of molecules we have studied.
We have investigated the chi-


roptical properties of the chiral bifunctional compounds 3, 4b,
5, 6, and 7b by circular dichroism (CD) spectroscopy in
chloroform, at concentrations of 1 m�, at which polymeric
aggregates were shown by NMR spectroscopy to be absent.
None of the compounds showed a Cotton effect, indicating
that the cyclic dimers are not highly ordered in this solvent.


Aggregation in dodecane : 1H NMR spectra of 2 and of
bifunctional compounds 3 ± 7 in deuterated dodecane showed
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Table 3. Diffusion constants relative to solvent molecule of compound 3
and 4b.


3 4b


D/DCHCl3 cyclic aggregates 0.095 (�0.006) 0.129 (�0.013)
D/DCHCl3 polymeric aggregates ± 0.0312 (�0.003)


Table 4. Critical polymerization concentrations of compounds 3, 4b, 5,
and 6.


3 4b 5 6


� 260 m� 10 m� 7 m� 30 m�


Figure 7. 1H NMR spectra of bifunctional compounds 3 and 4b in CDCl3 at different concentrations (spectra a ± c
and e ± g, respectively), and spectra after addition of small amounts of TFA (d and h).


4226







Helical Supramolecular Aggregator 4222±4231


broad unresolved signals for the alkyl chains and broad signals
for the phenyl-pyrimidinone cores of the molecules, indicating
the formation of large aggregates in this solvent. When the
temperature was increased from 20 �C to 125 �C, the inten-
sities of the signals for the aromatic cores increased and the
peaks became sharper.
CD spectra of the chiral compounds 2b, 3, 4b, 5, 6, and 7b


were recorded in dodecane in order to examine the degree of
order in aggregates of these compounds. A 1 m� solution of
monofunctional compound 2b in dodecane gave no Cotton
effect. In the series of bifunctional compounds, Cotton effects
at the � ±�* transition of the phenyl-pyrimidinone moiety
were observed in dodecane for compounds 3, 4b, and 7b,
while compounds 5 and 6–with C-7 and C-8 spacers,
respectively–each showed no CD signal. Although the CD
effects observed are relatively small (see Figure 8a), they are


Figure 8. a) CD spectrum of a 1 m� dodecane solution of compound 7b at
�6 �C. b) ™Sergeants and soldiers∫ experiment on mixtures of chiral and
achiral compounds at fixed total concentrations of 1 m� in dodecane at
�6 �C: (�) 4a and 4b ; (�) 7a and 7b. The amplification is defined as the
normalized CD effect per chiral molecule versus fraction of chiral
compound.


reproducible. The cooperativity of the CD effect in mixed
solutions of chiral and achiral bifunctional compounds 4a,b
and 7a,b was studied in a ™sergeants and soldiers∫ type of
experiment[29] by varying the relative amounts of chiral and


achiral molecules at a constant total concentration of
chromophores. The results of these measurements are plotted
in Figure 9b as the Cotton effect normalized to the concen-
tration of chiral chromophores. In this way chirality induced in
achiral molecules shows up as an amplification larger than 1.


Figure 9. Temperature dependence of the CD effect in spectra of 1 m�
solutions of compounds 3 (A), 4b (B), and 7b (C) in dodecane. The
fraction of the maximum ellipticity remaining is plotted against temper-
ature.


For mixtures of compounds 4, no amplification of chirality
was observed, even when the samples were annealed at 80 �C,
or when the mixtures were prepared in CHCl3, followed by


Chem. Eur. J. 2003, 9, 4222 ± 4231 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4227







FULL PAPER R. P. Sijbesma, E. W. Meijer et al.


removal of this solvent and redissolution in dodecane. There-
fore, only the chiral molecules 4b contribute to the CD effect
in dodecane solution. For compounds 7, however, strong
amplification of chirality was observed. At a fraction of 0.1 of
chiral compound 7b, the CD effect is amplified by a factor of
6. Since a simple model suggests that in cyclic dimers the
amplification should not exceed 2 (see Supporting Informa-
tion), this suggests that polymeric aggregates with helical
order are present.
Temperature-dependent CD measurements were per-


formed on 1 m� dodecane solutions of 3, 4b, and 7b in order
to establish the thermal stabilities of the aggregates (Fig-
ure 9). A plot of the molar ellipticities at �� 325 nm
(normalized against the values at �6 �C) versus temperature
shows that the chiral order gradually disappears for all three
compounds. The temperatures at which half of the CD effect
has been lost are different for these compounds, and vary
between 25 �C for 3, 60 �C for 4b, and 45 �C for compound 7b.


Discussion and Conclusions


Like its ureido-s-triazine analogues[18] , ureidopyrimidinone
2b, provided with a trialkoxyphenyl group, forms liquid-
crystalline mesophases in which dimeric units are stacked in
columns with hexagonal order. This arrangement of UPy units
is compatible with the presence of polymeric chains of
bifunctional molecules in the mesophases of bifunctional
compounds 3 ± 7, although the possibility that the columns
consist of stacks of cyclic dimers in the thermotropic
mesophase cannot be ruled out with the knowledge available
at present. 1H NMR and CD spectroscopy in CDCl3 and
dodecane give valuable information that sheds additional
light on the mode of aggregation in solution. The 1H NMR
spectra of the UPy derivatives in CDCl3 are much more
complex than those of the corresponding triazine derivatives,
due to keto ± enol tautomerism. However, study of the
concentration dependence of the spectra show that com-
pounds 2 ± 7 are present as small cyclic aggregates in the
millimolar concentration range. A more detailed study of
compounds 3 and 4b, including measurement of the diffusion
constants of the different species, shows that 3 is present as
cyclic dimer even at 260 m�, while for 4b, a critical concen-
tration of approximately 10 m� is observed, above which
polymeric aggregates are formed.
It is of interest to compare the aggregation behavior of the


UPy derivatives with that of the triazine derivative (C6-
Utr)2.[9] The latter compound forms columnar aggregates by
stacking of dimerized units induced by solvophobic interac-
tions. Preorganization by spacer moieties is required for a
helical stacked arrangement of dimerized UTr units, as no CD
effect is observed for the monofunctional triazine. In the
chiral monofunctional UPy derivative 2b, the absence of a
Cotton effect both in chloroform and in dodecane shows that
the same requirements hold for ureidopyrimidinones. The
absence of Cotton effects in cyclic dimers of bifunctional UPy
derivatives 3 ± 7 in chloroform shows that even when the
spacers connecting the two layers enforce a stacked arrange-
ment, there is no bias in the supramolecular chirality. In


dodecane, Cotton effects are absent for compound 5 and 6,
which have longer spacers and are therefore less preorganized
to form ordered helical polymers. The Cotton effects observed
for compounds 3, 4b, and 7b, however, show that highly
ordered aggregates with supramolecular chirality are formed.
The observed strength of the ™sergeants and soldiers∫ effect in
mixtures of 7a and 7b demonstrates that in this solvent,
chirality may be transferred from 7b to a large number of
achiral molecules 7a. This makes it improbable that 7 forms
stacks of cyclic dimers in dodecane, and we conclude that
helical polymeric aggregates are formed instead. A sergeants
and soldiers effect is completely absent in dodecane solutions
of compounds 4. As even transfer of chirality in a cyclic dimer
would lead to amplification by a factor of 2, it is probable that
the formation of mixed aggregates of 4a and 4b is thermo-
dynamically unfavorable. Melting experiments, analogous to
thermal denaturation experiments performed on double-
helical DNA, show that the stabilities of the helical arrange-
ment of 4b and its direct ureidotriazine analogue are quite
similar (60 versus 70 �C).
The reason why 7 forms polymers in dodecane, whereas it


forms cyclic dimers in chloroform, is not fully understood by
us at the moment. A possible explanation would need to take
account of entropic effects, which strongly disfavor polymer-
ization in chloroform, whereas the entropic cost of polymer-
ization in dodecane would be much smaller, because cyclic
dimers would already be aggregated into columns by solvo-
phobic interactions. Further study of the structures of the
aggregates of 7 in dodecane would of great interest, because a
transition from a stack of cyclic dimers to a helical polymer is
analogous to the transition between a stack of disks and a
polymeric helix in the self-assembly of tobacco mosaic virus
(TMV),[30] which is brought about by subtle changes in
conditions such as ionic strength or pH.


Experimental Section


General methods : All starting materials were obtained from commercial
suppliers and were used as received. All moisture-sensitive reactions were
performed under an atmosphere of dry argon. Dry and ethanol-free
dichloromethane was obtained by distillation from P2O5; dry tetrahydro-
furan (THF) was obtained by distillation from Na/K/benzophenone;
dimethylformamide was dried over BaO; pyridine was dried by standing
over 4 ä molecular sieves; dry toluene was obtained by distillation from
Na/K/benzophenone, and triethylamine was dried over potassium hydrox-
ide. Methyl 3,4,5-tridodecyloxybenzoate, methyl 3,4,5-tris((S)-3,7-dimethy-
loctyloxy)benzoate, 3,4,5-tri(dodecyloxy)benzoyl chloride, 3,4,5-tris((S)-
3,7-dimethyloctyloxy)benzoyl chloride, and ethyl 3,4,5-tri(dodecyloxy)ben-
zoylacetate (9a)[13] were synthesized by previously described procedures.
Analytical thin layer chromatography was performed on Kieselgel F-254
precoated silica plates. Visualization was accomplished with UV light.
Column chromatography was carried out on Merck silica gel 60 (70 ± 230
mesh) or on Merck aluminium oxide 90 (70 ± 230 mesh, activity II ± III).
1H NMR and 13C NMR spectra were recorded on a 400 MHz 4-nucleus
NMR (Varian Mercury Vx) (400.13 MHz for 1H NMR and 100.62 MHz for
13C NMR). Proton chemical shifts are reported in ppm downfield from
tetramethylsilane (TMS), and carbon chemical shifts in ppm downfield of
TMS, with the resonance of the deuterated solvent as internal standard.
Electrospray ionization mass spectrometry (ESI-MS) was carried out on a
Perkin ±Elmer API 300 MS/MS mass spectrometer. Matrix-assisted laser
desorption/ionization mass-time of flight spectra (Maldi-TOF) were
obtained by use of indole acrylic acid as the matrix on a PerSeptive
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Biosystems Voyager-DE PRO spectrometer. IR spectra were measured on
a Perkin ±Elmer SpectrumOne instrument. Optical properties and melting
points were determined with a Jeneval polarization microscope equipped
with a Linkam THMS 600 heating device with crossed polarizers. DSC
spectra were obtained on a Perkin ±Elmer Pyris 1 DSC. X-ray diffraction
patterns were recorded with a multiwire area X-1000 coupled with a
graphite monochromator.


Wide-angle X-ray diffraction : The X-ray diffraction pattern of an oriented
sample of 2a was recorded with a multiwire area detector X-1000 coupled
with a graphite monochromator. The oriented fibers were obtained by
shearing on a warm beryllium plate, and were measured by hanging in the
beam at the correct focus point. Samples were screened to find suitably
large monodomains. Diffraction of 3 was measured on a Bruker AXS D8
Discover, with a GADDS 2D counter.


Ethyl 3,4,5-tris((S)-3,7-dimethyloctyloxy)benzoylacetate (9b): Potassium
ethyl malonate (10, 1.6 g, 9.4 mmol) and ethyl acetate (15 mL) were placed
in a 25 mL flask. The mixture was stirred and cooled to 0 �C. Et3N (2.56 g,
3.5 mL) was added to this mixture, followed by dry MgCl2 (1.17 g,
12.3 mmol). The mixture was heated to 35 �C over 30 min and was then
maintained at 35 �C for 6 h. The mixture was cooled to 0 �C, and 3,4,5-
tris((S)-3,7-dimethyloctyloxy)benzoyl chloride (4.2 g, 6.9 mmol) was added
dropwise over 15 min. The mixture was allowed to stir overnight at room
temperature and was then cooled to 0 �C before the cautious addition of
hydrochloric acid (13%, 20 mL), while the temperature was kept below
25 �C. The aqueous layer was separated and then back-extracted with
toluene. The combined organic layers were washed with hydrochloric acid
(12%, 2� 10 mL) followed by H2O (2� 10 mL) and NaHCO3 solution
(5%, 20 mL), and were then concentrated under vacuum to give the
product as a solid (3.9 g, 86%), which was used in the following step
without further purification. 1H NMR (CDCl3): �� 7.21 (s, 2H; Ar�H),
4.24 (q, 2H; O�CH2�CH3), 4.06 (m, 6H; O�CH2), 1.75 ± 1.93 (m, 6H;
O�CH2�CH2), 1.75 ± 0.9 (multiple peaks, 54H; CH, CH2, CH3) ppm.


Potassium monoethyl malonate (10): Diethyl malonate (50 g, 0.312 mol)
was dissolved in ethanol (200 mL). A solution of potassium hydroxide
(17.5 g, 0.312 mol) in ethanol (200 mL) was added dropwise over one hour.
A white precipitate was formed during the addition, and stirring was
continued for another 12 h at room temperature after addition of all the
hydroxide. The solution was evaporated to dryness, and the sticky residue
was then taken up in ether. The salt was collected by suction filtration,
washed with ether, and dried under reduced pressure at room temperature,
resulting in pure 10 (45.6 g, 86%). 1H NMR (CDCl3): �� 4.06 (q, 2H;
OCH2), 3.15 (s, 2H; CH2C�O), 1.12 (t, 3H; CH3) ppm.


6-[3,4,5-Tri(dodecyloxy)phenyl]isocytosine (11a): A solution of ethyl 3,4,5-
tri(dodecyloxy)benzoylacetate (9a, 17.6 g, 21.0 mmol) and guanidinium
carbonate (4.7 g, 26.25 mmol) in absolute ethanol (200 mL) was boiled and
stirred overnight at reflux temperature. The solution was then evaporated
to dryness and the residue was dissolved in chloroform (400 mL). The
solution was washed with water (300 mL) and the aqueous layer was back-
extracted with chloroform (150 mL). The combined organic layers were
washed with a saturated sodium chloride solution, dried over sodium
sulfate, and filtered. Evaporation gave a white solid that was further
purified by column chromatography (eluent: dichloromethane, then 2%
ethanol in dichloromethane, and finally 5% ethanol in dichloromethane)
(6.04 g, 39%). 1H NMR (CDCl3): �� 12.35 (br, 1H; NH), 7.13 (s, 2H;
Ar�H), 6.19 (s, 1H; alkylidene H), 5.84 (br, 2H; NH2) 4.02 (m, 6H;
O�CH2), 1.7 ± 1.9 (m, 6H; O�CH2�CH2), 1.49 (m, 6H; O-CH2-CH2-CH2),
1.28 (br, 48H; CH2), 0.89 (t, 9H; CH3) ppm; 13C NMR (CDCl3): �� 159.7,
154.1, 153.5, 151.7, 142.4, 123.6, 106.0, 100.4, 72.0, 67.9, 32.0, 30.6, 29.7 ± 29.3,
26.2, 26.0, 22.4, 13.9 ppm; IR: �� � 3155, 1652, 1467, 1120 cm�1; elemental
analysis calcd (%) for C46H81N3O4 (740.35): C 74.63, H 11.03, N 5.70; found:
C 74.6, H 10.7, N 5.7.


6-[3,4,5-Tris((S)-3,7-dimethyloctyloxy)phenyl]isocytosine (11b): A solu-
tion of ethyl 3,4,5-tris((S)-3,7-dimethyloctyloxy)benzoylacetate, (9b,
3.77 g, 5.71 mmol) and guanidinium carbonate (1.44 g, 8 mmol) in absolute
ethanol (100 mL) was boiled and stirred overnight at reflux temperature.
The solution was evaporated to dryness and the residue was dissolved in
dichloromethane (50 mL). The solution was extracted with water (50 mL)
and the water layer was extracted with dichloromethane (40 mL). The
combined organic layers were washed with a saturated sodium chloride
solution, dried over sodium sulfate, and filtered. Evaporation gave a white


solid, which was further purified by column chromatography (eluent: ethyl
acetate/hexane 1:3, and then 8% methanol in dichloromethane) (1.68 g,
45%). 1H NMR (CDCl3) �� 12.35 (br, 1H; C�C�NH�C�N), 7.13 (s, 2H;
Ph�H), 6.18(s, 1H; H�C�C�N), 5.82(br, 2H; N�C�NH2) 4.07m, 6H;
O�CH2), 1.7 ± 1.9 (m, 6H; O�CH2�CH2), 1.7 ± 0.8 (multiple peaks,
51H) ppm; 13C NMR (CDCl3) �� 159.8, 135.9, 153.5, 151.4, 142.7, 123.6,
105.7, 100.3, 71.9, 67.7, 39.6, 37.8, 37.6, 36.6, 30.1, 28.2, 24.9, 22.9, 22.8,
19.8 ppm; IR(UATR): �� � 3148, 1649, 1120 cm�1; elemental analysis calcd
(%) for C40H69O4N3 (656.01): C 73.37, H 10.60, N 6.41; found: C 73.02, H
10.30, N 6.09.


N-Butylaminocarbonyl-6-[3,4,5-tri(dodecyloxy)phenyl]isocytosine (2a): A
solution of 6-[3,4,5-tri(dodecyloxy)phenyl]isocytosine (11a, 1 g, 1.35 mmol)
and n-butyl isocyanate (0.77 mL, 6.76 mmol) in dry pyridine (7 mL) was
boiled and stirred overnight at reflux temperature. The solution was
evaporated to dryness and the residue was co-distilled twice with toluene
(5 mL). The brown residue was dissolved in chloroform and precipitated in
ethanol. Thin layer chromatography showed that the product contained
two minor contaminants. These were removed by precipitation from ethyl
acetate, resulting in pure 2a (0.85 g, 75%). 1H NMR (CDCl3): for 4[1H]-
pyrimidinone tautomer �� 13.90 (s, 1H; NH), 12.06 (s, 1H; NH), 10.24 (s,
1H; NH), 6.83 (s, 2H; Ar�H), 6.29 (s, 1H; alkylidene H), 4.05 (m, 6H;
O�CH2), 3.29 (m, 2H; NH�CH2), 1.86 (m, 6H; O�CH2�CH2), 1.77 (m, 2H;
NH�CH2�CH2), 1.65 (m, 2H; NH-CH2-CH2-CH2) 1.50 (m, 6H; O-CH2-
CH2-CH2), 1.29 (br, 48H; CH2), 0.890 (t, 12H; CH3) ppm; for pyrimidin-4-
ol tautomer �� 13.58 (s, 1H; NH), 11.32 (s, 1H; NH), 10.02 (s, 1H; NH),
7.04 (s, 2H; Ar�H), 6.65 (s, 1H; alkylidene H), 3.43 (m, 2H) ppm, rest of
the peaks overlap with peaks of the main tautomer; 13C NMR (CDCl3): ��
4[1H]-pyrimidinone tautomer 173.6, 156.8, 155.1, 153.8, 149.1, 141.1, 126.0,
104.3, 103.7, 73.7, 69.4, 39.9, 32.0, 31.6, 30.4, 29.8, 29.9 ± 29.4, 26.2, 22.8, 20.3,
14.2, 13.8 ppm; IR(UATR): �� � 3226, 1694, 1120 cm�1; elemental analysis
calcd (%) for C51H90N4O5 (839.29): C 72.99, H 9.50, N 6.70; found: C 72.9;
H 9.6; N 6.7.


N-Butylaminocarbonyl-6-[3,4,5-tris((S)-3,7-dimethyloctyloxy)phenyl]-iso-
cytosine (2b): The title compound was synthesized by the same procedure
as used for compound 2a (Y� 43%). 1H NMR (CDCl3): for 4[1H]-
pyrimidinone tautomer �� 13.93 (s, 1H; NH), 12.06 (s, 1H; NH), 10.17 (s,
1H; NH), 6.84 (s, 2H; Ar�H), 6.28 (s, 1H; alkylidene H), 4.05 (m, 6H;
O�CH2), 3.30 (m, 2H; NH�CH2), 1.88 ± 0.95 (m, CH2), 0.890 (t, 12H;
CH3) ppm; for pyrimidin-4-ol tautomer �� 13.57 (s, 1H; OH), 11.30 (s, 1H;
NH), 10.0 (s, 1H; NH), 7.07 (s, 2H; Ar�H), 6.64 (s, 1H; alkylidene H), 3.43
(m, 2H) ppm, rest of the peaks overlap with peaks of the main tautomer;
13C NMR (CDCl3): �� 4[1H]-pyrimidinone tautomer 173.4, 156.7, 155.0,
153.8, 149.2, 141.9, 126.0, 104.1, 71.8, 67.7, 39.7 ± 13.8 ppm; IR: �� � 3226,
1694, 1120 cm�1; elemental analysis calcd (%) for C45H78N4O5 (755.13): C
71.58, H 10.41, N 7.42; found: C 71.6, H 10.5, N 7.4.


N,N�-(1,5-Pentamethylene)-bis(2-ureido-6-[3,4,5-tris((S)-3,7-dimethyloctyl-
oxy)phenyl]-4-pyrimidinone (3): Di-tert-butyl tricarbonate (0.20 g,
0.77 mmol) was added to a solution of 1,5-pentanediamine (38 �L,
0.32 mmol) in dichloromethane. The solution was allowed to stir for 1 h
at room temperature to afford 1,5-pentane diisocyanate. The solution was
evaporated to dryness and the residue was dissolved in pyridine (3 mL).
6-[3,4,5-Tris((S)-3,7-dimethyloctyloxy)phenyl]isocytosine (11b, 0.5 g,
0.76 mmol) was added to this solution, which was stirred at 90 �C for
12 h. The solution was evaporated to dryness and the residue was co-
evaporated twice with toluene (2 mL). The orange/white residue was
dissolved in chloroform and precipitated in ethyl acetate. The impure
product was further purified by column chromatography (eluent: 2%
tetrahydrofuran in chloroform, then hexane/chloroform 1:1) and precip-
itation in methanol, resulting in pure 3 (0.14 g, 30%). 1H NMR (CDCl3 �
TFA): �� 6.87 (s, 4H; Ar�H), 6.64 (s, 2H; alkylidene H), 4.19 (m, 4H;
O�CH2), 4.09 (m, 8H; O�CH2), 3.37 (m, 4H; NH�CH2), 1.87 (m, 12H;
O�CH2�CH2), 1.67 (m, 4H; NH�CH2�CH2), 1.66 ± 0.86 (multiple peaks,
104H; CH2, CH3) ppm; 13C NMR (CDCl3): �� 173.2, 157.5, 155.3, 153.8,
148.6, 140.9, 132.12, 126.3, 103.9, 71.9, 67.8, 39.6, 39.5, 37.8, 37.5, 36.5, 30.2,
29.9, 28.2, 25.0, 23.0, 22.0, 19.7 ppm; IR(UATR): �� � 3222, 1694, 1114 cm�1;
MALDI-TOF-MS: (1465.13)m/z : 1466 [M]� , 1489.16 [M�Na]� ; elemental
analysis calcd (%) for C87H148N8O10 (1466.17): C 71.27, H 10.17, N 7.64;
found: C 71.58; H 9.80; N 7.39.


N,N�-(1,6-Hexamethylene)-bis(2-ureido-6-[3,4,5-tri(dodecyloxy)phenyl]-
4-pyrimidinone (4a): A suspension of 6-[3,4,5-tri(dodecyloxy)phenyl]iso-
cytosine 11b (4 g, 5.4 mmol) in dry pyridine (12 mL) and toluene (2 mL)
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was heated to reflux temperature. A clear solution was obtained and some
solvent was distilled off to remove traces of water. After the mixture had
cooled down to room temperature, 1,6-hexane diisocyanate (0.36 mL,
2.16 mmol) was added by syringe and the solution was stirred overnight at
reflux. The solution was evaporated to dryness and the residue was co-
distilled twice with toluene (5 mL). The brown residue was dissolved in
chloroform and precipitated in ethanol. Minor contamination was removed
by precipitation in ethyl acetate resulting in pure 4a (2.11 g, 59%). 1HNMR
(CDCl3 � TFA) �� 6.91 (s, 4H; Ar�H), 6.37 (s, 2H; alkylidene H), 4.04
(m, 12H; O�CH2), 3.32 (m, 4H; NH�CH2), 3.17, 1.81 (m, 12H;
O�CH2�CH2, 1.75 (m, 4H; NH�CH2�CH2), 1.60 (m, 4H; NH-CH2-CH2-
CH2), 1.47 (m, 12H; O-CH2-CH2-CH2), 1.26 (br, 96H; CH2), 0.88 (t, 18H;
CH3) ppm; 13C NMR (CDCl3): �� 173.3, 156.9, 155.3, 153.8, 149.5, 140.9,
126.0, 104.5, 103.8, 73.4, 69.3, 40.1, 32.1, 31.6, 30.5, 30.0, 29.9 ± 29.4, 26.4,
22.5, 20.4, 14.2, 13.8 ppm; IR(UATR): �� � 3226, 1693, 1117 cm�1; elemental
analysis calcd (%) for C100H174N8O10 (1648.52): C 72.86, H 10.64, N 6.80;
found: C 72.54, H 9.98, N 6.71.


N,N�-(1,6-Hexamethylene)-bis(2-ureido-6-[3,4,5-tris((S)-3,7-dimethyl-
octyloxy)phenyl]-4-pyrimidinone (4b): A suspension of 6-[3,4,5-tris((S)-
3,7-dimethyloctyloxy)phenyl]isocytosine (11b, 0.5 g, 0.76 mmol) in dry
pyridine (4 mL) and toluene (1 mL) was heated to reflux temperature. A
clear solution was obtained, and some solvent was distilled of to remove
traces of water. After the mixture had cooled, 1,6-hexane diisocyanate
(0.05 mL, 0.3 mmol) was added by syringe. A trace of DMAP was also
added. The solution was stirred at 90 �C for 12 h. The reaction mixture was
evaporated to dryness and the residue was co-evaporated twice with
toluene (2 mL). The red residue was dissolved in chloroform and
precipitated in methanol, ethanol, and ethyl acetate. Further purification
by column chromatography (eluent: 6% tetrahydrofuran in chloroform)
and precipitation in methanol resulted in pure 4b (0.12 g, 27%). 1H NMR
(CDCl3 � TFA): �� 6.91 (s, 4H; Ar�H), 6.48 (s, 2H; alkylidene H), 4.09
(m, 12H; O�CH2), 3.33 (m, 4H; NH�CH2), 1.87 (m, 12H; O�CH2�CH2),
1.71 (m, 4H; NH�CH2�CH2), 1.66 ± 0.86 (multiple peaks, 106H; CH2,
CH3) ppm; 13C NMR (CDCl3): �� 173.1, 157.0, 155.2, 153.4, 148.2, 140.9,
126.3, 103.7, 71.5, 67.8, 39.6, 39.5, 37.8, 37.5, 36.5, 30.2, 29.9, 28.2, 25.0, 23.0,
22.0, 19.7 ppm; IR(UATR): �� � 3226, 1692, 1115 cm�1; MALDI-TOF-MS:
(1479.14) m/z : 1480.04 [M]� , 1503.01 [M�Na]� ; elemental analysis calcd
(%) for C88H150N8O10 (1480.20): C 71.41, H 10.21, N 7.57; found: C 71.05, H
9.92, N 7.52.


N,N�-(1,7-Heptamethylene)-bis(2-ureido-6-[3,4,5-tris((S)-3,7-dimethyl-
octyloxy)phenyl]-4-pyrimidinone (5): The title compound was synthesized
from 1,7-diisocyanatoheptane in the same way as compound 4. Purification
was performed by column chromatography (eluent: 2% tetrahydrofuran in
chloroform) and precipitation in methanol, resulting in pure 5 (Y� 29%).
1H NMR (CDCl3 � TFA): �� 6.88 (s, 4H; Ar�H), 6.62 (s, 2H; alkylidene
H), 4.19 (m, 4H; O�CH2), 4.09 (m, 8H; O�CH2), 3.33 (m, 4H; NH�CH2),
1.87 (m, 12H; O�CH2�CH2), 1.68 (m, 4H; NH�CH2�CH2), 1.66 ± 0.86
(multiple peaks, 108H; CH2, CH3) ppm; 13C NMR (CDCl3): �� 171.6,
157.5, 155.3, 153.8, 148.6, 140.9, 132.1, 126.3, 103.9, 71.8, 67.8, 39.5, 37.6, 37.4,
36.5, 36.4, 30.0, 28.1, 24.8, 22.8, 22.6, 19.6 ppm; IR(UATR): �� � 3222, 1694,
1114 cm�1; MALDI-TOF-MS: (1493.16) m/z : 1494.22 [M]� , 1517.19
[M�Na]� ; elemental analysis calcd (%) for C89H152N8O10 (1494.23): C
71.50, H 10.25, N 7.50; found: C 71.35, H 10.00, N 7.42.


N,N�-(1,8-Octamethylene)-bis(2-ureido-6-[3,4,5-tris((S)-3,7-dimethyl-
octyloxy)phenyl]-4-pyrimidinone (6): This compound was synthesized from
1,8-diisocyanatooctane by the procedure used for compound 3. Purification
was carried out by column chromatography (eluent: 2% tetrahydrofuran in
chloroform) and precipitation in methanol, resulting in pure 6 (Y� 28%).
1H NMR (CDCl3 � TFA): �� 6.88 (s, 4H; Ar�H), 6.57 (s, 2H; alkylidene
H), 4.08 (m, 12H; O�CH2), 3.32 (m, 4H; NH�CH2), 1.87 (m, 12H;
O�CH2�CH2), 1.69 (m, 4H; NH�CH2�CH2), 1.66 ± 0.86 (multiple peaks,
110H; CH2, CH3) ppm; 13C NMR (CDCl3): �� 173.0, 157.8, 155.2, 153.8,
149.0, 141.5, 132.1, 126.3, 104.5, 72.3, 69.5, 39.4, 39.3, 37.4, 37.1, 36.3, 29.8,
29.7, 28.0, 24.8, 22.7, 22.6, 19.5 ppm; IR(UATR): �� � 3226, 1692, 1115 cm�1;
MALDI-TOF-MS: (1507.18) m/z : 1508.18 [M]� , 1530.16 [M�Na]� ; ele-
mental analysis calcd (%) for C90H154N8O10 (1508.25): C 71.67, H 10.29, N
7.43; found: C 71.71, H 10.09, N 7.35.


N�,N��-m-Xylylene-bis(2-ureido-6-[3,4,5-tri(dodecyloxy)phenyl]-4-pyrimi-
dinone (7a): The title compound was obtained from m-xylylene diisocya-
nate in the same way as 3. Column chromatography (flash silica, methanol/
tetrahydrofuran/chloroform 2:4:94) gave pure 7a (Y� 36%). 1H NMR


(CDCl3 � TFA): �� 7.30 (s, 2H; m-Ph�H), 7.10, 6.89 (s, 4H; Ar�H), 6.61
(s, 2H; alkylidene H), 4.52 (d, 4H; NH�CH2), 4.15 (t, 4H; OCH2), 4.06 (t,
8H; OCH2), 1.81 (m, 12H; OCH2�CH2), 1.49 (m, 12H; OCH2�CH2�CH2),
1.29 (br, 96H; CH2, CH3), 0.90 (t, 18H; CH3) ppm; IR(UATR): �� � 3226,
1695, 1117 cm�1; elemental analysis calcd (%) for C102H170N8O10 (1668.51):
C 73.43, H 10.27, N 6.72; found: C 72.54, H 9.87, N 6.71.


N�,N��-m-Xylylene-bis(2-ureido-6-[3,4,5-tris((S)-3,7-dimethyloctyloxy)-
phenyl]-4-pyrimidinone (7b): For the synthesis of the title compound see
the procedure for compound 3. Tetrahydrofuran in chloroform (2%) was
used as an eluent for column chromatography, and precipitation in
methanol gave pure 7b (Y� 14%). 1H NMR (CDCl3 � TFA): �� 7.34
(s, 2H;m-Ph�H), 7.10, 6.87 (s, 4H; Ar�H), 6.62 (s, 2H; alkylidene H), 4.50
(m, 4H; NH�CH2), 4.13 (m, 4H; O�CH2 intra), 4.08 (m, 8H; O�CH2), 1.86
(m, 12H; O�CH2�CH2, 1.68 ± 0.86 (multiple peaks, 102H; CH2, CH3) ppm;
13C NMR (CDCl3): �� 173.2, 157.6, 155.1, 153.8, 153.5, 148.6, 139.1, 125.4,
125.1, 124.6, 105.0, 103.6, 71.9, 67.6, 39.6, 38.4, 37.8, 37.7, 36.5, 31.5, 30.1, 29.9,
28.2. 25.0, 22.9, 19.7 ppm; IR(UATR): �� � 3226, 1692, 1115 cm�1; MALDI-
TOF-MS: (MW� 1499.11) m/z : 1500.15 [M]� , 1523.13 [M�Na]� ; elemen-
tal analysis calcd (%) for C90H146N8O10 (1500.19): C 72.06, H 9.81, N 7.47;
found: C 71.65, H 9.97, N 7.17.
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Highly Substituted Azulene Dyes as Multifunctional NLO and
Electron-Transfer Compounds


Christoph Lambert,*[a] Gilbert Nˆll,[a] Manfred Zabel,[b] Frank Hampel,[c]
Elmar Schm‰lzlin,[d] Christoph Br‰uchle,[d] and Klaus Meerholz[d, e]


Dedicated to the memory of PD Dr. J. Jens Wolff (1961 ± 2001)


Abstract: Two highly substituted azu-
lene derivatives were synthesised by Pd-
mediated dimerisation from the corre-
sponding tolan species. One azulene
derivative (2) has donor functionalities
(dianisylaminophenyl and dianisylami-
no) in the 1-, 2-, 3- and 6-positions, while
the other (1) has donors (dianisylami-
nophenyl) in the 2- and 6-positions and
acceptors (nitrophenyl) in the 1- and
3-positions. Each azulene derivative
shows strong bond length alternation in


the solid state, determined by X-ray
crystal analysis, and an intense CT band
around 450 ± 500 nm in its UV/Vis spec-
trum. The first-order hyperpolarisability
of 1 and of 2 was measured by hyper-
Rayleigh scattering and is about that of
disperse red DR1. Both azulene deriva-


tives show multiple oxidation processes.
The intramolecular adiabatic ET behav-
iour of the mixed valence radical cations
of 1 and of 2 was investigated by UV/
Vis/NIR spectroelectrochemistry. The
intervalence-CT band of 1� could be
analysed by the Generalised Mulliken ±
Hush theory, which yields an electronic
coupling V� 1140 cm�1 for the optically
induced adiabatic hole transfer.


Keywords: azulene ¥ electron trans-
fer ¥ hyperpolarisability ¥ mixed-
valent compounds ¥ triarylamines


Introduction


Azulene and its derivatives have been thoroughly investigat-
ed, due to their unusual photophysical behaviour, such as their
dipolar character, their long wavelength absorption and the


violation of Kasha×s rule. Owing to these features, azulene has
been incorporated into a number of organic materials, such as
electrically conducting polymers,[1, 2] charge-transfer salts,[3]


molecular switches[4] and chromophores with nonlinear opti-
cal (NLO) properties.[5±11] In most of these last systems,
azulene as the parent chromophore is monosubstituted and
either its electron-rich five-membered ring serves as an
electron donor combined with an acceptor or its electron-
deficient seven-membered ring serves as an electron acceptor
combined with a donor through a �-bridging system. In only
one of these cases[9] does azulene itself act as a �-bridge
substituted by an acceptor and a donor. In this paper we
report the (non)linear optical and electron-transfer properties
of two azulene derivatives: one substituted by two donor
groups along the azulene axis and two acceptor groups in
lateral positions (1) and another substituted by three triaryl-
amine and one dianisylamino donor groups (2).


Owing to the intrinsic push ± pull character of the central
azulene moieties, the chromophores 1 and 2 are expected to
display second-order nonlinear optical (NLO) properties,
which were investigated by hyper-Rayleigh scattering
(HRS).[12] Because of the reversibly oxidisable character of
the triarylamine moieties, the azulene derivatives also show
intramolecular electron-transfer processes in partially oxi-
dised (mixed valence, MV) states.[13, 14]


The standard NLO chromophore is a one-dimensional �-
system substituted by a donor and an acceptor group at either
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end.[15, 16] Thanks to these substituents, the chromophore
shows a charge-transfer (CT) absorption in the UV/Vis,
associated with a large difference in the ground state and the
excited state dipole moments. According to Oudar and
Chemla,[17] the first-order hyperpolarisability �zzz of such a
chromophore can be estimated by the two-level approach
[Eq. (1)]:


� 2�
zzz �


1


�h 2


��e � �g� �2
eg


�2
eg


� 4
eg


�� 2
eg � 4� 2��� 2


eg � � 2� (1)


where �eg is the transition moment between the ground state
and the first excited singlet state (which can be obtained from
band integration), �e� �g is the dipole moment difference
between the ground and excited CT state, and �eg and � are
the energy of the CT transition and of the incident laser beam
used for the HRS measurement, respectively. In recent years,
multidimensional, so-called ™octupolar∫ chromophores, in
which more than one CT transition is involved, have attracted
considerable interest both because of possibly enhanced first-
order hyperpolarisabilities relative to one-dimensional ana-
logues and because of the increased chances of obtaining
single crystals with acentric space groups, a prerequisite for
observation of second-order NLO phenomena in the crystal-
line state.[18, 19] In these cases, multi-state equations have to be
used for a first-order description of the hyperpolarisabili-
ty.[20, 21]


Many of the chromophores used for NLO investigations
also exhibit interesting electron-transfer behaviour.[22] Basic
aspects of electron-transfer (ET) theory have been inves-
tigated by use of one-dimensional compounds in which two
redox centres are connected by a conjugate or nonconjugate
bridge.[13, 14] If the two redox centres have different redox
states, an electron or a hole can be transferred by optical or
thermal excitation. In most cases, the redox centres are ligand
coordinate metal centres,[23±25] but a number of purely organic
mixed valence species are also known, among them bis(hy-
drazine) compounds,[26, 27] bis(quinone) compounds[28, 29] and
pentakis(thiophenyl)benzene species,[30] as well as bis(triaryl-
amine) species.[22, 31±35] These last compounds are widely used
as hole-transport components[36] in optoelectronic devices
such as photorefractive materials, photoconductors, photo-
voltaic cells, and so deserve special attention.[37±39]


We recently investigated a series of linear bis(triarylamine)
radical cations in which two states (hole located on the one


triarylamine and hole located
on the other) are degenerate in
energy,[33±35] together with mul-
tidimensional species in which
four or six triarylamine redox
centres are present[40, 41] and
polymers.[42]


The electronic situation of a
one-dimensional ET system
such as 1� can be described by
mixing two diabatic (noninter-
acting) states in the secular
determinant Equation (2).[43±46]


In this equation, quadratic po-
tentials depending on the ET coordinate x are used for the
two diabatic states, �1 and �2 represent the Marcus reorgan-
isation energies, which are assumed to be equal for both states
as an approximation, and the coupling is given by V. The
resulting potential energy diagram is shown in Figure 1.


(2)


Because of the different substituents attached to the aryl units
in, say, TD� (see Figure 1), the state in which the hole is
localised at the right-hand triarylamine unit is more stable
than the one in which the hole is localised at the left-hand
triarylamine group. It is therefore possible to lift one local
triarylamine redox potential and thus to introduce a free
energy difference �G 0 between the two states described
above.[47±49]


The coupling of the two diabatic states (dashed line in
Figure 1) yields two adiabatic states (solid lines in Figure 1).
Optical excitation from the minimum of the double well
potential to the excited state causes a hole to be transferred
from one triarylamine to the other. This optical excitation at
��max is usually seen in the NIR and is termed an intervalence
charge-transfer band (IV-CT). From Figure 1 it is obvious that
��max consists of the reorganisation energy � and the free
energy difference �G 0. Application of the Generalised
Mulliken ±Hush analysis [Eq. (3)] to this band yields the
electronic coupling V.[44, 45, 50] In Equation (3), �eg is the
transition moment of the IV-CT band, and ��ab is the diabatic
dipole moment difference, approximated by the geometric
N ±N distance, ��ab� e� r.[51]


V � �eg�
~
max


��ab


(3)


In these azulene radical cations, the free energy difference
�G 0 is mainly introduced by the asymmetry of the 2-phenyl-
azulene moiety itself and to some degree by the substituents
in lateral positions.While 1� behaves as a one-dimensional ET
system, there are three mixed-valence radical cations in 2 : 2�,
22� and 23�, owing to the presence of the four triarylamine
redox centres. All these radical cations potentially display
multidimensional ET pathways.[40, 41, 52] At this point we
should mention that we were unfortunately not successful in
analysing these multidimensional ET pathways in the case
of 2.







FULL PAPER C. Lambert et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4232 ± 42394234


Figure 1. Potential energy diagram for the intramolecular ET processes of
1� and of TD�. The adiabatic potentials (solid lines) were constructed from
the diabatic potentials (dashed lines) and Equation (2).


Results and Discussion


Synthesis : While treatment of N,N,N�,N�-tetraanisyltolandi-
amine TATD with catalytic amounts of [Co2(CO)8] gives the
corresponding hexaarylbenzene species,[41] the reaction with
PdII salts yields the azulene derivatives.[41, 53, 54] The syntheses
of 1 and 2 were therefore achieved by Pd-mediated coupling
of the correspondingly substituted tolans according to
Scheme 1. Stoichiometric amounts of [Pd(PhCN)2Cl2] (one
equivalent per mol tolan) were necessary to convert the tolans
into the azulenes in low yields. Attempts to run the reaction


Scheme 1. Synthetic routes to 1 and 2.


with catalytic amounts of Pd salt failed. Similar problems were
reported by M¸ller and Zountsas[53, 54] who were the first to
report Pd-mediated coupling of tolans to azulenes. In our case
the main problem of the conversion of the tolans into the
azulenes is the sensitivity of the azulene solutions towards air,
which is even higher in the presence of silica gel, resulting in
decomposition during purification by chromatography. Con-
version of tolans into azulenes by Lewis acids have been
reported in the literature,[55] but this was not followed in this
work because of the general sensitivity of our triarylamine
species towards acids.


X-ray structure analysis : The molecular structures of
1 ¥EtOAc and of 2 ¥MeCN have been investigated by X-ray
crystal analysis (see Figure 2). Crystal data and data collection
information can be found in Table 1, while selected distances
and angles are collected in Table 2.


Figure 2. ORTEP plots of the molecular structures of a) 1 ¥EtOAc and
b) 2 ¥MeCN in the crystalline state. The solvent molecules incorporated in
the crystals are omitted for clarity.


Despite the different substituents, the azulene moieties of
both derivatives show essentially the same C ¥¥¥ C bond
lengthss, as well as the same dihedral angles of the phenyl
substituents. The most remarkable feature is the asymmetry of
the azulene group found in both derivatives 1 and 2. The
azulene systems show significant bond length alternation,
which results in a strong deviation from local C2v symmetry;
the azulene moiety has local Cs symmetry. In addition, one of
the phenyl substituents attached to the 1-position is signifi-
cantly more twisted out of the azulene plane than the one
attached to the 3-position. Although the precise structure of
unsubstituted azulene is not known, due to disorder in the
crystal,[56] computational studies indicate a very shallow
ground-state potential energy surface where the C2v and Cs
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minima are quite close in energy.[57] Thus, small perturbations
such as the presence of substituents might easily distort an
otherwise more stable C2v geometry towards a Cs geometry, as
found in our cases and in the recently described X-ray
structure analysis of the cycloaddition product of azulene and
furan[58] and in the complex of 1,3,5-trinitrobenzene and
azulene.[59] Whether the observed strong bond length alter-
nation is also present in solution and whether it has an effect
on the optical properties remains to be elucidated.


In 2, the trigonal coordination sphere at the nitrogen centre
N4 is planar (angle sum 359.9�) while those at N1 (357.9�), N2
(358.9�) and N3 (358.5�) are slightly pyramidal. This empha-
sises stronger �-conjugation of the N4 lone pair with the
electron-deficient seven-mem-
bered ring system. In 1 the N4
angle sum is again 360.0� but
that at N2–at 359.9�–also in-
dicates stronger �-overlap.


While the triarylamine
groups around N2 and N4 in 1
and around N1, N2 and N4 in 2


are coplanar with the azulene units, the one around N3 in 2 is
not but is turned out of the azulene plane, presumably in order
to avoid steric crowding.


Linear and nonlinear optical properties : The UV/Vis spectra
of 1 and of 2 were recorded in several solvents (see Figure 3
and Table 3). Each azulene derivative shows a very intense
absorption between 450 ± 480 nm.We tentatively assign this to
an intramolecular CT band because of its band shape,


Figure 3. UV/Vis spectra of 1 (dotted line) and of 2 (solid line) in CH2Cl2.


Table 1. Crystal data and data collection information.


1 ¥EtOAc 2 ¥MeCN


diffractometer Nonius diffractometer
with CCD


STOE-IPDS


empirical formula C60H52N4O10 C86H75N5O8


formula weight 989.09 1296.57
T [K] 173(2) 173(1)
� [ä] 0.71073 0.71073
crystal system triclinic triclinic
space group P1≈ P1≈


unit cell dimensions
a [ä] 9.1109(18) 13.3412(13)
b [ä] 13.251(3) 15.4426(14)
c [ä] 21.448(4) 17.4175(14)
� [�] 94.73(3) 101.334(10)
� [�] 91.49(3) 90.980(11)
� [�] 104.01(3) 101.653(11)
V [ä3] 2501.0(9) 3439.9(6)
Z 2 2
	calcd [Mgm�3] 1.313 1.233
absorption correction numeric none
absorption coefficient [mm�1] 0.090 0.08
F(000) 1040 1349
crystal size [mm3] 0.30� 0.30� 0.30 0.22� 0.18� 0.18

 range for
data collection [�] 2.54 to 23.73 1.85 to 25.22
index ranges � 10� h� 9 � 15� h� 15


� 14� k� 14 � 18� k� 18
0� l� 24 � 20� l� 20


refls collected 7783 27163
independent refls 7560 [R(int)� 0.0643] 11567 [R(int)� 0.0776]
refinement method full-matrix full-matrix


least-squares on F 2 least-squares on F 2


data/restraints/parameters 7560/0/667 11567/0/887
GoF on F 2 1.022 0.772
final R indices [I� 2�(I)]
R1 0.0737 0.0587
wR2 0.1574 0.1191
R indices (all data)
R1 0.2374 0.1672
wR2 0.2339 0.1500
largest diff. peak and hole
[eä�3] 1.072 and �0.598 0.761 and �0.340


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


1 2


a 1.430(9) 1.440(5)
b 1.392(9) 1.403(5)
c 1.411(9) 1.417(5)
d 1.470(9) 1.456(5)
e 1.425(9) 1.416(5)
f 1.395(9) 1.402(6)
g 1.369(9) 1.369(6)
h 1.413(9) 1.409(6)
i 1.412(8) 1.399(5)
j 1.379(8) 1.388(5)
k 1.392(9) 1.401(5)
l 1.399(8) 1.397(5)
m 1.474(9) 1.471(6)
n 1.465(9) 1.476(5)
o 1.466(9) 1.483(5)
�1 41 39
�2 59 64
�3 49 43


Table 3. Absorption data of the longest-wavelength band.


�max(Et2O) �max/� �max(CHCl3) �max(THF) �max(MeCN) �max(DMSO)
[nm] (CH2Cl2) [nm] [nm] [nm] [nm]


[nm]/[��1cm�1]


1 441 453/43800 458 449 447
2 475 475/28600 480 477 466 471
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although it is not obvious which molecular unit plays the
donor and which the acceptor in this excitation. Preliminary
AM1-CI computations for 1 suggest a mixing of three
contributions: a CT excitation within the azulene moiety
and between the five-membered ring (donor) with the
nitrophenyl acceptors, as well as between the dianisylamino
donor with the seven-membered ring as the acceptor. This CT
band is more intense but at higher energy for 1 than for 2.
Surprisingly, neither the CT band in 1 nor that in 2 shows any
systematic solvatochromism in solvents ranging in polarity
from MeCN to Et2O. Because of the two-dimensional top-
ology of the azulene derivatives it might be possible that the
CT band in 1 actually consists of two perpendicularly
polarised bands, although such bands are usually more
strongly separated in energy.[60, 61] For derivative 2 there is a
very weak shoulder at �600 nm, which might be due to the
same transition that causes the blue colour of unsubstituted
azulene. Azulene substituted with a dialkylamino group in the
6-position also has a CT band at about 470 ± 500 nm, but this
band shows a negative solvatochromism and is two orders of
magnitude weaker (� �1000��1 cm�1) than the one observed
in our cases.[62, 63] Azulene substituted with amino groups in
the 2- and 6-positions and by ethylcarboxylate groups in the 1-
and 3-positions has a somewhat stronger band (�
�5000��1 cm�1) at the same wavelength.[64] This comparison
demonstrates the very unusual linear optical absorption
features of 1 and of 2 induced by the substitution pattern.


Despite the lack of solvatochromism of the CT band, 1
possesses a high ground state dipole moment, which was
measured by the Hedestrand method[65] which yields �exptl�
7.5	 0.5 D in benzene. This value is in good agreement with
the calculated (AM1) dipole moment of 8.8 D, while the AM1
value for 2 is only 2.1 D.[66] It is to some extent surprising that
the CT band in 1 is at higher energy than that of 2 despite 1
having the stronger acceptor (nitrophenyl) substituents. The
dipolar character of the ground and excited states or, more
exactly, the changes of dipolar character can also be demon-
strated by measurement of the absolute value of the first
hyperpolarisability � by nonresonant HRS at 1500 nm.
According to Equation (1) the hyperpolarisability of one-
dimensional chromophores is only significant if the dipolar
character between ground and excited states changes strongly.
Indeed, HRS measurements in CHCl3 solutions, in which
neither 1 nor 2 shows fluorescence, yielded significant hyper-
polarisabilities.[67±69] Because the nature of the electronic
transitions appears to be very complicated we cannot safely
assume purely one-dimensional CT behaviour. It might well
be possible that octupolar contributions add to the �


tensor.[16, 18, 19] Thus, evaluation of the measured HRS signals
in terms of specific tensor element contributions to the �


tensor is impossible, so we only give the mean
��������������
� 2


HRS�
�


values
at 1500 nm: 32� 10�30 esu for 1 and 24� 10�30 esu for 2 (the
�B* convention of Willets et al.[70] was adopted). For compar-
ison, the mean


��������������
� 2
HRS�


�
value of disperse red DR1, which has


a very similar absorption maximum (�max� 472 nm in CHCl3)
is 31� 10�30 esu under the same experimental condi-
tions.[69, 71, 72] In this way, both azulene derivatives are
quite similar to DR1 but of course they have a much higher
mass.


Electron-transfer properties : Cyclic voltammetry (CV) in
CH2Cl2/0.2� tetrabutylammonium hexafluorophosphate
(TBAH) solution indicated two reversible oxidation processes
for 1 and four reversible oxidation processes for 2 (see
Figure 4). The redox potentials associated with these oxida-
tions were evaluated by digital simulation of the CVs and are
given in Table 4. The redox potentials were also determined
by differential pulse voltammetry.


Figure 4. Cyclic voltammogram of 2 vs. ferrocene/ferrocenium at
250 mVs�1 in CH2Cl2/0.2� TBAH at RT. Open circles: experimental data,
solid line: simulation (see text for details).


For azulene 1 we assume that the first oxidation process
refers to the triarylamine at N2, which should be easily
oxidisable because of the electron-donating effect of the five-
membered ring of azulene. The second redox process is
associated with the triarylamine around N4, because the
seven-membered ring of azulene is electron-deficient. Owing
to the four triarylamine redox centres and the overall
associated higher electron density, the first two redox
processes in 2 occur at significantly lower potential than in
1. Because of the very complex electronic nature of 2 we
refrain from assigning any of the four redox processes to a
specific triarylamine group or to the azulene itself.


The UV/Vis/NIR spectroscopic properties of the radical
cations of 1 and 2 were examined with the aid of a
spectroelectrochemical cell,[73] in which a solution of 1 or 2
in CH2Cl2/0.2� TBAH can be oxidised step by step in a thin-
layer (100 �m) by application of an electrical potential to a
gold mini-grid working electrode while the spectra are
recorded in transmission.


Upon stepwise oxidation of 1 a strong and broad absorption
at 7420 cm�1 (see Figure 6) appears, vanishing once again for
the fully oxidised compound 12�. This broad band is assigned
to an intervalence charge-transfer band (IV-CT) of 1�


associated with the optically induced transfer of a hole from
the triarylamine radical cation centred at N2 to the triaryl-
amine at N4 (see also Figure 1). This band is slightly


Table 4. Redox potentials vs. ferrocene/ferrocenium from cyclic voltam-
metry at 250 mVs�1 in CH2Cl2/0.2� TBAH at RT.


E1/2 [M/M�] E1/2 [M�/M2�] E1/2 [M2�/M3�] E1/2 [M3�/M4�]
[mV] [mV] [mV] [mV]


1 190 455
2 � 23 190 290 410
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asymmetric, as also observed in many other cases.[34] The IV-
CT band, which is almost base line separated from adjacent
bands, was deconvoluted by Gaussian functions[34] and
integrated in order to obtain the transition moment associated
with this excitation. For the evaluation of the electronic
coupling V according to Equation (3) the diabatic dipole
moment difference was approximated by the geometric N ±N
distance[34] (12.4 ä, estimated by an AM1 optimisation),[51]


which then yields V� 1140 cm�1 (see Table 5). This coupling
equals that in tetraanisyltolandiamine, TATD� (V�


1200 cm�1, �� 6190 cm�1),[34] which is reasonable as both 1
and TATD have the same number of bonds (11) separating
the nitrogen centres. Unfortunately, we cannot determine the
reorganisation energy � associated with the ET because the
optical transition energy consists of � and of the free energy
difference �G 0, the magnitude of which is unknown. If we
assume that the reorganisation energy is the same in 1� and in
TATD� under the same experimental conditions we can
estimate �G 0 to be�1200 cm�1. This free energy difference is
induced by the azulene moiety itself.


For azulene 2 the situation is much more complex. Unlike
in 1, where the monoradical cation 1� can be selectively
generated thanks to the large redox potential difference
between first and second oxidation, this is not possible for all
oxidation states of 2. Using the redox potentials of 2 from CV
we calculated the relative amounts of all species during a
stepwise oxidation until 24� is reached, depending on the
applied electrical potential (Figure 5). From Figure 5 one can
easily see that 2� can be generated almost quantitatively,
while 22� and 23� are only present to 78 and 84%, respectively.


Figure 5. Relative concentrations of all redox active species 2n� depending
on the applied electrical potential.


The absorption bands in the NIR were therefore corrected by
the following method: the spectrum of 23� at its highest
absorptivity contains 8% of the spectrum of 22� and 24�. The
(uncorrected) spectra of the last two cations were therefore
multiplied by 0.08 and subtracted from the uncorrected
spectrum of 23�. The new spectrum of 23� is divided by 0.84
in order to correct the overall molar absorptivity. The same
procedure was applied to the raw spectra of 2� and 22� by
using the now corrected spectrum of 23�. All corrected spectra
of the radical cations are given in Figure 6.


Figure 6. NIR spectra of the radical cations in CH2Cl2/0.2� TBAH at RT.


The band maxima at energies above 10000 cm�1 are
triarylamine radical cation � ±�* excitations[74±76] while those
below 8000 cm�1 are IV-CT bands. For 12� and 24� only
shoulders around 10000 cm�1 are observed, which might be
due to IV-CT excitations into the azulene bridge.[33] Because
of the multidimensional nature of 2 the IV-CT bands of 2�, 22�


and 23� actually consist of many sub-bands. Unlike the cases in
which the high symmetry of multidimensional MV com-
pounds[40, 41] allows the deconvolution of the IV-CT bands, this
is impossible here, so we have to stay with the conclusion that
the IV-CT bands of 2� and 22� are of energy and intensity
similar to that of 1� whereas that of 23� is at much lower
energy.


Conclusion


Two highly substituted azulene derivatives, the structures as
well as the optical and electron transfer properties of which
have been investigated in detail, were synthesised by Pd-
mediated dimerisation.


Although the substitution patterns in the two azulene
derivatives are quite different–four donor substituents in the
1-, 2-, 3- and 6-positions in 2 and two donors and two acceptors
alternating in the 1-, 2-, 3- and 6-positions in 1–they show the
same strong bond length alternation in the crystalline state.


In comparison with the usually weak azulene band, each of
these azulene derivatives has an unusually intense CT band
around 450 ± 500 nm. While this CT band shows no systematic
solvatochromism, the ground-state dipole moment is signifi-
cant, as are the changes to the excited-state dipole moment, as
was demonstrated by HRS measurements of the first-order
hyperpolarisability. The measured hyperpolarisability of 1


Table 5. Optical parameters of the IV-CT bands in CH2Cl2/0.2� TBAH at
RT.


��opt [cm�1] � [��1 cm�1] �eg[D][a] V [cm�1]


1� 7420	 150 16500	 500 9.2	 0.5 1140	 60
2� 6900	 150 14400	 500
22� 6500	 150 12000	 500
23� 5920	 150 23500	 500


[a] For band integration we deconvoluted the spectra by use of Gaussian
curves.







FULL PAPER C. Lambert et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4232 ± 42394238


and of 2 is about that of disperse red DR1, which has a similar
longest-wavelength absorption.


Both azulene derivatives show multiple oxidation process-
es. For 2 these processes cover a broad range of �600 mV,
which makes 2 an electron sponge that might be useful as a
mediator in electron-transfer catalysis.[77] The intramolecular
adiabatic ET behaviour of the mixed valence radical cations
of 1 and of 2 was investigated by UV/Vis/NIR spectroelec-
trochemistry. All mixed-valence radical cations show intense
IV-CT bands in the NIR. The IV-CT band of 1� could be
analysed by the Generalised Mulliken ±Hush theory, which
yields an electronic coupling V� 1140 cm�1 for the optically
induced adiabatic hole transfer. This coupling is very similar
to that of dianisylamino substituted tolan TATD�, which has
the same geometric N ±N distance. The free energy difference
induced by the azulene moiety itself was estimated to be
about 1200 cm�1. The mixed valence states of 2 show very
complex IV-CT bands, and a further detailed analysis was
impossible.


In conclusion, the azulene derivatives 1 and 2 each possess
both a significant ground state polarisation as well as first-
order hyperpolarisability and interesting electron-transfer
behaviour. This unique combination of features might be
useful for the development of photorefractive materials.
Chromophores with both ET and NLO properties have
already been implemented quite successfully in low-glass
temperature photorefractive glasses.[78] The obvious drawback
of the azulene derivatives 1 and 2 is their crystallinity, which
might be suppressed by incorporation of alkyl chains attached
to the triarylamine groups instead of the methoxy groups.
Studies in this direction, as well as concerning the excited state
dynamics, are in progress.


Experimental Section


X-ray crystallography : Crystals of 1 ¥EtOAc were grown from a saturated
benzene/ethyl acetate solution over undissolved material in a sealed glass
tube by application of a temperature gradient of 45 to �30 �C.


Crystals of 2 ¥MeCN were grown by slow evaporation of a benzene/CHCl3
mixture at RT. Traces of MeCN from previous crystallisation attempts were
present.


Both structures were solved by direct methods (SHELXS97), the hydrogen
atoms being refined in idealised positions with isotropic displacement
parameters. For further details see Table 1.


CCDC-197244 and -205525 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 Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax:
(�44) 1223-336-033; E-mail : deposit@ccdc.cam.ac.uk].


Cyclic voltammetry and spectroelectrochemistry : The electrochemical
experiments were performed by use of a conventional three-electrode
set-up with a platinum disk working electrode in dry, nitrogen-saturated
CH2Cl2 with 0.2� tetrabutylammonium hexafluorophosphate (TBAH) as
supporting electrolyte and 0.001� substrate. The potentials are referenced
against ferrocene (Fc/Fc�). Digital fits of the experimental CVs were done
with DigiSim[79] with the assumption of chemical and electrochemical
reversibility of all processes. For spectroelectrochemical analysis, the
solution of the CV experiments were transferred into a thin-layer cell[73]


made up of two quartz windows with a gold mini-grid working electrode
squeezed in-between. The optical path length was 100 �m. The cell design
has been described elsewhere.[73] The UV/Vis/NIR spectra were recorded
with a JASCO V570 spectrometer in transmission.


Hyper-Rayleigh scattering measurements : The experimental set-up and the
data evaluation is described in detail in[67 ± 69]. The 1500 nm output of an
optical parametric power oscillator (OPPO) was used as the incident light.
This long wavelength was chosen so as to avoid two- or three-photon
induced fluorescence contributions to the HRS signal. In addition, the
spectral purity of the detected signal was checked by use of different filters.
All measurements were done in CHCl3. The reference compound was p-
dimethyaminocinnamaldehyde (�zzz� 35� 10�30 esu at 1500 nm in
CHCl3)[80] under identical experimental conditions. The accuracy of all
measurements was estimated to be about 	15%. The �B* convention of
Willets et al.[70] has been used throughout this paper.


1,3-Bis-(4-nitrophenyl)-2-{4-[N,N-bis(4-methoxyphenyl)amino]phenyl}-6-
[N,N-bis(4-methoxyphenyl)amino]azulene (1): 4-Dianisylamino-4�-nitro-
tolan (198 mg, 0.44 mmol) and [Pd(PhCN)2Cl2] (100 mg, 0.260 mmol) were
dissolved in dry THF (5 mL) and heated at reflux for 12 h. The solvent was
removed in vacuo and the residue was purified by several flash chroma-
tography runs (silica gel, gradient PE/CH2Cl2 4:1�PE/CH2Cl2 1:1�PE/
CH2Cl2 1:3) followed by precipitation from CH2Cl2/PE to yield a red solid
(40 mg, 0.044 mmol, 20%). M.p. 226 �C; 1H NMR (400 MHz, CDCl3): �
8.16, 7.39 (AA�, 4H; H-3� and BB�, 4H; H-2� nitrophenyl), 7.91, 6.80 (AA�,
2H; H-4, and BB�, 2H; H-5, azulene), 7.16, 6.79 (AA�, 4H; H-8 and BB�,
4H; H-9, methoxyphenyl), 7.03 ± 6.89 (AA�-BB�, 8H; H-6��, H-7��, methoxy-
phenyl), 6.67 ± 6.64 (AA�-BB�, 4H; H-2�� and H-3��, aminophenyl), 3.81 (s,
6H; methoxy), 3.77 (s, 6H; methoxy); 13C NMR (101 MHz, CDCl3): �
159.1, 157.8, 156.0, 147.5, 145.7, 144.3, 142.6, 140.4, 139.0, 134.3, 132.3, 131.8,
131.7, 119.1, 128.2, 127.2, 126.9, 126.9, 123.2, 117.2, 115.3, 114.7, 55.52, 55.46;
FAB-MS (high resolution, PI): calcd for C56H44N4O8: 900.3159; found:
900.31798; �� 2.3 ppm.


1,2,3-Tris-{4-[N,N-bis(4-methoxyphenyl)amino]phenyl}-6-[N,N-bis(4-me-
thoxyphenyl)-amino]azulene (2): 4,4�-Tetraanisyltolandiamine TADT
(100 mg, 0.16 mmol) and [Pd(PhCN)2Cl2] (37 mg, 0.097 mmol) were
dissolved in dry THF (5 mL) and heated at reflux for 12 h. The solvent
was removed in vacuo and the residue was purified by flash chromatog-
raphy (alumina, neutral�7%H2O, CH2Cl2) followed by precipitation from
CH2Cl2/MeOH to yield a red solid (30 mg, 0.024 mmol, 30%). M.p. 140 �C;
1H NMR (400 MHz, [D8]THF): � 7.82 (AA�, 2H; H-4, azulene), 7.13
(AA�, 4H), 7.05 ± 6.75 (AA�- and BB�overlapping, 38H), 6.66 (BB�, 2H;
aminophenyl), 6.59 (BB�, 2H; H-5, azulene), 3.77 (s, 6H; methoxy), 3.74 (s,
6H; methoxy), 3.74 (s, 12H; methoxy); 13C NMR (101 MHz, [D8]THF):
� 158.6, 158.3, 156.9, 156.8, 147.5, 147.4, 143.2, 142.0, 141.8, 140.9, 134.5,
133.3, 130.5, 130.5, 130.2, 132.6, 132.5, 128.7, 127.2, 127.0, 121.0, 119.9, 116.3,
115.6, 115.2, 115.2, 55.5, 55.4, 55.4. EI-MS (high resolution, PI): calcd for
C84H72N4O8: 1264.5350; found: 1264.53840; �� 2.4 ppm.
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Depolymerization of Poly(2,6-dimethyl-1,4-phenylene oxide)
under Oxidative Conditions


Kei Saito, Toru Masuyama, Kenichi Oyaizu, and Hiroyuki Nishide*[a]


Abstract: Depolymerization of an engi-
neering plastic, poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO), was accom-
plished by using 2,6-dimethylphenol
(DMP) under oxidative conditions. The
addition of an excess amount of DMP to
a solution of PPO in the presence of a
CuCl/pyridine catalyst yielded oligomer-
ic products. When PPO (Mn� 1.0� 104,
Mw/Mn� 1.2) was allowed to react with a
sufficient amount of DMP, the molec-
ular weight of the product decreased to
Mn� 4.9� 102 (Mw/Mn� 1.5). By a pro-


longed reaction with the oxidant, the
oligomeric product was repolymerized
to produce PPO essentially identical to
the starting material, making the
oligomer useful as a reusable resource.
During the depolymerization reaction,
an intermediate phenoxyl radical was


observed by ESR spectroscopy. Kinetic
analysis showed that the rate of the
oxidation of PPO was about 10 times
higher than that of DMP. These results
show that a monomeric phenoxyl radical
attacks the polymeric phenoxyl to in-
duce the redistribution via a quinone
ketal intermediate, leading to the sub-
stantial decrease in the molecular weight
of PPO, which is much faster than the
chain growth.


Keywords: depolymerization ¥
green chemistry ¥ polymerization ¥
polyphenyleneoxide ¥ reaction
mechanisms


Introduction


Oxidative polymerization of 2,6-dimethylphenol (DMP) cat-
alyzed by copper ± amine complexes, discovered in 1959 by
A. S. Hay,[1±3] provides a convenient method to synthesize
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO). The other
product of this reaction is formed by C�C coupling of two
monomeric phenols, 4-(3,5-dimethyl-4-oxo-2,5-cyclohexadie-
nylidene)-2,6-dimethyl-2,5-cyclohexadienone (DPQ) which
degrades the polymer upon further processing at high
temperature. The reaction conditions are mild, and the by-
product is only H2O by the suppression of the formation of
DPQ. Oxidative polymerization is an atom economical
reaction that does not require any leaving groups and removal
of the by-product from the resulting polymer. Because of the
increasing importance of low waste and reusable polymers in
green chemistry, oxidative polymerization of DMP is one of
the ideal polymerization processes. However, in spite of this
the synthesis and properties of PPO have focused on its use as
an engineering plastic.[4] In particular, the unraveling of the
reaction mechanism for the extension of the monomer has
long been a target.[2, 5±8] Recently, the oxidative polymer-


ization of 2,6-unsubstituted phenols was accomplished by
suppressing the coupling reaction at the 2,6-positions by
means of a steric crowding effect by employing tyrosinase
model complexes as catalysts.[9] On the other hand, copper
complexes with enhanced oxidizing ability have been found to
catalyze the oxygen-oxidative polymerization of phenols 2,6-
disubstituted with electron-withdrawing groups. This has led
to the first synthesis and characterization of high molecular
weight poly(2,6-difluoro-1,4-phenylene oxide).[10, 11] It should
be pointed out that the polymerization mechanism is still not
fully resolved. The reaction is considered to involve the
carbon ± oxygen coupling of aryloxy radicals, but the polymer-
ization does not occur simply by the coupling of polymeric
aryloxy radicals and monomer radicals. Based on several
experimental results, it was concluded that the most likely
pathway involves the formation of a quinone ketal inter-
mediate.[12±17] This mechanism can be divided into rearrange-
ment and redistribution steps. The rearrangement is a
concerted Claisen-type rearrangement, which is a special case
of a sigmatropic rearrangement proposed by Ionescu et al.[16]


This rearrangement results in the quinone group being shifted
over the backbone of the oligomeric species, until eventually
the end is reached. According to this mechanism, two dimeric
phenols could give a tetramer as the primary product. The
other mechanism, the redistribution, follows a pathway in
which the newly formed C�O bond in the quinone ketal
intermediate may dissociate to reform two dimeric species, or
the other ether bond may be cleaved to form a monomeric
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and a trimeric species from the two dimeric phenols
(Scheme 1).
There are a few studies that have focused on the mechanism


of the redistribution.[18±22] White et al. reported the equilibra-
tion reaction of PPO with phenolic compounds by the
redistribution mechanism, in which DPQ, tert-butyl perben-
zoate, and benzoyl peroxide acted as active initiators. In the
presence of the initiator, PPO reacts with phenolic com-
pounds to form a mixture of low molecular weight hydroxyl
arylene ethers,[18] and a bifunctional polymer is formed when
low molecular weight PPO is allowed to react with DPQ.[19]


Based on the reversibility of the redistribution mechanism,
one can consider that the reaction of PPO with a large number
of phenolic compounds will induce the depolymerization of
PPO. Recently, the redistribution reactions have been ex-
ploited for the tail end functionalization of PPO.When using a
para-functionalized phenol, the reaction yields a tail-func-
tionalized PPO.[23] In this reaction, DPQ, CuCl/4-(dimethyl-
amino)pyridine, and Cu(NO3)2/N-methylimidazole were used
as the catalyst, depending on the phenolic compound, the
desired reaction time, and the product purity. The redistrib-
ution reaction using PPO and DMP was attempted, but 1 ± 3
weeks were needed to depolymerize PPO substantially. On
the other hand, the phase-transfer-catalyzed depolymeriza-
tion of PPO in the presence of either 2,4,6-trimethylphenol or
4-tert-butyl-2,6-dimethylphenol have also been reported,[24]


for which a radical-anion mechanism was presented.
It should be noted that previous studies on the depolyme-


rization of PPO did not focus on their potential utility from
the viewpoint of green chemistry, and had the drawback that
the products were not reusable resources due to the lack of
reactivity with respect to repolymerization. Depolymerization
of PPO to a repolymerizable oligomer should have great
advantages as a sustainable technology in the development of
green chemistry.
Herein, we focus on the depolymerization and repolyme-


rization of PPO in the development of oxidative polymer-
ization of DMP as a green chemistry polymerization process.
We chose DMP as the phenolic compound to induce the


depolymerization of PPO. With the addition of DMP to PPO,
the depolymerization of PPO occurs and yields oligomeric
products. The oligomeric products are identical to those
produced during the polymerization of DMP, and thus the
repolymerization can subsequently take place. The reaction
time and the ratio of DMP to PPO were varied to adjust the
molecular weight of the oligomeric products. The molecular
weight decreases were determined by gel permeation chro-
matography (GPC). Throughout this study, CuCl/pyridine
was used as the catalyst. The time course of the decrease in
molecular weight, the effect of the oxidizing agent, the
detection of an intermediate radical, and the depolymeriza-
tion rate constant were determined. The kinetics of the
depolymerization are discussed in the context of determining
the driving force that governs the equilibrated system.


Results and Discussion


Depolymerization of PPO with DMP using a CuCl/pyridine
catalyst : Depolymerization of PPO (Mn� 1.0� 104, Mw/Mn�
1.2) with DMP in toluene was examined in the presence of a
catalyst (CuCl/pyridine� 1:100). The reactions were carried
out under air at room temperature and at several different
PPO and DMP concentrations. The molecular weight of PPO
was significantly decreased to produce an oligomeric product
(Mn� 1.6� 103, Mw/Mn� 2.3) at a reaction time of 1 min, as a
consequence of the depolymerization of PPO by DMP at
initial concentrations of 0.25 unitmolL�1 and 0.025 molL�1,
respectively. The molecular weight changes during the course
of the depolymerization are shown in Figure 1. The molecular
weight of PPO readily decreased to aMn of 550 (Mw/Mn� 1.6)
at a reaction time of 10 min when the initial concentrations of
PPO and DMP were 0.25 unit molL�1 and 0.25 molL�1,
respectively.
The molecular weight remained at this low value for several


minutes, but gradually began to increase as the reaction time
increased. This result indicates that the low molecular weight
state is a transient state during the ongoing redistribution and
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Figure 1. Time course of the molecular weight of PPO (Mn� 1.0� 104,Mw/
Mn� 1.2, 0.25 unit molL�1) during the reaction with DMP (0.025 molL�1)
in the presence of the CuCl/pyridine catalyst (CuCl/pyridine 1:100) in
toluene under air at room temperature.


rearrangement process. The ratio of pyridine to copper was
selected (CuCl/pyridine� 1:100) in this reaction to suppress
formation of DPQ (�1%; based on UV/Vis spectroscopy
(�max� 421 nm) of the reaction solution as reported by
Driessen and Reedijk et al[8]).[3] In addition, Reedjik et al.
reported that the formation of DPQ could be reduced in the
oxidative polymerization by starting from mixtures of DMP
and PPO oligomers.[25] This result does not conflict with the
suppression of DPQ formation in our reaction.
GPC traces obtained with solutions during the depolyme-


rization (Figure 2) clearly show that the original two peaks of
PPO and DMP are merged into a one peak, which supports
the overall decrease in the molecular weight of PPO.
The depolymerization of PPO is based on the rapid


distribution of phenoxyl radicals (vide infra). The subsequent
slow increase in the molecular weight indicates the concom-
itant rearrangement of the resulting oligomers. The transient
state at the lowest molecular weight would correspond to the
transition state at which these two processes are balanced. If
DMP is added when the molecular weight is at the lowest
value, a further depolymerization is expected to occur to give
even lower molecular weight products. Based on this consid-
eration, the stepwise depolymerization of PPO (Mn� 1.0�
104, Mw/Mn� 1.2) with DMP in toluene was examined in the
presence of the catalyst. Thus, PPO and DMP (0.1 mol per
PPO unit mol) were allowed to react in the first step. Then,
0.1 mol of DMP per PPO unit mol was added to the solution
at the minimum point of the molecular weight of PPO. This
procedure was repeated 10 times such that the same amount
of DMP was finally added to the same mol amount of PPO.
Themolecular weight of PPO efficiently decreased to produce
an oligomeric product (Mn� 4.9� 102, Mw/Mn� 1.5) without
yielding the rearranged polymers (Figure 3).
According to the redistribution reaction, if all the DMP


added to the solution attacked PPO, the degree of polymer-
ization, n�, of the resulting oligomer could be calculated by
Equation (1), when x mol of PPO with the degree of polymer-
ization of n is allowed to react with y mol of DMP.


Figure 2. GPC traces obtained from the reaction mixture of PPO and
DMP with the time passage of 0, 1, 3, and 10 min. In the presence of the
CuCl/pyridine catalyst in toluene under air at room temperature. PPO�
0.25 unit molL�1, DMP� 0.25 molL�1


Figure 3. Molecular weight changes of PPO during the stepwise depoly-
merizations with DMP (See text for experimental details). �� determined
value, �� calculated value


n��nx � y


x � y
(1)


Figure 3 also shows that the determined molecular weights
are quite close to the calculated values, which means that the
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molecular weight can be modulated due to the quantitative
progress of the reaction. An important aspect with regard to
the nature of the polymerization is derived from the result :
the quantitative redistribution of the phenoxyl radical in-
dicates the lack of concomitant rearrangement during the
reaction which would increase the molecular weight from that
calculated according to Equation (1). It seems that the
rearrangement is initiated only when an apparent steady-
state of the redistribution is accomplished with statistical
distribution of the molecular weights of the oligomer.


Repolymerization of the oligomeric product using the CuCl/
pyridine catalyst : Repolymerization of the oligomeric product
of the depolymerization was attempted. An admixture of the
oligomeric product and a small amount of the catalyst in
toluene afforded PPO after stirring under O2. The polymer
was obtained as an off-white powder after precipitation from
methanol. While the polymerization of DMP under the same
conditions yields PPO with a molecular weight of Mn� 3.0�
102 (Mw/Mn� 1.4), the molecular weight of the product from
the oligomer was significantly higher (Mn� 1.0� 104, Mw/
Mn� 1.6). Based on this result, oligomeric products are
reusable resources and indeed more reactive for the oxidative
polymerization.


ESR spectrum of the depolymerized PPO : Although the
depolymerization of PPO with DMP has been established, it
can be considered that the coupling of the polymeric phenoxyl
radical and the monomeric phenoxyl radical is not kinetically
favored due to the low concentration of the terminal
polymeric phenoxyl radical. Percec et al. reported a radical
anion mechanism for the depolymerization.[24] They thought
that the redistribution reaction of the depolymerization
occurred by the coupling of a polymeric phenolate and a
monomeric phenoxyl radical. However, the experimental
evidence for this interpretation seems to be lacking. To
elucidate the depolymerization mechanism, the ESR spec-
trum of the solution was recorded during the depolymeriza-
tion. The solution of PPO and DMP in toluene in the presence
of the catalyst was used as the sample solution. The ESR
spectrum of the phenoxyl radical gave a sharp signal at g�
2.0044, which showed a hyperfine structure caused by the
interaction with six protons of the methyl group (Figure 4).
The ESR spectrum of PPO in toluene in the presence of the


catalyst showed a similar signal, but there was no ESR signal
from the solution of DMP under the same conditions. The
ESR absorption ascribed to a divalent copper ion was
recorded in every case. These results suggest that the
phenoxyl radical observed from the solution during the
depolymerization is ascribed to the polymeric phenoxyl
radical. A similar ESR spectrum of the independently
prepared 2,6-dimethylphenoxy radical has been reported.[26]


These results show that the major mechanism of depolyme-
rization involves the radical ± radical coupling of the poly-
meric phenoxyl radical and the monomeric phenoxyl radical.
The radical concentration of the polymer terminal groups was
determined to be 20% under the depolymerization condi-
tions.


Figure 4. a) ESR spectrum of the depolymerization toluene solution.
CuCl� 0.01 molL�1, CuCl/pyridine 1:100, PPO� 0.25 unit molL�1,
DMP� 0.025 molL�1. b) ESR spectrum of the toluene solution of PPO in
the presence of the catalyst. CuCl� 0.01 molL�1, CuCl/pyridine 1:100,
PPO� 0.25 unit molL�1. c) ESR spectrum of the toluene solution of DMP
in the presence of the catalyst. CuCl� 0.01 molL�1, CuCl/pyridine 1:100,
DMP� 0.025 molL�1. d) ESR spectrum of the toluene solution of divalent
copper. CuCl� 0.01 molL�1, CuCl/pyridine 1:100. e) Part of the ESR
spectrum of depolymerization toluene solution near g� 2.0. CuCl�
0.01 molL�1, CuCl/pyridine 1:100, PPO� 0.25 unit molL�1, DMP�
0.025 molL�1.


Kinetic analysis by UV/Vis spectra : Having established that
the depolymerization mechanism of PPO is a radical ± radical
coupling, one may consider that the polymerization of the
monomer could prevail over the depolymerization due to the
low concentration of the terminal polymeric phenoxy radical.
In the first step of the catalytic cycle of the polymerization, the
substrate (i.e., the phenolate ion) coordinates to the copper
complex and one electron is transferred from the substrate to
the copper(��) ion. The activated substrate dissociates from the
catalyst and the reduced copper(�) catalyst is oxidized to the
original copper(��) complex by oxygen. UV/Vis spectroscopy
revealed that a steep rise in the absorbance of the d ± d
transition occurred when DMP was added to the solution of
the CuCl/pyridine catalyst solution.[27] This change in the
absorbance was caused by the change in the molar optical
density of the d ± d transition due to the coordination of DMP
to the Cu catalyst and could be measured by UV/Vis
spectroscopy. The absorbance due to the d ± d transition
provides the amount of the copper(��) ion during the reaction,
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that is, the rate of electron transfer from the substrate to the
copper ion, which gives the rate constant k for the formation
of the phenoxy radical (Figure 5).


Figure 5. Kinetic plots for the decrease of the d ± d absorption. CuCl�
0.01 molL�1, CuCl/pyridine 1:100, PPO� 0.2 unit molL�1 toluene solution,
under air at room temperature. Inset: Visible spectral changes for the
reaction solution recorded at t� 0, 0.25, 2, 8, 20, 25, 30, 60, and 70 min.


The rate constant indicates that the polymeric phenoxyl
radical (k� 0.53 s�1) is produced 10 times faster than the
monomeric radical (k� 0.034 s�1). Therefore, it was clearly
shown that PPO tends to be oxidized about 10 times faster
than DMP. This result indicates that the slowly generated
monomeric phenoxyl radical, once formed, reacts readily with
the abundant polymeric radical in the solution, resulting in the
depolymerization of the polymeric radical rather than the
polymerization of the monomeric radical. Added support for
this interpretation was provided by the consideration of
oxidation potentials (vide infra).


Oxidation potential from electrochemistry : One can expect
that the oxidation potential of the phenoxyl radicals would
become lower as the molecular weight increases. The
potentials for the oxidation of PPO, DMP and 4-(2,6-
dimethylphenoxy)-2,6-dimethylphenol (dimer) were meas-
ured by cyclic voltammetry. Cyclic voltammograms of DMP,
4-(2,6-dimethylphenoxy)-2,6-dimethylphenol and PPO in
CH2Cl2 showed irreversible oxidation peaks at room temper-
ature (Figure 6).
At a constant sweep rate, the oxidation peak potentials


(versus Ag/AgCl) were observed at 1.67, 1.34, and 1.20 V for
DMP, 4-(2,6-dimethylphenoxy)-2,6-dimethylphenol (dimer),
and PPO, respectively. The oxidation peak potential became
lower as the molecular weight increased. This result also
clearly shows that PPO is more reactive than DMP and the
oligomer.[25]


Depolymerization mechanism : Based on the above results, we
propose the depolymerization mechanism given in Scheme 2.
The high concentration of the terminal phenoxyl radical


may be balanced by the slowly generated DMP which is
present in excess. Because PPO is 10 times more reactive than


Figure 6. Cyclic voltammograms of the CH2Cl2 solutions in the presence of
the 1 mmolL�1 of the monomer, the oligomer, and the polymer with
0.1 molL�1 (C4H9)4NBF4 and 1 mmolL�1 2,6-diphenylpyridine. Scan rate:
25 mVs�1.


DMP, the polymeric phenoxyl radical and the monomeric
phenoxyl radical are both generated in the solution. The
monomeric phenoxyl radical attacks the para position of the
terminal group of PPO with the n degree of polymerization to
induce the redistribution via the quinone ketal intermediate.
After the formation of the quinone ketal intermediate, the
redistribution could take place to yield the n� 1 polymeric
phenoxyl radical and dimer phenoxyl radical. The dimeric
phenoxyl radical can attack the n� 1 polymeric phenoxyl
radical again. By repeating this redistribution, the depolyme-
rization occurs and the molecular weight reduces. It should be
added that only tace amounts of DPQ were formed in this
depolymerization reaction. This result could be also explained
based the fact that PPO is 10 times more reactive than DMP.
The formation of DPQ is caused by the coupling of the two
monomeric phenoxyl radicals. But in this depolymerization
reaction, the monomeric phenoxyl radical is reacts readily
with the abundant polymeric radical and does not react with
the other monomeric phenoxyl radical. By way of this
mechanism, DPQ formation was efficiently suppressed in
the depolymerization.
Interestingly, the depolymerization can only occur accord-


ing to the redistribution mechanism.When PPO and DMP are
mixed under the oxidization conditions, first the redistribution
occurs exclusively. After the redistribution has occurred and
the molecular weight has reached a minimum, the molecular
weight then abruptly increases according to the rearrange-
ment. If additional DMP is added when the molecular weight
is at a minimum, the subsequent increase in the molecular
weight is effectively suppressed. Therefore, when DMP is
gradually added, the molecular weight is effectively reduced.


Conclusion


Based on the reversibility of the redistribution reaction, the
depolymerization of PPO with DMP using the CuCl/pyridine
catalyst was accomplished to yield an oligomeric product. The
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depolymerization proceeds almost quantitatively by the
redistribution of the phenoxyl group, and the final molecular
weight can be modulated. The oligomeric products obtained
from the depolymerization are reusable and are also more
reactive compounds for the synthesis of PPO. The polymeric
phenoxyl radical and the monomeric phenoxyl radical are
both generated under the proposed oxidation conditions. The
monomeric phenoxyl radical attacks the phenoxyl radical of
PPO and thereby induces the redistribution via a quinone
ketal intermediate. Repetition of this redistribution is con-
cluded as the depolymerization mechanism.


Experimental Section


Materials : Methanol, toluene, pyridine, copper(�) chloride, and DMP were
obtained from the Kanto Chemical Co. Chloroform was of GPC quality
from Merck. Solvents were purified by distillation prior to use. DMP was
purified by repeated recrystallization from n-hexane.


Measurements : The 1H and 13C NMR spectra were recorded on a Jeol
JNM-LA500 (500 MHz and 125 MHz for 1H and 13C, respectively)
spectrometer with chemical shifts downfield from tetramethylsilane as
the internal standard. All spectra were obtained in CDCl3 at room
temperature. Molecular weights were determined by gel permeation
chromatography (GPC) using a Tosoh highly sensitive GPC system HLC-
8220GPC equipped with a UV-8220 at a detection absorbance set at
254 nm. The measurements were made at 40 �C using the UV detector.
Tosoh TSK GEL SuperHZ2000� 2, SuperHZ3000� 1, and SuperHZM-
M� 1 with chloroform as the solvent (0.35 mLmin�1) were used to analyze
the PPO and depolymerized products, in which the calibration curves were
obtained by using polystyrene standards.


Depolymerization of PPO with DMP using a CuCl/pyridine catalyst :
Depolymerization experiments were performed with different PPO and
DMP concentrations. Typical experimental conditions for the reaction of
PPO (0.25 unit molL�1) and DMP (0.25 molL�1) are as follows. PPO (1.5 g,
Mn� 1.0� 104, Mw/Mn� 1.2, 12.5 unit mmol) and DMP (1.5 g, 12.5 mmol)
were dissolved in toluene (40 mL). A mixture of CuCl (0.124 g, 1.25 mmol)
and pyridine (10 mL, 1.25 mmol) was added to the solution which was
constantly stirred (300 rpm) for 6 h. The reaction was performed under air
at room temperature. A 0.2 mL sample was taken at different reaction
times, which was then neutralized with cold 2.5� HCl and diluted with


chloroform. The toluene/chloroform layer was collected, and the solvent
was evaporated. An oligomeric product was obtained as an off-white
powder. The same reaction are performed again and stopped after 10 min.
An oligomeric product (3.00 g, yield: 100%) was obtained as an off-white
powder after the same treatment. Products were dissolved in chloroform to
determine the molecular weight by GPC. 1H NMR: (500 MHz, CDCl3,
TMS): �� 6.44 (s, 2H; aromatic C-H), 6.36 (m; aromatic C-H head end
group), 7.09 (m; aromatic tail end group), 4.22 (m; -OH), 2.09 ppm (s, 6H; -
CH3); Mn� 5.5� 102, Mw/Mn� 1.6.


Stepwise depolymerization of PPO : PPO (1.5 g, Mn� 1.0� 104, Mw/Mn�
1.2, 12.5 unit mmol) and DMP (0.15 g, 1.25 mmol) were dissolved in
toluene (40 mL). A mixture of CuCl (0.124 g, 1.25 mmol) and pyridine
(10 mL, 1.25 mmol) was added to the solution which was constantly stirred
(300 rpm). An oligomeric product was obtained as mentioned above (yield:
100%). The molecular weight of the product was determined by GPC and
the minimum point of the molecular weight of PPO was determined.
Subsequently, DMP (0.15 g, 1.25 mmol) was added to the solution at the
minimum point of the molecular weight. The next minimum point of the
molecular weight and its molecular weight were then established. This
operation was repeated 10 times in total (DMP: 12.5 mmol).


UV/Vis spectral detection of DPQ : PPO (1.5 g, Mn� 1.0� 104, Mw/Mn�
1.2, 12.5 unit mmol) and DMP (0.15 g, 1.25 mmol) were dissolved in
toluene (40 mL). A mixture of CuCl (0.124 g, 1.25 mmol) and pyridine
(10 mL, 1.25 mmol) was added to the solution which was constantly stirred
(300 rpm). A 1 mL sample was taken at different reaction times (0.5, 5, 10,
20, and 30 min) and diluted to 10 mL with toluene. This diluted solution
gave a UV/Vis absorption with a maximum at 421 nm, which was ascribed
to DPQ (see Supporting Information). The molar extinction coefficient �
was determined to be 38000 mol�1 dm3 cm�1 in toluene/pyridine (49:1, v/v)
by using the pure DPQ. The amount of DPQ formed in the depolymeriza-
tion reaction solution was estimated to be 0.9� 0.1% versus the amount of
DMP added, or 0.09� 0.01% versus the obtained oligomeric product. The
amount of DPQ was almost constant during the whole reaction. The same
depolymerization reaction was performed with PPO (0.25 unit molL�1)
and DMP (0.25 molL�1): Amount of DPQ formed was 0.9� 0.1% versus
the amount of DMP added, or 0.45� 0.05% vs. the obtained oligomeric
product.


Repolymerization of the oligomeric product using the CuCl/pyridine
catalyst : A mixture of CuCl (0.124 g, 1.25 mmol) and pyridine (10 mL,
1.25 mol) was added to a solution of the oligomeric product (1.5 g, Mn�
4.9� 102, Mw/Mn� 1.5, 12.5 unit mmol) in toluene (50 mL). The reaction
was performed under air at room temperature. After 10 min, the reaction
mixture was poured into methanol to precipitate the product. The polymer
was obtained as an off-white powder (yield: 100%). 1H NMR: (500 MHz,
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Scheme 2. Depolymerization mechanism.
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CDCl3, TMS): � 6.44 (s, 2H; aromatic C-H), 2.09 ppm (s, 6H; -CH3);Mn�
1.0� 104, Mw/Mn� 1.6.


Detection of radical species by ESR spectra : The ESR spectra were
recorded of the toluene solution of PPO (Mn� 1.0� 104, Mw/Mn� 1.2,
0.25 unit molL�1) and DMP (0.025 molL�1) in the presence of the catalyst
(CuCl/pyridine 1:100), the toluene solution of PPO (0.25 unit molL�1) in
the presence of the catalyst, the toluene solution of DMP (0.025 molL�1) in
the presence of the catalyst, and the toluene solution of the copper catalyst
(CuCl� 0.01 molL�1, CuCl/pyridine 1:100). The ESR spectra were deter-
mined by using a JEOL JES-TE200 ESR spectrometer with 100 kHz field
modulation under air at room temperature. The radical concentration in
the sample solution was determined by a careful integration of the ESR
signal standardized with that of a TEMPO (2,2,6,6-tetramethyl-1-piper-
idinyloxyl) solution.


Kinetic analysis : The kinetics of the depolymerization was based on the
UV/Vis spectra of the toluene solution of PPO (Mn� 1.0� 104, Mw/Mn�
1.2, 0.25 unit molL�1), the catalyst (CuCl/pyridine 1:100), and DMP
(2.5 mmolL�1) under the same conditions obtained with the Shimadzu
UV-2100 spectrometer under air at room temperature. The depolymeriza-
tion was monitored by the spectra recorded at different reaction times.


Electrochemical measurements : Cyclic voltammetry was carried out in a
conventional two-compartment cell. A glassy carbon disk-platinum ring
was used as the working electrode and polished before each experiment
with 0.05 �m alumina paste. The auxiliary electrode, a coiled platinum wire,
was separated from the working solution by a fine-porosity frit. The
reference electrode was a commercial Ag/AgCl electrode immersed in a
salt brige consisting of 0.1 molL�1 tetrabutylammonium tetrfluoroborate
((n-C4H9)4NBF4), which was placed in the main cell compartment. The
formal potential of the ferrocene/ferrocenium couple in dichloromethane
was 0.34 V s�1 versus this reference electrode. The voltammetric inves-
tigation was carried out in CH2Cl2 in the presence of a sample (1 mmolL�1),
(n-C4H9)4NBF4 (0.1 molL�1) and 2,6-diphenylpyridine (1 mmolL�1), and
all potentials were quoted with respect to this Ag/AgCl refernce electrode
at a scan rate 25 mV. A Nikko Keisoku DPGS-1 dual potentiogavanostat
and a Nikko Keisoku NFG-3 universal programmer were employed with a
Graphtec WX2400 X-Y recorder to obtain the voltammograms.
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Templated Synthesis of a Rotaxane with a [Ru(diimine)3]2� Core


Didier Pomeranc,[a, b] Damien Jouvenot,[a] Jean-Claude Chambron,*[a, c]


Jean-Paul Collin,*[a] Vale¬rie Heitz,*[a] and Jean-Pierre Sauvage*[a]


Abstract: A rotaxane containing a
ruthenium bisphenanthroline complex,
acting as an axis, and a macrocycle
incorporating a 2,2�-bipyridine (bpy)
unit, threaded by the axis, has been
synthesized. The bisphenanthroline li-
gand is such that its ruthenium(��) com-
plexes possess a clearly identified axis,
making such compounds ideal compo-
nents of rotaxanes constructed around
an octahedral ruthenium(��) center,
which serves as a template. The ring is
threaded by the axial ruthenium(��) pre-
cursor complex, to afford the corre-


sponding pseudorotaxane in moderate
yield. The X-ray structure analysis of
this compound reveals the threaded
nature of the complex. The length of
the threaded ring (35 atoms in the
periphery) is too short to allow easy
threading of the axis through the macro-
cycle. As a consequence, an isomer is
also obtained for which the axial ruthe-


nium complex is attached in an exo
fashion. 1H NMR studies have been
carried out, which reveal various con-
formational equilibria for the pseudo-
rotaxane. Light-induced decoordination
of the bpy-containing cyclic fragment
was shown to be quantitative and to lead
to the free ring and the axial rutheni-
um(��) complex, regardless of the starting
compound (pseudorotaxane or exo iso-
mer). Finally, the real rotaxane could be
prepared, although it could not be
separated from its exo isomer.


Keywords: macrocyclic ligands ¥
N ligands ¥ rotaxanes ¥ ruthenium
¥ template synthesis


Introduction


Catenanes and rotaxanes have experienced a spectacular
development during the past two decades.[1±3] From the
synthetic challenge which they used to represent, the interest
in these compounds has recently moved towards their
potential applications, in particular as molecular machines.[4±8]


Interlocking or threaded rings based on transition metals,
either used as temporary templates[9] or incorporated in their
backbone,[10, 11] represent a special class of such molecules.
Conceptually, it is easy to design a synthetic strategy based on
the entwining of two molecular threads around a transition-
metal center. Many examples of such an approach have been


reported; these are based on coordinating 1,10-phenanthro-
line-incorporating organic fragments perpendicularly to one
another around a tetrahedral copper(�) center before cyclizing
to afford the desired catenane.[12] An alternative but related
approach is based on the copper(�)-directed threading of an
acyclic coordinating fragment through a presynthesized ring
containing a complexing unit pointing towards the inside of
the ring. This strategy allows the preparation of rotaxanes and
it has been extensively utilized to construct porphyrin-
stoppered rotaxanes.[13]


An octahedral metal coordinated to three bidentate
chelates is an attractive template for making rotaxanes,
mainly because of the interesting electro- and photochemical
properties that compounds of the [Ru(bpy)3]2� family display.
However, the use of a metal center of this type as the
templating center is less straightforward.


Results and Discussion


It was recently reported that a [Ru(diimine)2]2� moiety can be
inscribed in an axial compound by appropriate substitution of
the diimine chelates or in a macrocyclic system, precursor of a
catenand.[14] We have now incorporated the [Ru(diimine)2]2�-
containing axial fragment in a rotaxane, the threaded ring
being also coordinated to the ruthenium(��) center through a
second diimine chelate unit. Preliminary experiments show
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that the cyclic component of the rotaxane can be photo-
chemically decoordinated from the metal center, which will
open the way to the construction of molecular machines set in
motion by photonic signals only.[7, 15]


The synthetic strategy consists of a ™threading∫ step (the
axial component is threaded through the ring) followed by a
™stoppering∫ reaction (a bulky substituent is attached at each
end of the axis). The threading reaction was first tested on a
model whose axis is end-functionalized by two unreactive
chemical groups (ether functionalities; see Figure 1).


Complex 1-[PF6]2 is a yellow solid that is formed quanti-
tatively from its dichloro precursor[14] (purple complex) by
replacing the Cl� ligands by CH3CN in H2O/CH3CN. The
macrocyclic compound 2, which incorporates a 2,2�-bipyridine
ligand substituted at its 6- and 6�-positions by alkyl groups, and
a dimethyldi(p-alkoxyphenyl)methane fragment derived from
™bisphenol A∫, has been obtained by reaction of the suitable
dibromo precursor (6,6�-di[2-(2-bromoethoxy)ethoxypropyl]-
2,2�-bipyridine) with the ™bis-phenol A∫ in 45% yield. Its
X-ray structure[16] (Figure 2) shows that the bipyridine frag-
ment displays a trans geometry in order to minimize the
repulsion between the lone pairs on the nitrogen atoms. The
torsion angle N1-C5-C6-N2 is 117�.


Compound 2 has a 35-membered ring, and CPK models
indicate that its size should be sufficient to allow the threading
reaction outlined in Figure 1, although the rotaxane-like
molecule obtained should be tight, with contacts between
the ™bisphenol A∫ motif of the ring and the -CH2-CH2-C6H4-


Figure 2. Molecular structure of 2.


CH2-CH2- fragment of the axial component. This steric
hindrance may in part explain the poor yield of the reaction:
12� and 2 react in ethylene glycol (140 �C, 4 h; stoichiometric;
concentration of the reactants: 0.01 molL�1) to afford a 20 to
25% yield of a mixture of complexes containing 3-[PF6]2 and
3�-[PF6]2 (orange solid) after chromatography (Figure 1). This
mixture displays only one round-shaped spot on a thin layer
chromatograph, making the separation of these two com-
plexes extremely difficult. By comparison, 12� reacts with the
acyclic ligand 6,6�-dimethyl-2,2�-bipyridine (6,6�-dmbp) to


Figure 1. Synthesis of the pseudorotaxane 32� and the exo isomer 3�2�.
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afford the corresponding complex in quantitative yield, under
reaction conditions similar to those used for preparing 32�.


The formation of 32� and 3�2� was supported by ES-MS and
1H NMR studies. ES-MS of 3-[PF6]2 and 3�-[PF6]2 showed a
peak at m/z 1589.6, which is attributed to the singly charged
species (loss of one PF6


�), and a very strong peak atm/z 722.4,
corresponding to the doubly charged cation 32� and 3�2�, in
agreement with the formula of the complexes. The room-
temperature 1H NMR spectrum of the mixture consists both
of well-resolved, sharp peaks and broad signals that are more
or less blurred in the baseline, suggesting that dynamic
processes are taking place. The aromatic regions of the
variable-temperature 1H NMR spectra of 32� and 3�2� from
�52 �C to �50 �C (Figure 3) were interpreted with the help of


2D COSY and ROESY techniques (see Scheme 1 for the
numbering of the protons concerned).


The lowest temperature (�52 �C) spectrum consists mostly
of sharp signals that can be assigned to two families. The peaks
colored in black belong to a C2-symmetric species. Remark-
ably, they can be easily tracked as the temperature is
increased, since both their shapes and chemical shifts do not
show appreciable changes. ROE cross peaks are found in the
following pairs of protons: (8, A), (8, B), (9, A), (9, B), (p3,
A), (p3, B), (p4, A), (p4, B). These data strongly suggest that
the corresponding species is the unthreaded conformer 3�2�


(Figure 1). In this isomer, the macrocycle 2 is folded out in
such a way that the ™bisphenol-A∫ hinge can freely swing back
and forth past the rear part of the bipyridyl fragment of the


Figure 3. 1H NMR spectra in CDCl3 of the mixture of 32� and 3�2� at different temperatures.


Scheme 1. Numbering scheme for 32� and 3�2�.
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macrocycle. The uncolored peaks belong to a nonsymmetrical
species, since most of the signals are clearly split in the�52 �C
spectrum, for example p4 and p4�, 3 and 3�, b1 and b1�. ROE
cross peaks can be found between the following proton pairs:
(6, B), (6, B�). We suggest that the corresponding isomer is the
threaded conformer 32�, in which the ™bisphenol-A∫ hinge is
stuck between an anisyl substituent and the p-phenylene
bridge of the axis fragment of 32�. This situation should be
very similar to the one pictured in the view of the crystal
structure shown in Figure 4, and discussed below. As the


Figure 4. Molecular structure of the pseudorotaxane 32� ; H atoms have
been omitted for clarity. The ruthenium atom is black, the string is light
gray and the ring is dark gray.


temperature is increased, most of the peaks broaden and
finally merge in the baseline, with, in particular, the noticeable
exception of the peaks belonging to the bipyridyl fragment of
the macrocycle (p3, p4, p5). It can be clearly seen in Figure 3
that the two triplets corresponding to p4 and p4� at �52 �C
merge together as the temperature increases (coalescence
temperature: 0 �C), giving rise to a sharp triplet as the
temperature finally reaches �50 �C. Remarkably, the other
peaks that do not merge in the baseline at 25 �C are those
corresponding to protons m, o, 8, and 9 of the axis fragment of
32�. This can be clearly evidenced by changing the solvent
([D6]acetone instead of CHCl3, see Figure 6a, below). There-
fore, increasing the temperature allows a swinging process of
the ™bisphenol-A∫ fragment of the macrocycle past the p-
phenylene bridge of the axis. Up to �50 �C, there is no
indication in the 1H NMR spectra of chemical exchange
between 32� and 3�2�. Indeed, the spectrum recorded at
�50 �C is a simple superposition of the spectra of 32� and 3�2�.
Therefore, the expected ™jump rope∫ motion past the anisyl
groups is not taking place, at least at this temperature, and is
apparently energetically less favorable than any of the
swinging motions evidenced above for the two conformers.
However, the baseline-level broadening of the peaks of the
protons belonging to the ™bisphenol-A∫ hinge and the rear
part of the bisphenanthroline fragment of the axis (2, 3, 5, 6,
A, B) cannot be overlooked, and must be due to another
process, which takes place at low temperature, but is
hampered as the temperature is increased. We suggest that


this process corresponds to the rotation of the phenylene
groups of the ™bisphenol-A∫ moiety inside the threaded
macrocycle. This motion can occur freely as long as the
™bisphenol-A∫ fragment is located in the rear part of the
phenanthroline chelates, but it is clearly hindered when this
fragment has to pass the phenylene bridge of the axis.
Therefore, the dynamic processes occurring within 32� are far
from being simple. However, as discussed below, photo-
chemical dethreading experiments clearly support the for-
mulation of the complex, consisting of one axial bisphen unit
and one ring 2 fragment coordinated to the ruthenium center.
To conclude the 1H NMR experiments, in solution, and at least
within the range �52�C to �50�C, the mixture of isomeric
complexes consists of two nonexchanging conformers: 32� and
3�2�, the former having the expected pseudorotaxane structure.
Integration of the spectrum recorded at �52�C shows that the
ratio between these conformers is 70:30.


Single crystals of 3-[PF6]2 could be obtained by slow
diffusion of hexane in a solution of the complex in acetone,
and an X-ray structure was obtained.[17] As shown in Figure 4,
32� is indeed a threaded species with a helical axis, the bisphen
ligand being wrapped around the metal center in a way similar
to that recently observed with non-rotaxane like species.[14]


The metal center is octahedrally coordinated, with little
distortion. The Ru�N distances and N-Ru-N angles have the
expected values (Ru�N 2.055 ± 2.068 ä for the phen ligands
and Ru�N 2.12 ± 2.13 ä for the bpy part). The most striking
feature of the structure is the distortion of the ring from
planarity. Clearly, the ring is too small to accommodate the
relatively thick axle and it can not run around the -CH2-CH2-
C6H4-CH2-CH2- part of the helical axis. The folded confor-
mation of the macrocyclic component of 32� results in a
nonsymmetrical situation for which the ™upper∫ and the
™lower∫ parts of the rotaxane become nonequivalent in the
solid state and in solution at low temperature, as evidenced by
the 1H NMR study discussed above.


The very congested situation in 32�, as evidenced by the
X-ray structure tends to explain why the preparative yield is
poor. The presence of a certain proportion of the non-
threaded species (Figure 1) is also understood: the ™un-
natural∫ conformation of the ring in this species may be
unfavorable but this destabilization energy is compensated by
that introduced by the steric repulsion between the ring and
the thread in the pseudorotaxane 32�.


Light-driven molecular machines are of special interest.[15]


We have recently taken advantage of the dissociative nature
of the ligand-field excited state of [Ru(diimine)3]2� complexes
to photochemically induce motions, such as expulsion of a
[Ru(phen)2]2� unit from a macrocyclic receptor.[18] Compound
32� contains a real axle and is thus closer to molecular
machines of the rotaxane and catenane family. As expected,
visible light irradiation of a solution of the 32� � 3�2� mixture
in acetonitrile leads quantitatively to the dethreading prod-
ucts, 12� and 2 [Eq. (1)].


32�� 3�2� ��h� ��>400mm�
CH3CN


12�� 2 (1)


The photochemical reaction can easily be monitored by
UV/Vis spectroscopy. The mixture of isomeric complexes has
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an absorption spectrum characteristic of [Ru(diimine)3]2�


complexes, with a metal-to-ligand charge-transfer (MLCT)
absorption band centered at 461 nm. Under irradiation, this
band is gradually replaced by the MLCT band of 12� (�max�
404 nm). Isosbestic points are observed at 355 nm and 424 nm
as shown in Figure 5.


Figure 5. Electronic absorption spectra in CH3CN of the mixture of 32�


and 3�2� before (1) and after different irradiation times (2: t� 20 s; 3: t�
40 s; 4: t� 60 s; 5: t� 90 s; 6: t� 120 s; 7: t� 150 s; 8: t� 210 s; 9: t� 300 s).


1H NMR spectroscopy is also a useful method to monitor
reaction (1). In particular H9 (see Figure 6) is a convenient
probe, and its chemical shift is very sensitive to the metal
coordination sphere since it varies from �� 8.61 ppm in 32� to
�� 9.95 ppm in 12� (in [D6]acetone). Paradoxically, starting
from a poorly resolved spectrum corresponding to a mixture
of isomers (32� and 3�2�), a well-resolved spectrum is obtained
after light irradiation, which corresponds to the superposition
of the spectra of 12� and 2. This observation clearly shows that
the photochemical decoordination of the ring is quantitative
for both 32� and 3�2�.


Evidently, since the yield of the thermal backward reaction
leading to 32� is mediocre (�15%), the threading/dethreading
process shows only poor reversibility. This lack of reversibility
is probably due to the size of the ring whose cavity is too small
to match the bulky ruthenium(��) complex part of the axle as
already mentionned.


Finally, the real rotaxane derived from 32� was synthesized.
Among the various routes tested in our group, only the one
given in Figure 7 turned out to be successful.


Since the demethylation reaction of the anisyl groups of 12�


failed, probably because of the relative lability of the CH3CN
ligands, this same reaction was carried out on 42�, which can
be regarded as a protected version of 12�. The 6,6�-dmbp
chelate is indeed sufficiently strongly coordinated in the dark
and chemically robust for the complex to resist the aggressive
conditions required to cleave themethyl ethers (BBr3). Cation
52� was subsequently deprotected by photochemically expel-
ling 6,6�-dmbp from the complex to afford 62� (100% from
42�). The threading reaction of 2 by 62� (ethylene glycol;
140 �C; 2 h) led to a mixture of isomers 72� and 7�2� (overall
yield: 27%). The stoppering step was performed on the
mixture under classical conditions (DMF/K2CO3) using a
stoichiometric amount of 8.[19] Conformer 9-[PF6]2 and the
corresponding exo conformer 9�-[PF6]2 were isolated as an
inseparable mixture in 74% yield. After visible light irradi-
ation it was possible to identify by ES-SM the real rotaxane
10-[PF6]2 (m/z : 1293.9 for 102�/2 and 1253.3 for (102��
2CH3CN)/2 since the exo conformer 9�2� leads to the
mechanical separation of the string 112� (m/z : 973.6 ) from
the macrocycle 2.


Conclusion


In conclusion, we could make the first rotaxane with a
[Ru(diimine)3]2� core and characterize the pseudorotaxane
precursor 32� by X-ray diffraction. The synthesis of related
rotaxanes with larger rings and photochemical studies in
relation to light-driven molecular machines are in progress.


Experimental Section


General : All commercial chemicals were used as received without further
purification, nBuLi solution was titrated by the double titration method
described by Gilman and al.[20] Some solvents were dried by distillation
over the appropriate drying agent under argon. The melting points were
measured on a B¸chi SMP-20 apparatus. The NMR spectra were recorded
on BrukerWP 200 SY (200 MHz), AM 300 (300 MHz), AV 300 (300 MHz),


and AM 400 (400 MHz) spectrome-
ters. The internal reference corre-
sponds to the nondeuterated solvent
peak. Infrared spectra were recorded
on a Perkin ±Elmer 1600 FTIR spec-
trophotometer by using NaCl cells or
KBr disks. Elemental analyses were
performed by the Service de Micro-
analyse de l×Institut de Chimie de
Strasbourg. Mass spectra were per-
formed by using a ZAB-HF (FAB),
(matrix: m-nitrobenzylic alcohol) and
a VG-BIOQ triple quadripole, posi-
tive mode(ES-MS). UV/Vis absorp-
tion spectra were performed by using a
Kontron UVIKON 860 in a 1 cm
quartz cell.


2 : A mixture of 6,6�-di[2-(2-bromo-
ethoxy)ethoxypropyl]-2,2�-bipyridine
(0.948 g, 1.65 mmol) and the commer-


Figure 6. 1H NMR spectra ([D6]acetone) of the mixture of 32� and 3�2� before (a) and after (b) light irradiation in
acetonitrile.
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cially available 4,4�-isopropylidenediphenol (0.38 g, 1.65 mmol) in degassed
DMF (170 mL) was placed in a high dilution funnel fitted on a one liter
three-necked flask containing Cs2CO3 in suspension in degassed DMF
(320 mL). The vessel was heated to 60 �C and the mixture was added
dropwise over 72 h. After stirring for a further 10 h, the solvent was
removed and the residue was taken up in CH2Cl2/H2O. The organic layers
were combined, dried over MgSO4, and after the solvent was removed, the
resulting brown oil was chromatographed (Al2O3, eluent Et2O) to give 2
(475 mg; 45%) as a white solid. 1HNMR (200 MHz, CDCl3): �� 1.6 (s, 6H;
2CH3), 2.09 (q, 4H; 3J� 7.08 Hz; H�), 2.92 (t, 4H; 3J� 7.56 Hz; H�), 3.55 (t,
4H; 3J� 6.33 Hz; H�), 3.6 ± 4.2 (m, 16H; H�,�,�,	), 6.78 (d, 4H; 3J� 8.76 Hz;
HB), 7.07 (d, 6H; 3J� 8.79 Hz; H3,3� , and HA), 7.48 (t, 2H; 3J� 7.8 Hz; H4,4�),
8.19 ppm (d, 2H; 3J� 7.08 Hz; H5,5�); 13C NMR (75 MHz, CDCl3): �� 29.3,


30.9, 34.5, 41.6, 67.5, 69.8, 70.2, 70.3, 71.0, 113.0, 118.2, 122.8, 127.6, 136.9,
143.3, 155.8, 156.6, 160.8 ppm.


1-[PF6]2 : RuLCl2[14] (L� 1,10-phenanthroline, 4,4�-(1,4-phenylenedi-2,1-
ethanediyl)bis[7-(4-methoxyphenyl)]) was refluxed for 2 h under argon in
acetonitrile/water (1/1; 20 mL). After the mixture was cooled, an aqueous
solution of saturated potassium hexafluorophosphate (20 mL) was added
and the acetonitrile was evaporated. The resulting precipitate was filtered
under vacuum and chromatographed on silica. Elution with toluene/
acetonitrile (1:1) afforded 1-[PF6]2 (134 mg, 40% overall including com-
plexation) as a brown-yellow solid. Purification can alternatively involve
chromatography on silica eluting with acetonitrile/water/saturated aqueous
KNO3 (100:3:1). 1H NMR (300 MHz, [D6]acetone): �� 2.55 (s, 6H;


Figure 7. Synthesis of the rotaxane 102�.
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CH3CN), 2.8 ± 4 (m, 8H; CH2), 4.00 (s, 6H; OCH3), 6.28 (d, 3J� 7.9 Hz, 2H;
Hb2,), 6.68 (d, 3J� 8.1 Hz, 2H; Hb1) , 7.13 (d, 3J� 5.3 Hz, 2H; H2), 7.28 (d,
3J� 5.1 Hz, 2H; H3), 7.34 (d, 3J� 8.3 Hz, 4H; Hm), 7.82 (d, 3J� 8.5 Hz, 4H;
Ho), 8.18 (d, 3J� 5.3 Hz, 2H; H8), 8.42 (d, 3J� 9.4 Hz, 2H; H5), 8.51 (d, 3J�
9.4 Hz, 2H; H6), 9.96 ppm (d, 3J� 5.5 Hz, 2H; H9); UV/Vis (CH3CN, 5.0�
10�5�): �max (�)� 394.0 (1.6� 104), 436.0 nm (1.5� 104); FAB MS m/z :
1031.3 ([RuL(CH3CN)2](PF6)�), 844.3 ([RuL(CH3CN)� e�]�), 494.6
([RuL(CH3CN)](PF6)-e�)2�).


3-[PF6]2 and 3�-[PF6]2 as a mixture of endo/exo conformers : 1-[PF6]2
(0.050 g, 0.0425 mmol) and 2 (0.032 g, 0.050 mmol) were dissolved in
ethylene glycol (5 mL) and refluxed under argon for 4 h at 140 �C. The
brown solution turned dark red. After the mixture had cooled, an aqueous
solution of saturated potassium hexafluorophosphate (20 mL) was added
and the acetonitrile was evaporated. Filtration under vacuum of the
resulting precipitate afforded a red solid which was chromatographed on
silica. Elution with a gradient of acetonitrile/water/saturated aqueous
KNO3 from 100:1:1 to 100:9:1 then on alumina eluting with a dichloro-
methane gradient to dichloromethane/methanol 95:5 yielded 3-[PF6]2 and
3�-[PF6]2 (0.0224 g, 31% as a mixture of conformers) as an orange solid.
1H NMR (400 MHz, CDCl3, �50 �C, low fields): �� 6.11 (d, 3J� 8.4 Hz,
2H; HA), 6.23 (d, 3J� 7.9 Hz, 1H; Hb1), 6.32 (m, 3H; Hb2� , Hb2), 6.52 (d, 3J�
8.5 Hz, 4H; HA), 6.67 (d, 3J� 7.6 Hz, 1H; Hb1�), 6.77 (m, 7H; H2, HB, H2� ,
Hb1), 7.00 (m, 7H; H3, HB, H3), 7.10 (m, 7H; Hm, Hm, H2, HA� , H5), 7.22 (m,
5H; Hp5, Hp5, Hm� , Hp5�), 7.30 (d, 3J� 8.4 Hz, 2H; HB�), 7.35 (d, 3J� 5.5 Hz,
1H; H3�), 7.44 (d, 3J� 8.1 Hz, 2H; Ho�), 7.50 (d, 3J� 9.1 Hz, 1H; H6), 7.64 (m,
6H; Ho, H8), 7.75 (m, 6H; Hp4, H8� , H8, Ho), 7.89 (d, 3J� 5.4 Hz, 1H; H9),
7.92 (t, 3J� 8.0 Hz, 1H; Hp4�), 8.13 (m, 8H; H5� , Hp3, H9, H5, Hp4), 8.35 (m,
5H; Hp3� , H6� , H9� , H6), 8.47 (d, 3J� 8.4 Hz, 1H; Hp3); ES-MS m/z : 1589.6
(3-[PF6] ); 722.4 (32�).


Suitable crystals for X-ray analysis were obtained by diffusion of hexane in
a solution of the complex in acetone.


4-[PF6]2: Cation 12� (0.0375 g, 0.032 mmol) and 6,6�-dimethylbipyridine
(0.0072 g, 0.038 mmol) were allowed to react for 3 h at 140 �C in ethylene
glycol (10 mL). After cooling, an aqueous solution of saturated potassium
hexafluorophosphate was added. This led to the formation of a red
precipitate which was filtered under vacuum and then rinsed with diethyl
ether to afford 4-[PF6]2 (0.041 g, quant. yield) as a red solid.
1H NMR (300 MHz, [D6]acetone): �� 1.65 (s, 6H; CH3), 3.20 (m, 8H;
CH2), 3.97 (s, 6H; OCH3), 6.43 (d, 3J� 7.9 Hz, 2H; Hb2), 6.88 (d, 3J� 7.9 Hz,
2H; Hb1), 7.14 (d, 3J� 5.5 Hz, 2H; H3), 7.28 (d, 3J� 8.7 Hz, 4H; Hm), 7.41 (d,
3J� 7.3 Hz, 2H; Hp5), 7.46 (d, 3J� 5.5 Hz, 2H; H2), 7.71 (d, 3J� 8.7 Hz, 4H;
Ho), 7.90 (d, 3J� 5.5 Hz, 2H; H8), 8.09 (t, 3J� 7.9 Hz, 2H; Hp4), 8.42 (d, 3J�
9.4 Hz, 2H; H5), 8.57 (d, 3J� 9.4 Hz, 2H; H6), 8.66 (d, 3J� 5.3 Hz, 2H; H9),
8.72 (d, 3J� 7.7 Hz, 2H; Hp3).


5-[PF6]2 : A commercial 1� dichloromethane solution of boron tribromide
(0.3 mL) was further diluted with dry dichloromethane (1 mL) and added
dropwise at �78 �C to a solution of 42� (0.041 g, 0.320 mmol) in dichloro-
methane (5 mL). The mixture was stirred for 90 min at�78 �C and then 1 h
at room temperature. Water, aqueous saturated potassium hexafluoro-
phosphate, dichloromethane, and methanol were added. The organic
solvents were evaporated and the crude product was filtered under vacuum
to afford 5-[PF6]2 (0.040 mg, quantitative yield) as a red solid. 1H NMR
(300 MHz, CDCl3/CD3OD): �� 1.62(s, 6H; CH3), 3.20 (m, 8H; CH2), 6.35
(d, 3J� 9.4 Hz, 2H; Hb2), 6.74 (d, 3J� 9.4 Hz, 2H; Hb1), 6.97 (d, 3J� 5.5 Hz,
2H; H2), 7.06 (d, 3J� 8.6 Hz, 4H; Hm), 7.07 (d, 3J� 5.5 Hz, 2H; H3), 7.25 (d,
3J� 7.7 Hz, 2H; Hp5), 7.57 (d, 3J� 8.6 Hz, 4H; Ho), 7.75 (d, 3J� 5.5 Hz, 2H;
H8), 7.95 (t, 3J� 7.9 Hz, 2H; Hp4), 8.25 (d, 3J� 5.5 Hz, 2H; H9), 8.31 (d, 3J�
9.4 Hz, 2H; H5), 8.41 (d, 3J� 9.4 Hz, 2H; H6), 8.48 (d, 3J� 8.1 Hz, 2H; Hp3).


6-[PF6]2 : Cation 52� (0.086 mg, 0.068 mmol) was dissolved in acetonitrile
and irradiated for one hour with visible light. An aqueous solution of
saturated potassium hexafluorophosphate was added and acetonitrile
evaporated. Filtration under vacuum of the resulting precipitate afforded
6-[PF6]2 (0.075 g, quantitative yield) as a yellow solid. 1H NMR (300 MHz,
CDCl3/CD3OD): � 2.45(s, 6H; CH3CN), 3.50 (m, 8H; CH2), 6.21 (d, 3J�
9.4 Hz, 2H; Hb2), 6.55 (d, 3J� 9.4 Hz, 2H; Hb1), 6.95 (m, 4H; H2, H3), 7.12
(d, 3J� 8.7 Hz, 4H; Hm), 7.64 (d, 3J� 8.5 Hz, 4H; Ho), 8.08 (d, 3J� 5.5 Hz,
2H; H8), 8.22 (d, 3J� 9.4 Hz, 2H; H5), 8.39 (d, 3J� 9.4 Hz, 2H; H6), 9.67 (d,
3J� 5.3 Hz, 2H; H9).


7-[PF6]2 and 7�-[PF6]2 as a mixture of exo/endo conformers : Cation 62�


(0.075 g, 0.0653 mmol) and 2 (0.050 g, 0.081 mmol) were dissolved in


ethylene glycol (8 mL) and refluxed under argon for 2 h at 140 �C. The
brown solution turned dark red. After the mixture had cooled, an aqueous
solution of saturated potassium hexafluorophosphate (20 mL) was added
and the acetonitrile was evaporated. Filtration under vacuum and washing
of the resulting precipitate with diethyl ether afforded a red solid which was
chromatographed on silica (elution with a gradient of acetonitrile/water/
saturated aqueous KNO3 from 100:1:1 to 100:9:1) to yield the mixture of 7-
[PF6]2 and 7�-[PF6]2 (0.030 g, 27%) as an orange solid. 1H NMR (400 MHz,
[D6]acetone) of the exo conformer (sharp signals): �� 6.44 (d, 3J� 9.6 Hz,
2H; Hb2), 6.89 (d, 3J� 9.6 Hz, 2H; Hb1) 7.17 (m, 10H; Hm, H2, HA), 7.43 (m,
4H; Hp5, H3), 7.55 (d, 3J� 8.3 Hz, 4H; Ho) 7.61 (d, 3J� 8.7 Hz, 4H; HB), 7.87
(d, 3J� 5.5 Hz, 2H; H8), 8.10 (m, 2H; Hp4), 8.44 (d, 3J� 9.4 Hz, 2H; H5),
8.56 (d, 3J� 9.4 Hz, 2H; H6), 9.63 (d, 3J� 5.5 Hz, 2H; H9), 8.70 (d, 3J�
5.5 Hz, 2H; Hp3); ES-MS: m/z : 708.4 72�.


9-[PF6]2 and 9�-[PF6]2 as a mixture of exo/endo conformers : The mixture of
7-[PF6]2 and 7�-[PF6]2 (0.020 g, 0.0113 mmol) and K2CO3 (0.010 g,
0.072 mmol) were dissolved in dry DMF at 60 �C under argon. Compound
8 (0.0307 g, 0.0456 mmol) was dissolved in dry DMFand added dropwise to
the reaction mixture, which was stirred at 60 �C for 24 h. After the mixture
cooled, an aqueous solution of saturated potassium hexafluorophosphate
(20 mL) was added, and the resulting precipitate was filtered under vacuum
and washed with diethyl ether. The orange solid was chromatographed on
silica (elution with CH2Cl2/MeOH (99:1)) to yield 9-[PF6]2 and 9�-[PF6]2
(0.024 g, 74% as a mixture of endo/exo isomers) as an orange solid.
1H NMR (400 MHz, [D6]acetone): �� 6.38 (d, 3J� 8.9 Hz, 4H; HA), 6.42
(d, 3J� 8.0 Hz, 2H; Hb2), 6.90 (m, 10H; HB, Hb1, Hr), 7.13 (m, 18H; Hq, Hs),
7.30 (m, 18H; Hm, Ht), 7.50 (br., 2H; Hp5), 7.54 (d, 3J� 8.7 Hz, 4H; Ho), 7.61
(d, 3J� 5.5 Hz, 2H; H8), 7.67 (d, 3J� 8.7 Hz, 4H; Ho), 7.88 (br., 2H; H8),
8.10 (m, 4H; Hp4, Hp4), 8.40 (d, 3J� 9.3 Hz, 2H; H6), 8.55 (m, 4H; H5, H9),
8.68 (m, 6H; Hp3, Hp3, H9); ES-MS: m/z : 1252.8 (92� and 9�2�).
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Li3[ScN2]: The First Nitridoscandate(���)–Tetrahedral Sc Coordination and
Unusual MX2 Framework


Rainer Niewa,* Dmitri A. Zherebtsov, and Stefano Leoni[a]


Abstract: Li3[ScN2] was prepared from
Li3N with Sc or ScN in a nitrogen
atmosphere at 1020 K as a light yellow
powder with an optical band gap of
about 2.9 eV. The crystal structure was
refined based on X-ray and neutron
powder diffraction data (Ia3≈ , Z� 16,
X-ray diffraction: Rprofile� 0.078,
RBragg� 0.070; Neutron diffraction:
Rprofile� 0.077, RBragg� 0.074; Riet-
feld: a� 1003.940(8) pm, Guinier: a


� 1004.50(3) pm). Li3[ScN2] is an isotype
of Li3[AlN2] and Li3[GaN2] and crystal-
lizes in an ordered superstructure of the
Li2O structure type, leading to a three-
dimensional framework of all-vertex-
sharing tetrahedra 3�[ScN3�


4�2]. Li is dis-


placed from the center of a tetrahedron
of N atoms in the direction of one
trigonal face. Li3[ScN2] decomposes
above 1050 K to form ScN and Li3N.
Calculations of the periodic nodal sur-
face (PNS) and of the electron local-
ization function (ELF) support the pic-
ture of a covalent Sc�N network sepa-
rated from isolated Li cations, whereby
scandium d orbitals are involved in the
chemical bonding.


Keywords: bond theory ¥ ELF
(electron localization function) ¥
lithium ¥ nitrides ¥ scandium


Introduction


In the last decade there has been a renewed interest in the
chemistry of nitrides and nitridometalates.[1±3] Within this field
of interest, the nitride chemistry of rare-earth metals, in
particular, is still comparable undeveloped.[4] The known rare-
earth compounds can be loosely classified according to the
following:
1) Metal-rich compounds with an often variable nitrogen


content, for example, compositions as anti-perovskite
phases (R3N)M (R� rare-earth metal, M�main group
metal),[5, 6] or RT12Nx, R2T17Nx, and R3T29Nx (T� transition
metal),[7] which are currently under intensive investigation
world-wide due to the superior hard-magnetic properties.


2) Nitridoborates, nitridosilicates[8±10] and nitridometalates of
d elements, for example, Ce2[CrN3],[11] Ce2[MnN3],[12, 13]


and R3[T2N6] (R�La, Ce, Pr; T�Nb, Ta),[14] with the rare-
earth metal serving as an electropositive component.


3) Interestingly, only few compounds with the alkali and
alkaline-earth metals are known: from lanthanum a defect
rocksalt nitride phase (CaxLa1�x)N1�x/3 (0� x� 0.7) was
reported.[15] Cerium forms the disordered rocksalt phases
(CaCeIV)N2 and HT-(SrCaIV)N2, the �-NaFeO2-type LT-
SrCeIVN2,[16] and BaCeIVN2, which crystallizes in the
layered �-RbScO2 structure.[17] Though, there are some
indications for a homogeneity range of HT-SrCeN2 in the


sense of a solid solution with CeN,[16] all these compounds
contain Ce4�. Similar is the situation with lithium: only
Li2CeIVN2 with an ordered anti-La2O3 structure has been
reported so far.[18]


Scandium, as the lighter homologue of La in the periodic
table, in many respects behaves similarly to both the rare-
earth metals and to aluminum. At the same time it connects to
the 3d transition metal series. In inorganic nitride chemistry,
only the binary ScN, the ternary ScNbN1�x and ScTaN1�x , and
some solid solution phases of ScN with other binary nitrides
are known so far.[19±21] Here we report on the new compound
Li3[ScN2], prepared from Li3N and ScN or Sc in a nitrogen
atmosphere.


Results and Discussion


Li3[ScN2] was prepared from Li3N and ScN fine powders in
nitrogen atmosphere in preference over the reaction of Li3N
with Sc. In the latter case, typically, large amounts of
unreacted Sc remained due to kinetic hindrance by slow
diffusion in the larger Sc grains. Under the conditions of
thermal analyses in an Ar atmosphere Li3[ScN2] decomposes
at temperatures above 1050 K to give a single-phase brownish
powder of �-ScN (see Figure 1). Li3N sublimes to the colder
parts of the apparatus. The mass loss of 35.4% agrees with the
calculated value of 37.1% for the loss of 1 mol Li3N per
formula unit. A kink in the TG (thermogravimetry) curve
followed by a slower mass loss at higher temperatures
indicates a reduction of the powder surface, presumably by
formation of a melt. The thermal effect at Tonset� 1090 K
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Figure 1. DTA/TG diagram of the decomposition of Li3[ScN2] in an Ar
atmosphere (heating rate 10 Kmin�1).


coincides with the melting point of Li3N (1086 K). The mass
loss already slowly starts at temperatures below the melting
point, corresponding to the significant vapour pressure of
Li3N at elevated temperatures. Thus, the thermal peak is
interpreted as melting point of Li3N formed in the decom-
position reaction. This interpretation was confirmed by
samples Li3[ScN2] quenched from different temperatures
and composed of various amounts of Li3[ScN2], �-Li3N, and
�-ScN depending on the thermal history. The behavior of
Li3[AlN2] and Li3[GaN2][22] is similar (decomposition above
1270 K and 1070 K to form AlN and LiGa, respectively).


The crystal structure of Li3[ScN2] was refined based on
X-ray and neutron powder diffraction data to locate all atoms
reliably. Figure 2 depicts the refinement results. Li3[ScN2] is
an isotype of Li3[AlN2] and Li3[GaN2][22, 23] and crystallizes in


Figure 2. a) Neutron and b) X-ray diffraction patterns (CuK�1 radiation) of
Li3[ScN2] (dots), fitted profile (line), and difference curve (below). Tick
marks indicate the positions of possible Bragg reflections.


a 2� 2� 2 superstructure of Li2O. An ordered occupation of
the tetrahedral holes with Sc and Li in the face-centered cubic
(fcc) arrangement of the N atoms leads to a three-dimensional
framework of all-vertex-sharing tetrahedra 3�[ScN3�


4�2] as is
shown in Figure 3. The Sc atoms are located in a nearly


Figure 3. Comparison of the Si network of �-Si[38] (top) and the 3�[ScN3�
4�2�


network (green hollow tetrahedra) in Li3[ScN2] (red: Li) (bottom). One
cubic unit cell is shown.


regular tetrahedron of N atoms. To our knowledge any
tetrahedral coordination of Sc in purely inorganic compounds
is unknown so far. In coordination compounds only few
examples with strongly distorted tetrahedra ScN2Te2,
Sc(OAr)4, ScN3C, and ScN3O with sizeable ligands have been
observed.[24±27] The bond lengths in the range of d(Sc�N)�
210.7(1) ± 212.5(1) pm in Li3[ScN2] are slightly shorter than
the corresponding bond lengths in the binary �-ScN com-
pound with Sc in octahedral coordination (d(Sc�N)
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� 225 pm). In coordination compounds the Sc�N bond
lengths usually fall in the range of 204 ± 220 pm.[26±29] The Li
atom is displaced from the center of the nitrogen tetrahedra
towards one trigonal face, as indicated by three shorter
distances d(Li�N)� 209.7(6), 210.6(6), and 222.8(6) pm,
which are in the range expected for Li in tetrahedral or
trigonal planar coordination by N,[1±3] and one longer distance
d(Li�N)� 245.6(6) pm. For comparison the distance
d(Li�N)� 210.6 pm was determined for the trigonal planar
coordinated Li site in Li3N.[30] Figure 4 depicts the coordina-
tion environments of Sc and Li. A similar situation was
observed, for example, for LiCaN,[31] whereby the larger Ca2�


ion requires an expansion of the fcc arrangement of nitrogen
accompanied by a distortion of the cubic symmetry to an
orthorhombic unit cell.


Figure 4. Coordination of the Sc and Li sites in Li3[ScN2]. While Sc is
surrounded by a nearly ideal tetrahedron, Li is displaced from the center of
a tetrahedron towards one trigonal face. Distances are given in pm,
standard deviations of the last digit in parentheses.


The title compound fits well within the row of third-period
Li nitrides in their highest observed oxidation states:
LiMgN,[23, 32] LiZnN,[23] Li3[ScN2], Li5TiN3�Li3[(Li1-xTix)N2]
(x� 2/3),[33] Li7[VN4],[34] Li6[CrN4],[35] Li7[MnN4],[36]


Li3[FeN2].[37] The compounds Li3[ScN2] and Li3[FeN2] with
the same formula type realize different structures. The iron-
containing compound crystallizes with a Li2O-type (super)-
structure with Fe occupying edge-sharing tetrahedra leading
to infinite chains of 3�[FeN3�


4�2].
Focussing on the 3�[ScN3�


4�2] framework, the Sc arrangement
is topologically equivalent to the Si arrangement in (high-
pressure, high-density) �-Si.[38] As for the isotypes Li3[AlN2]
and Li3[GaN2], the introduction of nitrido ligands leads to an
MX2 framework for which, to our knowledge, no further
example is known so far, neither for SiO2 modifications nor
for any aluminosilicate framework. As the Li3N2 substructure
is isostructural with that of Mg3N2


[39] and �-Ca3N2
[40] (anti-


bixbyite), the 3�[ScN3�
4�2]-framework consequently corresponds


to the occupation of the unoccupied tetrahedral holes in the
anti-bixbyite structure with Sc.


Though Li3[ScN2] is an isotype of the long known Li3[AlN2]
and Li3[GaN2], the previous crystal chemical discussion was
focused on the Li2O-type structure. To shed light on the
topology of the unusual 3�[ScN3�


4�2] network and on the nature
of the Sc�N contacts, a periodic nodal surface (PNS)[41, 42] and
the electron localization function (ELF)[43, 44] were calculated.


Periodic nodal surfaces are calculated from a Fourier
summation of a few, for cubic symmetry frequently only one,
Fourier coefficients. They appear as continuous, triply peri-
odic surfaces, dividing three-dimensional space into two
labyrinths that interpenetrate each other. For this property,
they are very useful in understanding which topologies are
compatible with a given space-group symmetry, and in
elucidating the underlying structural motifs of a periodic
arrangement of atoms. A diamond network, for example, will
develop in one labyrinth of a periodic surface. Replacing the
carbon atoms by tetrahedra (MgCu2) or by very large
aggregates of atoms (Mg2Al3) increases the structural com-
plexity while keeping the topology constant.


The ELF is used to describe and visualize chemical bonds in
solids andmolecules. It compares the local Pauli repulsion of a
given system with the one of a uniform electron gas of the
same density. In physical space the ELF decomposes into
basins. The way basins are related to each other through the
definition domain of the ELF is a topological issue, which
matches the topological information coded in the PNS. To
illustrate this last point is also a task of this work.


The PNS (Figure 5) divides space into two labyrinths, one
containing the Li positions and the other the Sc and N sites. As
mentioned above the topology of the latter labyrinth corre-


Figure 5. Unit cell of Li3[ScN2]. The 3�[ScN3�
4�2] framework (Sc: white, N(1):


green, N(2): dark green) is enclosed in one labyrinth of a PNS, while the Li
atoms (red) are located in a second labyrinth (blue/dark blue surfaces).


sponds to the network of �-Si (space group Ia3≈):[38] the Sc
atoms build a point configuration of the same lattice complex
as Si. The Sc�N network is thus a hierarchical derivative[45] of
the Si network, whereby ScN4 tetrahedra replace Si.


Along the Sc�N connections, no ELF maxima are found
(Figure 6). The outer-core basin set[46] of Sc decomposes into
four basins for the interconnection value above �ic� 0.85. The
basin attractors point towards the faces of the N tetrahedra
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Figure 6. Section of the unit cell of Li3[ScN2]. Two isosurfaces of the ELF
are displayed, showing the structuring of the outer-core localization domain
of Sc (four light yellow maxima, opaque) and isolated Li atoms (�ic� 0.74),
and valence localization domains around N (�ic� 0.85). An ELF slice
through a nitrogen layer appears in the background.


around the Sc atom. The pronounced structuring of the outer-
core localization domain hints at a participation of the
scandium 3d orbitals in the bonding.[46] Choosing the inter-
connection ELF value of �ic� 0.15, the outer-core basin set of
the Sc atoms fuse with the valence basin sets of the N atoms,
building one basin set of the ScN framework. At that value the
basins of the lithium atoms are still isolated. This picture
nicely corresponds with the analysis with PNS, in which Li�


and the 3�[ScN3�
4�2] framework are located in two different


labyrinths.
Integration of the electronic density within the basins[47]


provides supporting data for the analysis of the bonding
situation. In the valence basin set of N, an excess of 2.5 e� is
found, and, by subtraction, Sc lacks 2 e�. This together with
the pronounced structuring of the localization domain at Sc is
an indication for the participation of Sc in covalent chemical
bonding and corresponds to the semiconducting/insulating
property of the light yellow compound (optical band gap
�2.9 eV, as determined by diffuse reflectivity).


With these values, the qualitative analysis of the ELF, and
bearing in mind the separation operated by the PNS, two
types of interaction can be distinguished: one substantially
ionic (each Li atom transfers 1 e� to the ScN framework),
which develops across the PNS, and an Sc�N bonding
interaction within one labyrinth of the nodal surface involving
Sc 3d orbitals.


In summary, Li3[ScN2] is the first nitridoscandate reported.
For the first time Sc is observed in tetrahedral coordination in
an inorganic compound. The 3�[ScN3�


4�2] substructure compris-
es an unusual framework not observed in silicate chemistry.


Experimental Section


Materials : The sample handling, chemical analyses, and the preparation of
Li3N were carried out as described previously.[16] �-ScN was produced from
the elements (Sc: Hunan Institute of Rare-Earth Metals Materials (China);
sublimed, dendritic, chemical analyses: w(O)� 0.09(2)%, w(N, C) below
determination limit �0.01%) within an induction furnace at Tmax� 1670 K
for 1 h. Chemical analyses of this �-ScN resulted in w(O)� 0.20(6)%,
w(N)� 23.3(6)%, w(Sc)� 76.4(5)%, that is, ScN0.98O0.01, unit cell param-
eter a� 450.35(2) pm.


Li3[ScN2] can be obtained from �-Li3N and Sc metal or from �-Li3N and �-
ScN in nitrogen atmosphere at 1020 K. Best results were obtained with �-
ScN fine powders. The single-phase product was a light yellow, moisture
sensitive powder that easily dissolved in hydrochloric acid (chemical
analyses: w(Li)� 22.4(2)%, w(Sc)� 46.1(7)%, w(O)� 0.10(2)%�
Li3.1ScN2.2). A small amount of �-ScN was indicated by two weak peaks
in the powder XRD, excluded in the Rietfeld refinement.


Measurements : X-ray diffraction patterns were taken on an imaging plate
Guinier camera.[16] The unit-cell parameter a� 1004.50(3) pm was refined
by least-squares fittings of X-ray powder data (CSD program package)[48]


with LaB6 as an internal standard (a� 415.7 pm). The neutron diffraction
pattern was measured on diffractometer E9 at BENSC, HMI, Berlin
(Germany). The sample container consisted of a V cylinder (diameter
8 mm, length 51 mm, wall thickness 0.15 mm) that was tightened by an In-
sealing. Structure determination and combined refinements of the X-ray
and neutron diffraction patterns succeeded in Fullprof:[49] X-ray diffraction,
CuK�1 radiation, 15�	 2�	 100�, 16640 profile points, Rprofile� 0.078,
RBragg� 0.070; neutron diffraction, �� 179.65(1) pm, 10�	 2�	 156�,
Rprofile� 0.077, RBragg� 0.074, a� 1003.940(8) pm, Ia3≈ , Z� 16; Sc in 16c,
x� 0.1222(1); Li in 48e, x� 0.1576(5), y� 0.3885(5), z� 0.1095(7); N(1) in
8a ; N(2) in 24d, x� 0.2353(2), global Uiso� 0.35(6)� 102 pm2.


DTA/TGmeasurements (STA 449, NETZSCH, Ni crucibles, thermocouple
type S, completely integrated into an argon-filled glove box) were
performed under nitrogen and argon to analyze the formation of Li3[ScN2],
to find the optimum reaction conditions, and to examine the decomposition
behavior. Temperature calibration was carried out with five melting points
of pure metals. Above 1300 K the remaining decomposition product of
Li3[ScN2] was �-ScN (chemical analyses: w(Li)� 0.255(2)%, w(Sc)�
75.1(8)%, w(N)� 23.89(9)%, w(O)� 0.48(4)%; Li0.022ScN1.021O0.018).


The optical band gap was determined from diffuse reflection (Cary 500,
prayingmantis, white standard BaSO4, ratio 10:1) under inert conditions.
The absorption energy was taken as the inflection point of the step-like
decrease of the diffuse reflectivity.


Computational details : The PNS resulted from a short Fourier summation
that included two reciprocal vector sets, (211,1,�) and (222,1,0), by
following the method described in the literature.[41, 42] According to its
definition,[41] the PNS is the isosurface of the Fourier summation at zero
value.


For the calculation of the ELF, the one-electron Schrˆdinger equation was
solved self-consistently within the LMTO scheme in the atomic sphere
approximation. Interstitial empty spheres had to be added to correct for a
large sphere overlap and to fill interstitial space. The basis sets consisted of
4s, 4p (down-folded), 3d for Sc, 2s, 2p (down-folded), 3d (down-folded) for
Li, and 2s, 2p, 3d (down-folded) for N. The radii for the atoms and
interstitial spheres were: r(Sc)� 136.2 pm, r(Li)� 134.0 pm, r(N(1))�
110.2 pm, r(N(2))� 108.1 pm, r(E(1))� 120.0 pm, r(E(2))� 97.8 pm,
r(E(3))� 56.8 pm. The ELF module of the TB-LMTO-ASA program[44]


was used for the generation of the ELF grid. The final manipulation of the
data was performed with the program Amira 2.3.[50]
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Temperature Dependence of X- and Q-Band EPR Spectra of the Dinuclear
Manganese(��) Complex [(NO2Bpmp)Mn2(�-OAc)2]�: Determination
of the Exchange Constant and of the Spin Parameters for the S� 1, 2, and 3
Spin States


Se¬bastien Blanchard,[a, b] Guillaume Blain,[a] Eric Rivie¡re,[a]
Martine Nierlich,[c] and Genevie¡ve Blondin*[a]


Abstract: A new dinuclear manganese(��) complex was synthesised with the
biscompartimental ligand 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-nitrophenol
(NO2BpmpH) and characterised by X-ray crystallography. Magnetic susceptibility
measurements revealed that the two high-spin MnII ions are antiferromagnetically
coupled with a singlet-to-triplet separation of 7.2 cm�1. The powder EPR spectra
were recorded for both X- and Q-bands between 1.8 K and 35 K. A detailed analysis
of these spectra led to the determination of three out of five individual spin-state
zero-field splitting parameters. From the proposed simulations, the exchange
coupling constant J and the intermetallic distance have been computed.


Keywords: EPR spectroscopy ¥
exchange interactions ¥ manganese
¥ N,O ligands


Introduction


EPR spectroscopy has proved to be a powerful technique for
elucidating the electronic structure of active sites in metal-
loproteins in which paramagnetic ions are embedded. This is
particularly true for dinuclear manganese(��)-containing en-
zymes. Examples of these enzymes are the Mn-based cata-
lases, which promote the dismutation of hydrogen peroxide
into water and dioxygen,[1, 2] and arginase, which is responsible
for the hydrolysis of �-arginine to �-ornithine and urea.[3]


Furthermore, EPR spectroscopy and the electronic properties
of MnII can jointly be used to get new insights into the


catalytic cycles of metalloproteins for which the identity of the
physiological divalent metal ion cofactors is not yet known.[4]


EPR data gathered on dinuclear MnII systems are charac-
terised, firstly, by the broad spectral width using an X-band
frequency and, secondly, by their strong temperature-depen-
dence.[5] The latter is controlled by the isotropic exchange
interaction between the two high-spin MnII ions (SMnII� 5/2),
while the former is related, among other parameters, to the
Mn ±Mn dipolar coupling. However, both interactions de-
pend intimately on the chemical nature of the bridging
ligand(s) and also on the intermetallic Mn ¥¥¥Mn separation.[6]


Hence, a profound analysis of their EPR spectra gives a
unique opportunity to address the chemical nature of the
dinuclear MnII core. This approach has been tentatively
followed for the dimanganese cores of the catalase from
Thermus thermophilus and of the rat liver arginase,[7] for the
manganese center of the dinitrogenase reductase-activating
glycohydroxylase from Rhodospirillum rubrum,[8] and for the
reconstruction of the manganese cluster in the apo-water
oxidation complex of Photosystem II in green plants.[9]


The analysis of the EPR data reported in previous
works[7, 8, 10] relies on the mathematical deconvolution of the
temperature-dependent spectra that were recorded at a single
microwave frequency, namely 9.4 GHz. The dimanganese(��)
units present an antiferromagnetic exchange interaction
leading to a diamagnetic ground state and excited para-
magnetic states associated with integer spin values ranging
from 1 to 5. The convergence criterion of the deconvolution
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procedure is the temperature-dependent contributions of the
S� 1 and S� 2 spin states that must obey the Boltzmann law.
This leads to the determination of the strength of the
exchange coupling and to the temperature-independent
triplet- and quintet-spin-state spectra. No simulation of the
extracted individual spin-state EPR traces are presented and
only one spin parameter value (D2) is proposed based on the
position of the highest field line. The lack of a precise analysis
of the individual spin-state EPR spectrum profiles calls into
question the validity of the results obtained by using a
deconvolution process. Actually, the magnitudes of the
exchange interactions between the two MnII ions in the
manganese catalases have been deduced from the variation
with temperature of the magnetisation, and were found to be
two, or even four, times weaker than that suggested from EPR
measurements.[6, 11]


We have recently reported a detailed investigation of the
EPR properties of the antiferromagnetically coupled dinu-
clear manganese(��) complex [Mn2(Bpmp)(�-OAc)2](ClO4) ¥
(C2H5)2O (1) (BpmpH� 2,6-bis[bis(2-pyridylmethyl)amino-
methyl]-4-methylphenol).[5] In that work, we reported a new
methodology that relies purely on a careful examination of
the recorded EPR spectra. We showed therein how the
concomitant use of two recording frequencies enabled us to
underpin the attribution of the spin parameters of the two first
excited spin states (S� 1 and S� 2). In addition, we were
successful in determining the Heisenberg exchange coupling
constant J from the temperature dependence of the EPR
spectra. The obtained J value was found to be in good
agreement with the one deduced from the magnetisation
measurements. This was the first time that such an agreement
was reached.
In this paper, we report a more refined analysis on the


closely related complex [Mn2(NO2Bpmp)(�-OAc)2](ClO4) ¥
1.5CH3CN ¥ 0.5CH3OH (2), whereby NO2BpmpH stands for
the ligand 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-nitro-
phenol. The X-ray structure has been solved and magnet-
isation measurements have revealed a weaker antiferromag-
netic exchange interaction relative to that of 1. In this work,
not only the S� 1 and S� 2 spin parameters, but also those of
the S� 3 spin state, are retrieved with our methodology.
Simulations of the X- and Q-band spectra up to 35 K allow the
calculation of the coupling constant (J), and the obtained
value is fully consistent with the magnetisation data. Fur-
thermore, from the proposed spin parameters, we are able to
attain an intermetallic distance that is in the same range as
that observed in 2 by X-ray diffraction.


Results


The dinuclear MnII complex was synthesised according to the
procedure previously reported for 1,[5] with slight modifica-
tions due to the withdrawing effects of the para-nitro function
(see Experimental Section). X-ray quality crystals of general
formula [Mn2(NO2Bpmp)(�-OAc)2](ClO4) ¥ 2CH3CN were
obtained from slow diffusion at room temperature of diethyl
ether into a saturated acetonitrile solution of the isolated
powder of 2.


X-ray structure : The structure of the dinuclear complex
[Mn2(NO2Bpmp)(�-OAc)2]� is shown in Figure 1. Manga-
nese ± ligand bond lengths and the principal features of the �-
phenoxo-bis(�-acetato)dimanganese(��) core structure are
listed in Table 1. The two manganese ions are hexacoordinate


Figure 1. ORTEP view of the X-ray structure of the dinuclear complex
[(NO2Bpmp)Mn2(�-OAc)2]� .


in an N3O3 distorted octahedral environment. The Mn�O and
Mn�N bond lengths fall in the usual range observed for MnII
complexes, with the Mn�Namine distances being slightly longer
than the Mn�Npyridine ones. The Mn2 ion has two different
Mn�Oacetato (2.142(4) and 2.077(4) ä) and Mn�Npyridine
(2.292(5) and 2.253(5) ä) distances, like the two MnII ions in
[Mn2(Bpmp)(�-OAc)2]� . On the other hand, the coordination
sphere of the Mn1 site is more regular: the two Mn�Oacetato
distances are almost identical (2.112(4) and 2.107(4) ä), as
are the two Mn�Npyridine separations (2.283(4) and
2.286(4) ä). The substitution of the methyl group in the
Bpmp� ligand by the withdrawing nitro function has impor-
tant consequences on the structural features of the bridging
phenolate. The Mn�O distances in 2 are elongated relative to
those in 1 (2.162(4) and 2.142(4) ä vs 2.103(3) and
2.117(3) ä). This lengthening of the bridging bond lengths is
directly related to the decrease in the electronic density on the
bridging phenolic oxygen due to the withdrawing effect of the
nitro group. This is indeed confirmed by the shortening of the
C1�O1 bond (1.316(6) ä in 2 vs 1.339(6) ä in 1), so that it
now exhibits significant double bond character. This modifi-
cation in the Mn-O-Mn motif leads to a greater separation of


Table 1. Metal ± ligand principal bond lengths [ä] and angle [�] of the
di-MnII(�-phenoxo)(di-�-acetato) core structure of 2.


Mn1�O1 2.162(4) Mn2�O1 2.147(4)
Mn1�O4 2.112(4) Mn2�O5 2.142(4)
Mn1�O6 2.107(4) Mn2�O7 2.077(4)
Mn1�N2 2.321(5) Mn2�N5 2.337(5)
Mn1�N3 2.283(5) Mn2�N6 2.292(5)
Mn1�N4 2.286(5) Mn2�N7 2.253(5)
Mn1 ¥¥¥Mn2 3.450(3) C1�O1 1.316(6)


Mn1-O1-Mn2 106.41(16)
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the two metallic sites in [Mn2(NO2Bpmp)(�-OAc)2]� than in
[Mn2(Bpmp)(�-OAc)2]�: 3.450(3) ä versus 3.412(1) ä.


Magnetic properties : The variation of the molar magnetic
susceptibility with temperature reveals, as expected, an
antiferromagnetic interaction between the two high-spin MnII


ions (SA� SB� 5/2). The main characteristics are the decrease,
with decreasing temperature, of the �MT product (from
7.99 cm3mol�1K at 294 K to 0.015 cm3mol�1K at 2 K), and
the maximum of the �M versus T curve at 28 K (�M�
0.090 cm3mol�1) (see Figure S1 in the Supporting Informa-
tion). The best fit of the experimental data was obtained by
using the van Vleck formula with g� 2.01 and J� 7.2 cm�1


(H� JS√AS√B).[12] The spin ladder is thus organised with a S� 0
diamagnetic ground state and S� 1 ± 5 excited spin states
lying at J, 3J, 6J, 10J and 15J, respectively, whereby the
energies obey the Lande¬ interval rule. It is interesting to note
that the introduction of the nitro group at the para position of
the phenol ring induces a significant drop of the J constant
(9.6 cm�1 in 1). This originates from the withdrawing proper-
ties of the para-nitro function, which weakens theMn�Ophenoxo
bonds (see above). A recently published correlation between
the exchange coupling constant J and the average bond length
between the manganese(��) ions and the bridging phenolic
oxygen in [MnII(�-phenoxo)(�-acetato)2MnII]� systems clear-
ly indicates the decrease of J with increasing Mn�O dis-
tance.[13] Indeed, the point corresponding to the
[(NO2Bpmp)Mn2(�-OAc)2]� complex matches the proposed
correlation line.
The dinuclear nature of 2 is maintained upon dissolution, as


indicated by the EPR spectra recorded on frozen solutions at
9.4 GHz and 34 GHz (Figure 2). In the X-band spectra, eleven
hyperfine lines are clearly detected between 235 and 280 mT,
with an average spacing of 4.42 mT. Another set of lower
intensity lines starting at 284 mT is also observed, with a
4.5 mT average separation (see insert in Figure 2). Less
resolved hyperfine lines are also observed between 80 and
115 mT, as well as between 370 and 420 mT, for which a
separation of 4.4 mT can be estimated. Similar features have
been previously observed in dinuclear MnII systems.[5, 7, 13±22] In
the Q-band spectra, thirty-three hyperfine lines, regularly
spaced by 4.5 mT, are clearly in evidence between 1156 and
1301 mT. In addition, the first ten and the last seven lines
satisfy the 1:2:3:4:5:6:5:4:3:2:1 intensity profile. Such spec-
troscopic features are expected for the interaction between
the electronic spin and two equivalent Mn nuclear spins
(IMn� 5/2),[23] therefore attesting to the dinuclear MnII core
structure of compound 2 in solution.


Powder EPR spectra : Experimental X- and Q-band EPR
spectra recorded on powder samples are reported in Figures 3
and 4 together with their simulations (see below). Even after
successive recrystallisation, a contaminating mononuclear
MnII impurity was detected and was clearly identified by the
six-line signal around g� 2 (337 mT for X-band, 1218 mT for
Q-band) exhibiting a peak-to-trough separation of 55 mT at
both frequencies. This signal decreases in intensity as the
temperature is increased, as expected from the Curie law
associated with an isolated S� 5/2 system. Therefore, exclud-


Figure 2. Frozen solution EPR spectra recorded at 9.38 GHz and 20 K
(top) and 34 GHz and 80 K (bottom).


ing the MnII impurity extra signal, the spectra presented here
are pretty similar to the ones previously reported for 1. The
X-band spectra spread from 0 to 800 mT at low temperature
and gain intensity in the g� 2 region, to the detriment of the
wings, as the temperature is increased. In the Q-band
spectrum, the most intense transition is seen around 600 mT
at 5 K; raising the temperature leads to a continuous decrease
in intensity. In contrast, the g� 2 region gains intensity as the
temperature is increased. A similar behaviour was observed
for the EPR spectra of 1. Nevertheless, a closer inspection of
Figures 3 and 4 reveals important differences between the
EPR signatures of 1 and 2, suggesting that the spin parameters
are different for both complexes.


Determination of the spin parameters : The methodology used
to analyse the EPR spectra has been explicitly presented in
reference [5]. It is based on a scrupulous examination of the
series of spectra recorded for both X- and Q-bands.
When the exchange coupling is the dominant interaction,


the EPR spectra profiles are governed by the zero-field
splitting effects within each paramagnetic spin state (S).
Equation (1) gives the spin Hamiltonian for each spin state.[24]


HS� �BB√ 0gƒSS√�DS


�
S√2z �


1


3
S(S� 1)


�
�ES[S√2x � S√2y]�


�
i�A�B


I√iAƒ i
SS√ (1)
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Figure 3. Experimental (continuous line) and simulated (dotted line)
X-band spectra at several temperatures: a) 2.5 K, b) 5 K, c) 9 K, d) 14 K
and e) 20 K. EPR conditions for spectrum a): 9.4549 GHz microwave
frequency, 5.065 mW microwave power, 0.5 mT modulation amplitude,
100 kHz modulation frequency. EPR conditions for spectra b) ± e):
9.3915 GHz microwave frequency, 2.007 mW microwave power, 0.5 mT
modulation amplitude, 100 kHz modulation frequency. Spectrum a) was
scaled approximately to be compared to spectra b) ± e). See text for the
simulated spectra.


Figure 4. Experimental (continuous line) and simulated (dotted line)
Q-band spectra at several temperatures: a) 5 K, b) 7 K, c) 9 K, d) 15 K,
e) 20 K and f) 30 K. EPR conditions for spectra a) ± f): 34.1 GHz micro-
wave frequency, 2.227 mW microwave power, 0.5 mT modulation ampli-
tude, 100 kHz modulation frequency. The six traces may be directly
compared. See text for the simulated spectra.


The first term stands for the Zeeman interaction, the
second and third terms for the zero-field splitting effect and
the last term for the hyperfine interactions between the
electronic spin S with the twoMn nuclear spins (IA� IB� 5/2).
For the sake of simplicity we assume, in the forthcoming
analysis, an isotropic Zeeman effect characterised by a gS
factor equal to 2 and we neglect the Mn-hyperfine interac-
tions. Indeed the MnII ion has a high-spin d5 electronic
configuration that is a half-filled shell, and no Mn-hyperfine
interaction was detected in the powder spectra.
Our rational approach to tackling the investigation of the


experimental data is now outlined. First, the different
transitions are assigned to the S spin levels in order to
determine the spin parameters, that is, the DS and ES zero-
field splitting parameters which control the spin-state signa-
ture. The use of two microwave frequencies allows such a
determination with strong confidence. In addition, the sign of
theD1 parameter can be determined according to the relative
intensities of the EPR transitions detected below 10 K.
Indeed, at sufficiently low temperature, they depart from
the ratios expected in the high-temperature limit. With
increasing temperature, such effects vanish and only temper-
ature-independent individual spin traces are considered. This
means that the calculated transition probabilities do not
account for temperature effects within each spin level and that
the calculated spin spectra do not depend on the sign of the
associatedDS parameters. Once the temperature-independent
spin spectra are known, the linear combinations that best
reproduce the experimental EPR traces are established. The
weighted coefficients are then fitted as a function of
the temperature and the exchange constant J is extracted. In
this framework, the following zero-field splitting parameter
values for the S� 1 and S� 2 spin states were determined
for 1: D1��0.428 cm�1, E1/D1� 0.150, D2��0.110 cm�1,
E2/D2� 0.125.
The 5 K Q-band spectrum of 2 (trace a on Figure 4) shows


intense resonances at 555, 806, 854 and 1116 mT and weaker
ones at 975, 1290, 1327 and 1464 mT. The most intense lines
can be attributed to the S� 1 excited spin state. The half-field
transition detected when the zero-field splitting parameterD1


is lower in absolute value than the recording microwave
frequency is located at 555 mT. By comparison with the
34 GHz S� 1 signature of 1, the 806, 854 and 1116 mT lines
are assigned as the lowest z, y and x lines, respectively (in 1,
they were observed at 755, 861 and 1056 mT, respectively).
Taken together, these values suggest a smaller �D1 � param-
eter and a stronger rhombicity (i.e., E1/D1) for 2 as compared
to 1. This is indeed confirmed by calculation of the triplet
spectrum. Using the parameters listed in Table 2, a good
simulation of the 5 K Q-band spectrum can be obtained.
These S� 1 spin parameter values are indeed corroborated by
the calculation of the X-band spectrum. As can be seen from
trace a of Figure 3, the principal features detected at 2.5 K at
69, 667 and 736 mTare correctly reproduced with the same set
of parameters for the S� 1 spin state. In addition, these
signals decrease in intensity when the temperature is lowered
to 1.8 K (see Figure S2 in the supporting information), in
agreement with their assignment to the triplet excited spin
state.
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A comparison between the 7 K Q-band spectrum and that
at 5 K (Figure 4, trace b) indicates that the weak transitions at
975, 1327 and 1464 mT gain in intensity, and a shoulder on the
high-field edge of the 854 mT transition is observed. This
temperature-dependent behaviour is a telling indication that
those lines are transitions within the S� 2 spin state. The
above-mentioned resonance magnetic field values are very
close to those reported for 1, suggesting that the S� 2 spin
parameters are similar in both complexes. This is confirmed
by the variation observed upon increasing the temperature for
the X-band spectra, wherein the main features of the S� 2
spin level are observed at 18, 259, 439, 476 and 589 mT (see
Figure 3, trace b), values which can be closely compared to
those of 1. Upon a further increase in the temperature, new
transitions are detected that may be ascribed to the S� 3 spin
state. In the Q-band spectra, these are observed at 1027, 1163,
1230, 1288 and 1409 mT (see Figure 4, traces c and d). A gain
in intensity for the signal around 900 mT is also perceptible.
Whereas in the X-band spectra the main features are seen at
429 and 529 mT (Figure 3, traces c and d), shoulders around
215 and 645 mT can also be observed. From here, theDS zero-
field splitting parameter is estimated by assigning the lowest
resonance in the Q-band and the highest in the X-band
spectra to z transitions within the spin state. The zero-field
splitting rhombicity, that is, the ES/DS ratio, is thereafter
determined to best reproduce the experimental features.
The associated S� 2 and S� 3 spin parameters are listed in


Table 2. The temperature-independent spin spectrum does
not depend on the sign of theDS parameter. The negative sign
of the DS parameters proposed here will be discussed below.
In our simulations, we have taken different linewidths for X-
and Q-band spectra in order to reach the best fits. The origin
of this difference may be attributed to different relaxation
behaviours at 9.39 GHz and 34.1 GHz. The individual spin
spectra are reproduced in Figures 5 and 6. The g� 2 region is
not well reproduced below 10 K for both X- and Q-bands, due
to the MnII impurity. The X-band simulations present a
significant discrepancy with the experimental spectra in the
0 ± 200 mT magnetic field domain. This may be attributed to
the non-consideration of the Mn-hyperfine interactions,
which are competitive with the Zeeman interaction at such
low magnetic field strengths.
Spectra recorded at temperatures higher than 25 K are


characterised by an increase of the intensity in the g� 2 region
associated with less-defined resonances. The experimental
30 K/9.4 GHz and 35 K/34 GHz spectra are shown in Fig-
ure S3 (in the Supporting Information), together with at-
tempts at simulation. The modification of the experimental
signatures, and the lack in intensity of the proposed


Figure 5. Temperature-independent S� 1 (upper trace), S� 2 (middle
trace) and S� 3 (lower trace) spectra calculated at 9.39 GHz. For
presentation purposes, the S� 2 and S� 3 traces are divided by a factor
of 10 and 20, respectively.


Figure 6. Temperature-independent S� 1 (upper trace), S� 2 (middle
trace) and S� 3 (lower trace) spectra calculated at 34.1 GHz. For
presentation purposes, the S� 2 and S� 3 traces are divided by a factor
of 5 and 25, respectively.


simulations in comparison with the experimental spectra,
are due to the appearance of the S� 4 spin state signal.
Unfortunately, for the time being, the absence of defined
resonances precludes any precise determination of the
corresponding spin parameters.


DS sign determination : The proposed �D1 � parameter value is
of the same magnitude as the available energy for X- or


Table 2. Spin parameters used for the calculation of the S� 1, 2 and 3 spin state spectra for both X- and Q-bands.
X-band Q-band


S DS [cm�1][a] ES/DS
[a] giso �x [mT][b] �y [mT][b] �z [mT][b] Sophe grid[c] �x [mT][b] �y [mT][b] �z [mT][b] Sophe grid[c]


1 � 0.377 0.242 2 17.5 22.5 22.5 60� 30 17.5 22.5 22.5 40� 10
2 � 0.104 0.162 2 20.0 17.5 20.0 40� 80 17.5 17.5 15.0 40� 10
3 � 0.059 0.075 2 17.5 15.0 15.0 80� 150 15.0 17.5 17.5 40� 10
[a] The uncertainties on theDS and ES/DS values are estimated to be�0.005 cm�1 and 0.005. [b] �i stands for the half-width at half-height of the gaussian line
in the i direction (i� x, y, z). [c] Sophe grid gives the numbers of partitions and segments introduced to get a powder EPR spectrum.
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Q-band. Consequently, temperature effects of the triplet
signature are expected at low temperature. Indeed, the
simulation of the spectra recorded at temperatures lower
than 10 K may be improved by taking a temperature-depen-
dent trace for the S� 1 signal. The simulation proposed for
the experimental 2.5 K X-band spectrum (trace a of Figure 3)
corresponds to the computed 2.5 K S� 1 spectrum assuming a
negative D1 parameter. At 9.39 GHz, the negative value for a
D1 parameter is responsible for the increase in the ratio of the
667 mT y line intensity over that of the 736 mT z line, when
compared to the same ratio evaluated in the high temperature
limit (temperature-independent trace). However, at 34 GHz,
if a negative sign is considered for D1, the z line at 806 mT is
more intense than the high-temperature limit, relative to the y
line at 854 mT. Actually, this is the tendency observed
experimentally. However, if a positive D1 parameter is
considered, the reverse situation would be observed for the
y versus z transitions. Consequently, this justifies the negative
sign proposed for D1. We also proposed a negative value for
theD2 andD3 parameters, due to the contribution of the Mn ±
Mn coupling interaction to the zero-field splitting effect
within the higher spin states (see below).


Determination of the exchange coupling constant : The
strength of the antiferromagnetic interaction between the
twoMnII ions controls the contribution of the spin states to the
experimental spectrum recorded at the temperature T.
Equations (2) and (3) indicate how the experimental spectra
Y(�,B,T) are related to the temperature-independent individ-
ual spin signatures YS(�,B):


Y(�,B,T)�
�5
S�1


nS�T�
T


YS(�,B) (2)


nS(T)�
exp


JS�S � 1�
2kBT


� �


�5
S*�0


�2S* � 1�exp JS*�S* � 1�
2kBT


� � (3)


In Equation (2), YS(�,B) stands for the EPR signature of
the spin state that would have been obtained on the isolated
spin level by using the same recording conditions as those of
Y(�,B,T). The nS(T) term reflects the Boltzmann population
of the spin level, while the factor 1/T reproduces the Curie
behaviour of the intensity of the spin spectrum recorded at the
temperature T.
Because temperature effects within the spin states disap-


pear above 10 K in both X- and Q-band spectra due to the
magnitudes of the zero-field splittings, only temperature-
independent spin signatures are considered. For the sake of
simplicity, only the simulation of the 2.5 K/9.4 GHz spectrum
takes into account temperature effects within the triplet spin
level (see above). The other proposed simulations of the
experimental EPR spectra Y(�,B,T) for both X- (�X�
9.39 GHz) and Q-bands (�Q� 34.1 GHz) that are shown in
Figures 2 and 3, respectively, are obtained according to
Equation (4) by using linear combinations of the temper-
ature-independent calculated individual S� 1 to S� 3 state
spectra YcalcdS (�,B) shown in Figures 5 and 6.


Y(�,B,T)�
�3
S�1


cS(�,T)YcalcdS (�,B) (4)


Figure 7. X-band (top) and Q-band (bottom) weighted coefficients for the
S� 1 (�), S� 2 (�) and S� 3 (�) spin states, as a function of temperature.
Continuous lines correspond to the best fits with J� 6.0 cm�1 and �(�X)�
95.5 (X-band) and J� 7.4 cm�1 and �(�Q)� 153.6 (Q-band).


The coefficients cS(�,T) that were used are reported on
Figure 7.[25] Comparison of Equation (4) with Equations (2)
and (3) leads to the following relation [Eq. (5)]:


cS(�T)��(�)
nS�T�
T


(5)


in which �(�) is a scaling factor that depends on the recording
conditions (the microwave power, the receiver gain, the
modulation amplitude and the quality factor of the cavity). A
simultaneous fit of the S� 1 to S� 3 weighted coefficients
gives J� 6.0 and 7.4 cm�1 for the X- and Q-band data,
respectively. The J value obtained from the Q-band data is in
good agreement with the value obtained from the magnetic
susceptibility measurements (J� 7.2 cm�1). Although the
computed J value from the X-band simulations falls in the
same range, we must admit that this difference is far larger
than what we expected. The reason for this comes from a
sample temperature measurement in our X-band cryostat
which is currently less accurate than that in the Q-band
cryostat. For instance, an arbitrary increase of all the temper-
ature values by 1 K for the fitting of the X-band weighted
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coefficients leads to an exchange coupling constant of 6.5
instead of 6.0 cm�1.


Discussion


Detailed analysis of the EPR spectra of dinuclear MnII is a
critical problem due to the superimposition of several spin
state signatures. When the exchange coupling constant J is too
small, spectra recorded at 4 K do not originate from a single
spin state. Consequently, the determination of the individual
spin state spectra is quite difficult. To solve this problem,
deconvolution processes[7, 8, 10] have been developed with the
main intention of deducing the J constant. There is no doubt
that this mathematical approach holds for simultaneously
obtaining the individual temperature-independent spin state
spectra together with the J constant. However, it is essential to
verify the physical significance of all the extracted data in
order to validate the proposed results. The principal criticism
that one can formulate against these works is the lack of
analysis of the individual spin signatures that are obtained
following this approach.
We have recently developed a new methodology that relies


solely on a rigorous examination of the recorded EPR
spectra.[5] The EPR spectra that have been recorded on
powder samples of compound 2 show an important contribu-
tion of a monomeric MnII impurity. Its signal spreads on a
magnetic field range almost as large as the one of the signal to
be analysed precluding the safe application of any deconvo-
lution process. The approach developed herein allows us to
leave aside the contaminating signal. Hence, the zero-field
splitting parameters and, consequently, the temperature-
independent individual spin spectra can still be determined
with good accuracy. The exchange coupling constant J is also
determined from the series of simulated spectra and the
values obtained fall within �15% of the value deduced from
magnetic susceptibility measurements. A precise knowledge
of the sample temperature, as in the case of Q-band data,
leads to a computed J value within an error margin of less than
5%.
In comparison with our previous work on the complex


[(Bpmp)Mn2(�-OAc)2]� , for which the spin parameters have
been determined for the S� 1 and S� 2 states, three spin
states (S� 1, 2 and 3) are fully characterised here. This has
allowed access to the Mn ±Mn coupling interaction. Indeed,
the zero-field splitting effect within the spin states originates
from the local zero-field splitting effect on each MnII center
(tensors DƒA and Dƒ B) and from the coupling interaction
between the two paramagnetic sites (tensorDƒAB) according to
Equation (6).[24]


Dƒ S� dA(S)DƒA�dB(S)Dƒ B� dAB(S)DƒAB (6)


The tensor DƒAB includes both the dipolar coupling and the
anisotropic component of the exchange interaction. The
numerical values of the coefficients are listed in Table 3.[24]


The traceless zero-field splitting tensors are fully charac-
terised by two out of three principal values and by three Euler
angles that connect the principal directions to a fixed


molecular-based axis system. Since we are investigating a
powder, only the eigenvalues of the Dƒ S tensors can be
determined. The orientation of the principal directions of the
zero-field splitting towards the molecule are not known and
may depend on the individual spin level considered. In other
words, this means that the Dƒ S tensors are not necessarily
collinear. This renders any correlation between the zero-field
splitting parameters and structural features more difficult.
However, as is shown below, approximations may be formu-
lated that allow a reasonable estimation of the Mn ¥¥¥Mn
separation.
Since we are dealing with a homovalent dimetallic system,


only the tensors Dƒ cryst�DƒA�Dƒ B and DƒAB are relevant in
Equation (6). It can be seen from Table 3 that the lowest
contribution ofDƒ cryst to the global tensorDƒ S occurs for the S�
3 spin state and that the coefficient is much weaker than that
of DƒAB (0.022 vs 0.522). Consequently, we may neglect the
contribution of the local zero-field splitting effects to the Dƒ 3
tensor. Within this hypothesis, Dƒ 3 depends only on the DƒAB
coupling tensor. Moreover, this spin level presents, among the
three characterised in this work, the lowest rhombicity.
Therefore we can reasonably consider that the main contri-
bution to the coupling tensor DƒAB comes from the dipolar
coupling, which is characterised by an axial tensor with
principal values �Ddip/3, �Ddip/3 and 2Ddip/3. Within this
framework, the negative sign proposed for D3 is fully
consistent. Along this line, assuming that the S� 3 tensor Dƒ 3
originates only from the dipolar coupling, an Mn ¥¥¥Mn
separation of 3.58 ä can be estimated from the analytical
expression of the Ddip parameter [Eq. (7)]:


Ddip�
3�0�


2
Bg2


4�r3
(7)


This intermetallic distance found is in good agreement with
the X-ray crystallographic data of complex 2, for which a
separation of 3.450(3) ä was measured. The 0.13 ä difference
found here originates from the successive approximations
formulated above. Indeed, the zero-field splitting tensor Dƒ 3 is
not of axial symmetry and the MnII ions in 2 are not in a
regular octahedral environment; this leads to small, local
zero-field splitting effects.
Khangulov et al. have previously published a correlation


between the D2 zero-field splitting parameter and the Mn ±
Mn separation.[7] It must be underlined that the proposed
correlation line is established according to the intermetal
distances determined from X-ray diffraction studies. There-
fore the Mn ±Mn separations are not directly deduced from
the EPR measurements. Within the hypotheses formulated
above, a linear dependence of the D3 zero-field splitting
parameter upon the Mn ±Mn distance is also expected. We
are currently investigating other dimanganese(��) systems to
establish such a correlation.


Table 3. Numerical values for the dA(S), dB(S) and dAB(S) coefficients of
Equation (6) for a two Si� 5/2 (i�A, B) coupled system.
S 1 2 3 4 5


dA(S)� dB(S) � 16³5 � 10³21 � 1³45 1³7 2³9
dAB(S) 37³10 41³42 47³90 5³14 5³18
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Furthermore, the DS-parameter values (S� 1, 2 and 3)
indicated in Table 2 are both in strength and sign entirely
compatible with a main contribution of the dipolar coupling to
the zero-field splitting effect within each spin level. Indeed, if
one assumes that Dƒ S� dAB(S)DƒAB, D1 and D2 axial parameter
values of�0.418 and�0.110 cm�1, respectively, are calculated
from that of D3 (�0.059). It is worth noticing, firstly, that the
values closely match the �DS � determined from the exper-
imental EPR spectra, and secondly, that the experimentally
demonstrated negative sign of D1 is achieved. This justifies a
posteriori the above formulated hypothesis concerning the
small amplitude of the local zero-field splitting effects.


Conclusion


We have applied in this paper the methodology recently
developed in our lab to investigate the EPR signature of a new
dinuclear MnII complex. The spin parameters for the first
three excited spin states, namely S� 1 to S� 3, were
determined. Linear combinations of individual temperature-
independent spin state EPR spectra allowed a good simu-
lation of both the X- and Q-band experimental EPR spectra
in a large temperature range. From these simulations, the
exchange constant J, together with the Mn ¥¥¥Mn distance,
were determined, and the results are fully consistent with
those obtained from magnetisation measurements and X-ray
diffraction techniques. This sweeps away any doubt about the
validity of the spin parameters proposed for the S-spin states.
The methodology that we have developed to analyse the


EPR signatures of dimanganese(��) complexes, can be applied
to any system that presents spin levels sufficiently separated
compared to the EPR microwave energetic quantum. Ex-
change interaction parameters and structural features may be
deduced solely from EPR data. Chemists and biochemists will
find here an elaborate new tool for getting new insights into
unknown polymetallic cores.


Experimental Section


Reagents and solvents were purchased commercially and used as received.


Caution : Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small quantities of these compounds should be
prepared and they should be handled behind suitable protective shields.


[Mn2(NO2Bpmp)(�-OAc)2](ClO4) ¥ 1.5CH3CN ¥ 0.5CH3OH (2): The
NO2BpmpH ligand[26] (324 mg, 0.58 mmol) was mixed with Mn(OAc)2 ¥
4H2O (282 mg, 1.16 mmol) in methanol (8 mL) for half an hour. Slow
addition of a slight excess of NaClO4 (141 mg, 1.16 mmol) dissolved in
water (0.5 mL) allowed the precipitation of an orange powder, which was
collected by filtration, dissolved in acetonitrile and further recrystallised by
slow diffusion of diethyl ether. Elemental analysis calcd (%) for
C39.5H42.5N8.5O11.5ClMn2 (965.64): C 49.13, H 4.44, N 12.33, Cl 3.67, Mn
11.38; found: C 48.85, H 4.32, N 12.31, Cl 3.77, Mn 11.10; IR: �� � 3070 (w),
2924 (w), 2892 (w), 2835 (w), 1592 (s), 1571 (s), 1506 (m), 1472 (m), 1440 (s),
1430 (s), 1392 (m), 1366 (w), 1317 (s), 1296 (s), 1262 (w), 1154 (w), 1108 (s),
1089 (s), 1048 (m), 1016 (m), 974 (w), 957 (w), 919 (w), 903 (w), 883 (w), 828
(w), 766 (m), 754 (m), 733 (w), 681 (w), 653 (m), 646 (m), 624 (m), 548 (w),
529 (w), 500 (w), 481 (w), 459 (w), 414 (w).


Crystallographic data collection and refinement of the structure of
[(NO2Bpmp)Mn2(�-OAc)2](ClO4) ¥ 2CH3CN : A yellow crystal of approx-
imate dimensions of 0.15� 0.10� 0.10 mm was selected. Diffraction


collection was carried out on a Nonius diffractometer equipped with a
CCD detector. The lattice parameters were determined from ten images
recorded with 2� � scans and later refined on all data. The data was
recorded at 123 K. A 180� � range was scanned, with 2� steps, with a
crystal-to-detector distance fixed at 30 mm. Data were corrected for
Lorentz polarization. The structure was solved by direct methods and
refined by full-matrix least-squares on F 2 with anisotropic thermal
parameters for all non-H atoms. H atoms were introduced at calculated
positions (except for atoms of the solvent molecules) and constrained to
ride on their parent C atoms. All calculations were performed on an O2
Silicon Graphics Station with the SHELXTL package.[27]


Formula: Mn2C40H42ClN9O11; Mr� 970.16,T� 123(2) K, �� 0.71073 ä;
crystallographic system: triclinic; space group: P1≈ ; a� 10.040(2), b�
13.594(3), c� 16.609(3) ä, �� 91.02(3)�, 	� 94.88(3)�, 
� 109.71(3)�,
V� 2123.6(7) ä3, Z� 2, �� 1.517 gcm�3, �� 0.729 mm�1, �max� 24.74� ;
hkl ranges: 0	 h	 11, �15	k	 15, �19	 l	 19; reflections measured:
13226; independent reflections: 6674; reflections observed with I�
2(I):4326; parameters: 568; R1� 0.0600 (R1�� � �Fo ���Fc � � /� �Fo � );
wR2� 0.1388 (wR2� {�[w(F 2o �F 2c �2]2/�[w(F 2o ]2}1/2 with w� 1/[�2(F 2o��
(0.0744P)2� 1.1323P], whereby P� (F 2o � 2F 2c �/3); (�/�)max�0.025,
��max� 0.427 eä�3, ��min��0.501.
CCDC 205422 contains the supplementary crystallographic data (excluding
structures factors) for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retreiving.html (or from 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).
Physical measurements : Elemental analyses were performed by the Service
de Microanalyse of the CNRS at Gif-sur-Yvette (France) for carbon,
nitrogen and hydrogen and by the Service de Microanalyse of the CNRS at
Vernaison (France) for manganese and chloride. Infrared spectra were
recorded on KBr pellets in the range of 4000 ± 200 cm�1 with a Perkin ±
Elmer Spectrum 1000 spectrophotometer. Magnetic susceptibility data
were recorded on a MPMS5 magnetometer (Quantum Design). The
calibration was made at 298 K by using a palladium reference sample
furnished by Quantum Design. The data were collected over a temperature
range of 2 ± 300 K at a magnetic field of 0.1 T and were corrected for
diamagnetism. X-band EPR spectra were recorded on a Bruker ELEX-
SYS 500 (X- and Q-band) spectrometer equipped with an Oxford Instru-
ment continuous-flow liquid-helium cryostat and a temperature control
system. The 2.5 K X-band spectrum was recorded on a Bruker ESP 300
spectrometer equipped with an Oxford Instrument continuous-flow liquid-
helium cryostat and a temperature control system calibrated with RhFe
thermoresistance. Solutions spectra were recorded in acetonitrile as solvent
with 0.1� of tetrabutylammonium perchlorate. All the simulations were
performed using the Xsophe software (4.0 version) developed by the
department of Mathematics at the University of Queensland, Brisbane
(Australia).


Acknowledgements


We are grateful to Dr. Alain Boussac (Service de Bioe¬nerge¬tique, URA
CNRS 2096, CEA Saclay, Gif-sur-Yvette, France) for EPR facilities and
helpful discussions. We thank the Conseil Re¬gional de l×Ile de France for its
contribution to the acquisition of the Bruker ELEXSYS X- and Q-band
EPR spectrometer. The COST D21 European action and the LRC-CEA
project are acknowledged for their financial support.


[1] R. M. Fronko, J. E. Penner-Hahn, C. J. Bender, J. Am. Chem. Soc.
1988, 110, 7554 ± 7555.


[2] S. V. Khangulov, V. V. Barynin, N. V. Voevodskaya, A. I. Grebenko,
Biochim. Biophys. Acta 1990, 1020, 305 ± 310.


[3] R. S. Reczkowski, D. E. Ash, J. Am. Chem. Soc. 1992, 114, 10992 ±
10994.


[4] F. Rusnak, L. Yu, S. Todorovic, P. Mertz, Biochemistry 1999, 38, 6943 ±
6952.


[5] S. Blanchard, G. Blondin, E. Rivie¡re, M. Nierlich, J.-J. Girerd, Inorg.
Chem. 2003, in press, and references therein.







FULL PAPER G. Blondin et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4260 ± 42684268


[6] L. Le Pape, E. Perret, I. Michaud-Soret, J.-M. Latour, J. Biol. Inorg.
Chem. 2002, 7, 445 ± 450.


[7] S. V. Khangulov, P. J. Pessiki, V. V. Barynin, D. E. Ash, G. C.
Dismukes, Biochemistry 1995, 34, 2015 ± 2025.


[8] B. S. Antharavally, R. R. Poyner, P. W. Ludden, J. Am. Chem. Soc.
1998, 120, 8897 ± 8898.


[9] G. M. Ananyev, G. C. Dismukes, Biochemistry 1997, 36, 11342 ± 11350.
[10] A. E. Meier, M. M. Whittaker, J. W. Whittaker,Biochemistry 1996, 35,


348 ± 360.
[11] L. Jacquamet, I. Michaud-Soret, N. Debaecker-Petit, V. V. Barynin, J.-


L. Zimmermann, J.-M. Latour, Angew. Chem. 1997, 109, 1697 ± 1699;
Angew. Chem. Int. Ed. Engl 1997, 36, 1626 ± 1628.


[12] Reasonable fits of the molar magnetic susceptibility vs T curve can be
obtained with a J constant lying between 7.0 and 7.4 cm�1 when the g
factor is fixed between 1.98 and 2.02.


[13] L. Dubois, D.-F. Xiang, X.-S. Tan, J. Pe¬caut, P. Jones, S. Baudron, L. Le
Pape, J.-M. Latour, C. Baffer, S. Chardon-Noblat, M.-N. Collomb, A.
Deronzier, Inorg. Chem. 2003, 42, 750 ± 760.


[14] B. Mabad, P. Cassoux, J.-P. Tuchagues, D. N. Hendrickson, Inorg.
Chem. 1986, 25, 1420 ± 1431.


[15] D. P. Kessissoglou, W. M. Butler, V. L. Pecoraro, Inorg. Chem. 1987,
26, 495 ± 503.


[16] P. Mathur, M. Crowder, G. C. Dismukes, J. Am. Chem. Soc. 1987, 109,
5227 ± 5233.


[17] M. Mikuriya, T. Fujii, S. Kamisawa, Y. Kawasaki, T. Tokii, H. Oshio,
Chem. Lett. 1990, 1181 ± 1184.


[18] Y. Gultneh, A. Farooq, S. Liu, K. D. Karlin, J. Zubieta, Inorg. Chem.
1992, 31, 3607 ± 3611.


[19] M. Mikuriya, T. Fujii, T. Tokii, A. Kawamori, Bull. Chem. Soc. Jpn.
1993, 66, 1675 ± 1686.


[20] P. J. Pessiki, S. V. Khangulov, D. M. Ho, G. C. Dismukes, J. Am. Chem.
Soc. 1994, 116, 891 ± 897.


[21] T. Howard, J. Telser, V. J. Derose, Inorg. Chem. 2000, 39, 3379 ± 3385.
[22] L. Sun, M. K. Raymond, A. Magnuson, D. Legourrie¬rec, M. Tamm,M.


Abrahamsson, P. H. Kene¬z, J. Ma rtensson, G. Stenhagen, L. Ham-
marstrˆm, S. Styring, B. äkermark, J. Inorg. Biochem. 2000, 78, 15 ±
22.


[23] V. L. Pecoraro, in Manganese Redox Enzymes (Ed.: V. L. Pecoraro),
VCH, Weinheim, 1992, pp. 197 ± 231.


[24] A. Bencini, D. Gatteschi, EPR of Exchange Coupled Systems,
Springer, Berlin, 1990.


[25] The temperature-independent individual spin trace calculated with
the Xsophe program sets the most intense line at 108. Dividing this
theoretical spectrum by the receiver gain value indicated in the output
description file allows a direct comparison of the S� 1 to S� 3
signatures.


[26] S. Blanchard, G. Blondin, J.-J. Girerd, unpublished results.
[27] G. M. Sheldrick, SHELXTL-97, Program for the Refinement of


Crystal Structures, University of Gˆttingen, Germany, 1997.


Received: January 24, 2003 [F4759]





