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CORRIGENDUM


In the paper by P. Bortolus, G. Marconi, S. Monti, B. Mayer, G. Köhler, and G. Grabner published in Chem. Eur. J. 2000, 6, 1578,
there are two mistakes. In the second term of Equation (8), there is a factor 2 missing. The correct equation is given here:


s � 1ÿ [1:1]/c0ÿ 2 [2:2]/c0 (8)


In the sixth line below Equation (8), in the expression of the constant K1 relevant to the 1:1 complexation equilibrium, there is an
erroneous f symbol. The right expression is K1� [1:1]/(s c0[a-CD]). The authors apologize for these mistakes.
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K. Faber


Transformation of a Recemate into a Single Stereoisomer







Introduction and Background Information


Driven by the demand to enhance the economic balance of
chemical processes, there has been an increased interest in the
transformation of racemates into a single stereoisomeric
product without the occurrence of an undesired isomer.
Despite numerous efforts to transform an unwanted isomer
into the desired final product, for example by re-racemization
or via independent enantio-convergent synthesis, processes
based on the separate use of two enantiomers are far from
being economically optimal and certainly lack elegance.


To date, the resolution of racemates is still one of the major
methods for the production of enantiopure compounds on an
industrial scale. Although numerous methods exist which are
highly efficient in terms of enantio-discrimination, the max-
imum theroretical yield of 50 % for each enantiomer sets a
low ceiling on the productivity of such processes. In order to
overcome this limitation, considerable effort has been devot-
ed to create processes which afford the product with the same
high enantiomeric purity, but in significantly improved
chemical yields. After all, in an ideal process, all of the
starting material is used and the occurrence of an undesired
stereoisomer is entirely avoided.


During the past few years, a number of strategies have been
developed that allow the conversion of both enantiomers


from a racemate into a single stereoisomer in a concurrent
and non-sequential fashion.[1, 2] The majority of them belong
to the so-called ªasymmetric transformation of the second
kindº.[3]


According to Kuhn,[4] an ªasymmetric transformation of the
first kindº involves the equilibration of stereoisomers (usually
enantiomers in this context[5]) without concomitant separa-
tion. These processes are of limited practical value, since
enantiomerically enriched material cannot be obtained due to
the equilibrium reaction. However, in case a second (addi-
tional) process is applied, which ensures that one stereo-
isomer is withdrawn from the equilibrating mixture, a single
stereoisomer may be obtained as the sole product. Kuhn
termed such a process an ªasymmetric transformation of the
second kindº. Incidentially, in the classic definition, the word
ªorderº is improperly used. It originates from an incorrect
translation of the German word ªArtº, the correct meaning in
this context being ªkindº rather than ªorderº.[6]


All of the major techniques, which are discussed in this
paper, can be described by the general pathways depicted in
Scheme 1. In this concept, we want to propose clear defini-
tions of such asymmetric processes and (re)define several
terms which have often been used in a wrong or ambiguous
way.


Scheme 1. General pathways for the asymmetric transformation of a
racemate. SR, SS� substrate enantiomers; PR, PS� product enantiomers;
I� achiral/prochiral intermediate, may be transition state; kR, kS� rate
constants (proceeding through retention of configuration); kRS, kSR� rate
constants (proceeding through inversion of configuration); kRI, kSI� rate
constants for removal of chiral center; - - - -� plane of symmetry.


The central problem for the transformation of both
enantiomers into a single stereoisomeric product is caused
by the presence of a plane of symmetry, which is separating
both enantiomers of the racemic mixture SR� SS (Scheme 1).
In order to transform all of the material into a single
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stereoisomer (PR), half of the material (e.g. SS) has to cross the
plane of symmetry, which can be accomplished in two ways:
i) Interconversion of SS to SR would effect racemization. This


may take place in a direct, equilibrium-controlled fashion
with I representing an achiral transition state of a ªclassicº
racemization and kRI would be equal to kSI.[7] Alternatively,
interconversion of SS and SR may occur via an equilibrium-
controlled two-step oxidation ± reduction sequence and
again, kRI equals kSI. In this case, I would be an achiral
intermediate species, such as a ketone, or imine, respec-
tively. In a second (independent) step, one of the
equilibrating substrate enantiomers (SR) may then be
transformed to the final product PR in an enantioselective
fashion by ªpullingº SR > SS out of the equilibrium.
Typically, this approach has been verified for dynamic
(kinetic) resolutions.
In case the interconversion of enantiomers via oxidation ±
reduction is a non-equilibrium process (i.e., kRI=kSI), an
additional second step forming PR is not required and the
final product consists of SR. These transformations are
referred to as ªstereoinversionº.


ii) Instead of converting SS into PR via SR, direct trans-
formation of SS to PR is more straightforward. Thus, a
process may be envisaged, in which each enantiomer is
transformed via an (enantiospecific) independent pathway
described by kR and kSR to give PR. Due to the fact that kSR


is crossing the plane of symmetry, this reaction has to take
place with inversion of configuration, whereas kR is acting
with retention. Since both starting enantiomers are finally
combined in PR, these transformations have been termed
ªenantio-convergentº.


Kinetic and Dynamic (Kinetic) Resolution


Kinetic resolution is based on the difference of reaction rates
(kR, kS) of enantiomers (SR, SS) during the transformation to
PR and PS by a chiral catalyst via diastereomeric transition
states (Scheme 2).[8] Due to the fact that two enantiomeric


Scheme 2. Kinetic and dynamic (kinetic) resolution of a racemate. SR, SS�
substrate enantiomers; PR, PS� product enantiomers; kR, kS� rate con-
stants; kR� kS, preferably irreversible; [I]� achiral transition state of
racemization; kRI� (kR�kS); kRI�kSI.


species are reacting simultaneously at different rates, the
relative concentration of SR/SS and PR/PS is changing as the
reaction proceeds and, as a consequence, the enantiomeric
composition of S and P becomes a function of the conversion.
The mathematical basis for the treatment of the kinetics was
laid by Fajans[9] and later further developed for chemo-
catalysis by Sharpless[10] and for bio-catalyzed resolutions by
Sih.[11] In order to facilitate the optimization of kinetic


resolutions in practical applications, computer programs are
available.[12] Recovery of the formed product PR and the
unreacted enantiomer SS in nonracemic form constitutes a
kinetic resolution.


A significant breakthrough to overcome the 50 % yield
barrier in kinetic resolution was achieved by the development
of dynamic (kinetic) resolution (Scheme 2). The latter com-
bines the resolution step with an in situ equilibration
(racemization) of a chirally labile substrate SR/SS. As a
consequence, as the faster reacting enantiomer (SR) is
depleted during the enantioselective reaction, the equilibrium
of SR/SS is constantly re-adjusted by racemization of the slow-
reacting counterpart SS. To indicate the non-static character of
this process, the term ªdynamic resolutionº has been
coined.[13±16] It is conceivable, that the kinetic balance of the
two concurring reactions is of crucial importance for the
success of a dynamic kinetic resolution. As a rule of thumb,
the racemization of the substrate should occur at an equal or
higher rate than the asymmetric catalytic reaction. The
mathematical treatment of the kinetics has been developed
by Noyori et al. ,[17] computer programs for analysis and
optimization of practical applications are currently being
developed.[18]


Based on the underlying kinetics, a high ee for P (eeP) in a
dynamic kinetic resolution can only be achieved for reactions
displaying excellent selectivities. For example, E values of
�19 and �40 lead to an eeP of 90 and 95 %, respectively,
whereas for an enantiomeric excess of 98 %, a selectivity of E
�100 is required.


In dynamic (kinetic) resolutions showing high enantiose-
lectivity (kR�kS), the magnitude of racemisation (kRI� kSI)
has the following influence on the overall performance of the
process:
i) If kRI� kSI� kR, a fast and selective process is ensured,


because SS is transformed into SR at a sufficient speed
which is not rate-limiting to kR,


ii) if kR> kRI� kSI> kS, then the racemization rate controls
the speed of the process, because the formation of SR from
SS now becomes rate-limiting. On the other hand, the
stereoselectivity is not impeded, because (at high selectiv-
ity) the transformation of SS into product PS is too slow in
comparison to the main pathway (i.e., SS!SR!PR) to
build up significant amounts PS.


iii) Only if kR�kSI> kRI� kSI, the process will be slow and
non-selective, because then it represents a kinetic rather
than a dynamic resolution.


The number of examples for dynamic (kinetic) resolution
has increased dramatically during the past few years by
making use of a combination of (chemo-catalytic) in situ
racemization of substrate and (bio-catalytic) enantioselective
transformations. An evaluation of the processes described so
far reveals that the critical point is the compatibility of both
reactions. The most successful strategies are outlined below.


In situ racemization via protonation/deprotonation : The
easiest and hence most widely used method for in situ
racemization involves acid/base-catalyzed enol(ate) forma-
tion. Since the pH window of biocatalysts is rather narrow, it is
not surprising that successful applications were found for
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chirally labile centers which may be racemised under weakly
alkaline or acidic conditions, usually in the a-position to a
carbonyl group. Numerous a-substituted carboxylic acid de-
rivatives (such as esters, hydantoins, oxazolinones, etc.)[19] and
a-substituted ketones[20] were dynamically resolved in this way.


In situ racemization via addition/elimination : For chirally
stable centers, such as sec-alcohols and amines on a sec-carbon
atom, racemization by acid/base catalysis is not feasible
except for specially ªactivatedº sec-alcohol derivatives (e.g.
acyloins).[21] However, several chemically labile derivatives of
sec-alcohols, such as cyanohydrins,[22] hemiacetals (lactols),[23]


hemiaminals,[24] and hemithioacetals[25] are prone to undergo
reversible addition/elimination under mild conditions. This
latter property has been used for the dynamic resolution of
such derivatives. The enantioselective biocatalyzed reaction
for this type of substrates usually involves the remaining
hydroxyl group, for example by acylation. In rare cases, also
nitrile hydrolysis has been applied.[26]


In situ racemization via oxidation/reduction : A useful alter-
native for the racemization of chemically stable sec-alcohols
and amines on a sec-carbon atom is accomplished via a
(reversible) oxidation ± reduction sequence by transition
metal catalysts based on Ru,[27] Rh, Ir, Al,[28] or Pd.[29]


Depending on the equilibrium, the achiral intermediate
(i.e., a ketone or imine, respectively) can be detected at low
concentrations. The dynamic resolution of sec-alcohols based
on this principle has been shown to be quite powerful in that it
is also applicable to substrates possessing more than one
stereocenter, such as a mixture of d/l- and meso-forms, which
lead to the formation of a single (diastereomerically pure)
enantiomer.[30]


In situ racemization via nucleophilic substitution : A rather
scarcely used method for in situ racemization is based on the
(reversible) nucleophilic substitution of a sec-halogen which is
susceptible to nucleophilic displacement by the same halide,
when situated in an electronically activated position, such as a


to a carboxyl group. This fact has allowed for the dynamic
resolution of a-halocarboxylic esters.[31] The carboxylate
formed through enzyme-catalyzed enantioselective hydrolysis
is stable to racemization under these conditions. This recently
discovered method has a potential which has yet to be
exploited in more detail.


Dynamic (Kinetic) Asymmetric Transformation and
Dynamic Thermodynamic Resolution


At first sight, ªdynamic (kinetic) asymmetric transforma-
tionº[32, 33] (also abbreviated as DYKAT[34]) and ªdynamic
thermodynamic resolutionº of a racemate[35] look almost
identical to dynamic (kinetic) resolution, and, as a matter of
fact, the use of these terms has created considerable
confusion.[36] Two subtypes of DYKAT can be drawn
(Scheme 3):


Type I : Two enantiomers of the starting material (SR, SS) are
subjected to the action of a chiral catalyst (C*) forming
diastereomeric complexes SRC* and SSC*. The latter inter-


Scheme 3. Principles of dynamic (kinetic) asymmetric transformation and
dynamic thermodynamic resolution of enantiomers. SR, SS� substrate
enantiomers; PR, PS� product enantiomers; SRC*, SSC*� diastereomeric
intermediates; C*� chiral catalyst ; SC*� chiral intermediate; kRC*, kSC*,
kC*R, kC*S� rate constants for formation/reaction of intermediates; kRC*C*,
kSC*C*� rate constants for interconversion of intermediates.


mediates are configurationally stable on the time scale of the
subsequent reaction forming final products PR and PS. To this
point, the whole process would constitute of a kinetic
resolution. This ªstaticº system can be turned ªdynamicº, if
an equilibration of intermediates SRC* and SSC* via SC* is
taken into account and, as a consequence, a 100 % thereotical
yield of a single stereoisomer (PR) can be envisaged. In Type I
processes,[33, 34]


i) the selectivity depends not only on the ratio of kC*R/kC*S,
but also


ii) on the relative population of the (diastereomeric) inter-
mediates SRC* and SSC*.


iii) The latter is determined by a) the relative rate of
formation (kRC*/kSC*) and b) the (unequal) interconversion
(kRC*C*/kSC*C*) through a single enantiomeric intermediate
SC*.


Despite some similarities to dynamic (kinetic) resolution,
these systems show some distinct differences which are:
i) The species SRC* and SSC* are diastereomers (rather than


enantiomers) and the intermediate SC* during equilibra-
tion is chiral (rather than achiral).


ii) As a consequence, kRC*C* and kSC*C* are not equal and the
interconversion of SRC* and SSC* reflects epimerization
(rather than racemization). Since these facts determine the
relative (unequal) population of intermediates SRC* and
SSC*, the kinetics of a dynamic (kinetic) resolution
developed by Noyori et al.[17, 37] do not apply.


iii) In contrast to dynamic (kinetic) resolution, which gener-
ally depends on two different catalysts, only a single
catalytic species is active in DYKAT.


Type II : Product enantiomers PR and PS are formed from a
single enantiomeric intermediate SC* through a desymmet-
rization-type process.[32] In this case,
i) the selectivity depends only on the ratio of rates of kC*R/


kC*S, whereas
ii) the rates of formation of the intermediate from substrate


enantiomers (kRC*/kSC*) and their equilibration through the
intermediate controls only the velocity of the process.


Stereoinversion


A special case for the transformation of a racemate SR/SS


involves the enantio-specific stereochemical inversion of one
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enantiomer (SS) via a chemi-
cally stable achiral (or prochi-
ral) intermediate I (Scheme 4).
This technique may be em-
ployed for compounds possess-
ing a sec-alcohol or an amine on
a sec-carbon atom. On the one
hand, the reacting enantiomer
(SS) is oxidized to form a ke-
tone or imine I, respectively,
which is stereoselectively re-
duced to the mirror-image sec-
alcohol (or amine) SR. Depend-


ing on the equilibrium of the redox reactions, the intermediate
may be present at an exceedingly small concentration. In
order to provide the driving force for the transformation of
the racemate into the ªuphillº-direction towards a single
stereoisomer, at least one of the two reactions has to be
irreversible. Various subtypes of stereoinversion processes
can be found depending on the equilibria of both reactions.
For these processes, the term ªstereoinversionº has been
proposed by Hafner.[38]


Biocatalytic stereoinversion of sec-alcohols via an oxida-
tion ± reduction sequence can be achieved by using whole
microbial cells.[39±43] Thus, one enantiomer of a racemic
mixture (SS) is selectively oxidized to the corresponding
ketone I under catalysis of a dehydrogenase, while the mirror-
image counterpart (SR) remains unaffected. Then, the ketone
is reduced again in a subsequent (concurring) step by a
different enzyme displaying opposite stereochemical prefer-
ence. Due to the involvement of two consecutive oxidation ±
reduction reactions, the net redox balance of the process is
zero and (in an ideal case), external cofactor-recycling can be
omitted, since the redox equivalents [usually NAD(P)H] are
recycled internally by the whole-cell system. The origin of the
irreversibilityÐproviding the driving force to cover the
entropy-balanceÐis still unknown and possible explanations
are rather speculative.[44]


Cyclic De-racemization


A novel technique for the transformation of both enantiomers
of a sec-alcohol or an amine linked to a sec-carbon atom with a
rather awkward appearance has been developed only recently
(Scheme 5). It is based on a cyclic oxidation ± reduction


sequence: In the first step, one
enantiomer from the racemic
starting material (SR) is enan-
tioselectively oxidized to form
an achiral intermediate I, which
constitutes of a ketone or an
imine, respectively. In the sec-
ond step, the latter is non-
selectively reduced to give
again starting material SR�SS


in racemic form. Cyclic repeti-
tion of this sequence leads to an
overall chiral inversion of the


faster reacting enantiomer SR to yield the mirror-image
counterpart SS as the final product in a 100 % theoretical
chemical and optical yield. The number of cycles required to
reach a certain enantiomeric composition of the desired
material SS (and the total turnover of materials associated
with it) is a function of the enantioselectivity of the oxidation
step. The kinetics of this system has been recently solved.[45]


Since this system requires two reactions working simulta-
neously into opposite directionsÐthat is oxidation and
reductionÐits feasibility relies mainly on their compatibility
in a single reactor. As a consequence, it is not surprising, that
such processes have been realized by using a combination of
chemo- and bio-catalysts. In practice, cyclic de-racemization
has been reported for a-hydroxy- and a-amino acids, where
the oxidation was carried out using an a-amino- or a-
hydroxyacid oxidase at the expense of molecular oxygen
and borohydride as the reducing agent.[46±48] Alternatively,
electrochemical cofactor-regeneration is possible.[49]


Enantioconvergent Transformation


A special type of de-racemization technique is making use of
two independent concurring reactions depicted in Scheme 6.
Thus, each enantiomer is transformed via an independent
pathway (kR, kSR) to give a single stereoisomeric product (PR).
In order to match the require-
ments for producing the same
enantiomeric product, both
pathways must exhibit an op-
posite enantiopreference and
therefore must follow an oppo-
site stereochemical course, that
is opposite regioselectivity is
required. In order to cross the
plane of symmetry between SR


and SS, at least one of the reactions has to proceed with
inversion of configuration. The latter is taking place in a direct
fashion without occurrence of an achiral intermediate. It is
conceivable, that these criteria are rather difficult to meet in
practice and, as a consequence, reports on successful enantio-
convergent transformations are rather scarce. For instance,
depending on the conditions, the hydrolysis of an epoxide may
proceed with inversion (generally base catalysis) or retention
(generally acid catalysis). This stereochemical flexibility, and
the fact that enzymesÐepoxide hydrolases[50]Ðhave been
found which are able to act in a similar stereo-complementary
fashion has led to the development of three types of processes,
which allow for the enantioconvergent hydrolysis of epoxides
to form a single enantiomeric vicinal diol as the sole
product.[51±53]


When each enantiomer from a racemic substrate is trans-
formed using an asymmetric catalyst (or reactant) to furnish
two products, usually product mixtures arise. The latter may
constitute i) diastereomers,[54] (ii) regioisomers, iii) constitu-
tional isomers or even iv) non-isomeric compounds. Such
processes have been classified as enantio-divergent.[55] This
term aptly refers to the fact that nature and distribution of
products are different depending on the absolute configura-


Scheme 4. Principles of the
stereoinversion of enantiomers.
SR, SS� substrate enantiomers;
I� achiral intermediate, kRI�
irreversible; kSI� in equilibri-
um; kRI� kSI.


Scheme 5. Cyclic de-racemisa-
tion involving an oxidation ±
reduction sequence. SR, SS�
substrate enantiomers; I�
achiral intermediate. kback�
kR� kS.


Scheme 6. Enantioconvergent
transformation of a racemate.
SR, SS� substrate enantiomers;
PR�product enantiomer; kR


via retention; kSR via inversion;
- - - - plane of symmetry.
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tion of the substrate. From a theoretical standpoint, these
highly complex processes open a fascinating new area of
stereochemistry, however, the number of species formed
during the process is equal or higher than that of the starting
racemate, and thus the maximum obtainable yield of each of
them is below 50 %. As a consequence, enantio-divergent
processes are of limited value for the preparation of chiral
non-racemic materials.


It is an interesting paradox that in order to obtain best
results in an enantio-convergent or -divergent process, the
enantio-specificity [i.e., the selectivity of each enantiomer to
react to a (stereo)chemically defined product] must be high,
but the enantio-selectivity (i.e. , the difference in the relative
reaction rate of enantiomers) should be low to ensure short
reaction times.


De-racemization


Proposal for (re-)definition : After its proposition in 1984,[56]


the term ªde-racemizationº has been used with an increasing
frequency over the past few years in various contexts and in
ambiguous ways,[57] which deserves some clarification: In a
strict sense, ªde-racemizationº would mean the opposite of
racemization.[58] Thus, it would imply a process, during which
two enantiomers are transformed into a single enantiomer of
exactly the same compound, that is SR�SS!SR (see
Scheme 1). When it was proposed, the term de-racemization
was defined in this sense. However, since such a process
represents a reaction in the energetic ªuphillº-direction, it
requires some external (chemical) energy to provide the
entropy balance. However, the external input of energy into
the system is rather difficult to achieve for a transformation
which is only dealing with a single chemical species
(SR�SS!SR) where DH 0 equals zero.[59] On the contrary, this
is more facile for reactions involving the formation of a
different species (SR�SS!PR), because in this case the energy
balance for the entropy term can be easily covered by the DH 0


of the reaction. Out of these practical considerations, the term
de-racemization has been frequently used for the description
of processes, which lead to a product P rather than S.[60] After
all, the product PR being formed during the transformation of
(SR�SS) is always a closely related derivative of the starting
material, and chemical interconversion of S>P is usually not
a problem. This applies to various substrate ± product pairs,
such as carboxylic ester/acid, hydantoin/N-carbamoylamino
acid, alcohol/ester and also to diastereomeric salts.[61] In light
of this, it is proposed to adopt the more catholic definition:


De-racemization constutites any process during which a race-
mate is converted into a non-racemic product in 100 %
theoretical yield without intermediate separation of materials.


According to this definition, dynamic (kinetic) resolution,
dynamic (kinetic) asymmetric transformation, dynamic ther-
modynamic resolution, stereoinversion, and enantioconver-
gent transformation of a racemate would all constitute
subtypes of de-racemization. On the other hand, desymmet-
rization of prochiral and meso-compounds and kinetic reso-


lution of racemates (including subtypes thereof, such as
sequential[62] or parallel kinetic resolution[63] and enantio-
divergent transformations) are not.


Enantiomeric or optical purification : The term enantiomeric
or optical purification occasionally has been used as a
synonym for de-racemization. However, it is linguistically
misleading and its use is not recommended for the following
reasons: In a general sense, ªpurificationº implies the
occurrence of undesired material (resembling an ªimpurityº),
which has to be removed and therefore can be considered as
waste. This is definitely not the case for a de-racemization.


De-epimerization : In an analogous sense, the transformation
of diastereomers (epimers) into a single (dia)stereoisomer has
been denoted as ªde-epimerisationº[64] or ªde-diastereomeri-
zationº.[65] Due to the fact that epimers are diastereomers
which are different by a single stereocenter, the use of two
different terms is not neccessary, thus the more widely used
term ªde-epimerizationº is recommended. Since diastereom-
ers are involved rather than enantiomers, the DH 0 of the
reaction does not equal zero and, as a consequence, the
transformation of diastereomers into a single stereochemical
species is considerably more facile than a de-racemization of
enantiomers.
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Structural Characterization and Intramolecular Aliphatic CÿH Oxidation
Ability of MIII(m-O)2MIII Complexes of Ni and Co with the Hydrotris-
(3,5-dialkyl-4-X-pyrazolyl)borate Ligands TpMe2,X (X�Me, H, Br) and TpiPr2
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Abstract: Reaction of the dinuclear
MII ± bis(m-hydroxo) complexes of nickel
and cobalt, [{MII(TpR)}2(m-OH)2] (M�
Ni; 3Ni, M�Co: 3Co), with one equivalent
of H2O2 yields the corresponding MIII ±
bis(m-oxo) complexes, [{MIII(TpR)}2-
(m-O)2] (M�Ni; 2Ni, M�Co: 2Co). The
employment of a series of TpMe2,X


(TpMe2,X�hydrotris(3,5-dimethyl-4-X-1-
pyrazolyl)borate; X�Me, H, Br) as a
metal supporting ligand makes it possible
to isolate and structurally characterize
the thermally unstable MIII ± bis-
(m-oxo) complexes 2Ni and 2Co. Both the
starting (3Ni and 3Co) and resulting com-
plexes (2Ni and 2Co) contain five-coordi-
nate metal centers with a slightly distort-
ed square-pyramidal geometry. Charac-


teristic features of the nickel complexes
2Ni, such as the two intense absorptions
around 400 and 300 nm in the UV-visible
spectra and the apparent diamagnetism,
are very similar to those of the previously
reported bis(m-oxo) species of CuIII and
NiIII with ligands other than TpR, whereas
the spectroscopic properties of the cobalt
complexes 2Co (i.e., paramagnetically
shifted NMR signals and a single intense
absorption appearing at 350 nm) are
clearly distinct from those of the isostruc-
tural nickel compounds 2Ni. Thermal
decomposition of 2Ni and 2Co results in


oxidation of the inner saturated hydro-
carbyl substituents of the TpR ligand.
Large kH/kD values obtained from the
first-order decomposition rates of the
TpMe3 and Tp(CD3)2,Me derivatives of 2
evidently indicate that the rate-determin-
ing step is an hydrogen abstraction from
the primary CÿH bond of the methyl
substituents, mediated by the MIII


2 ± (m-
O)2 species. The nickel complex 2Ni shows
reactivity about 103 times greater than
that of the cobalt analogue 2Co. The
oxidation ability of the MIII(m-O)2MIII


core should be affected by the hindered
TpR ligand system, which can stabilize
the �2 oxidation state of the metal
centers.


Keywords: cobalt ´ nickel ´
N ligands ´ O ligands ´ oxidation


Introduction


Oxidative transformation of organic compounds is one of the
fundamental reactions in the synthetic chemistry as well in
biology.[1] Biological aliphatic CÿH hydroxylation processes
are catalyzed by O2-activating metalloenzymes such as
cytochrome P-450 and methane monooxygenase (MMO).
Reductive activation of an O2 molecule (O2!O2


ÿ!O2
2ÿ!


2 O2ÿ) is effected by oxidative addition to a transition metal
center, and high-valent electrophilic metal-oxo species, M�O


and M2(m-O)2, formed by 2eÿ reduction of metal ± peroxo
species M-OO-X (X�H, metal), are postulated as a potential
oxidants. In particular, recent investigations of enzymes and
biomimetic model complexes suggest that non-heme, bimet-
allic bis(m-oxo) species of iron[2] and copper[3] are key
intermediates of the alkane hydroxylation step mediated by
MMO and the related biologically important oxidation
processes catalyzed by dinuclear non-heme iron enzymes,
such as ribonucleotide reductase and D9 desaturase.[4±7]


Synthesis and characterization of transition metal com-
plexes of dioxygen and related active oxygen species (such as
O2
ÿ, O2


2ÿ, OOHÿ, OORÿ, OOC(O)Rÿ, and O2ÿ) are the long-
standing attractive subject from the viewpoints of not only
coordination chemistry but also synthetic, catalytic, and, of
course, bioinorganic chemistry.[1, 8] In our laboratory, the
dioxygen complexes of Mn, Fe, and Cu with a series of
hydrotris(pyrazolyl)borate (TpR; Figure 1) have been inves-
tigated as models for the active sites in metalloproteins.[9, 10]


One of the remarkable results is the isolation and structural
characterization of the first m-h2 :h2-peroxodicopper(ii) com-
plex, [{CuII(TpiPr2)}2(m-h2:h2-O2)] (1; TpiPr2� hydrotris(3,5-di-
isopropyl-1-pyrazolyl)borate; see Figures 1 and 2), which fully
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Figure 1. Hydrdotris(pyrazolyl)borate ligands discussed in this paper.


Figure 2. Schematic drawing of 1 and the structurally characterized
MIII


2(m-O)2 complexes (M�Cu, Ni, Co).


reproduces spectroscopic characteristics of oxyhemocya-
nin.[11, 12] The most remarkable property of 1 is its unusually
low n(OÿO) value. Such a low n(OÿO) value implies
reduction of the OÿO bond order due to the efficient back-
donation from the dinuclear CuII centers to the antibonding
s* orbital (LUMO) of the m-h2:h2-O2.[13] In terms of the weak


OÿO bond, therefore, 1 can be regarded as a precursor of the
reactive high-valent metal ± oxo species. Although homolytic
OÿO bond rapture during the thermal decomposition of the
m-h2 :h2-peroxodicopper(ii) species had been proposed on the
basis of the results of the reactivity of the TpMe2 analogue of 1
[TpMe2� hydrotris(3,5-dimethyl-1-pyrazolyl)borate], neither
structural nor spectral evidence for the formation of a
postulated intermediate such as CuIIÿO. or CuIII�O species
was obtained.[14]


More recently, novel paradigms of OÿO bond activation
and aliphatic CÿH bond oxygenation have appeared in the
Cu2O2 system. Interconversion between the CuII


2-m-h2 :h2-
peroxo and CuIII


2 ± bis(m-oxo) cores has been observed for the
Cu ± tacniPr3 complex (tacniPr3� 1,4,7-triisopropyl-1,4,7-triaza-
cyclononane) containing the tripodal N3M skeleton similar to
that in 1. In addition, the bis(m-oxo)dicopper(iii) species
mediates the intramolecular oxidative N-dealkylation of
tacniPr3 as shown in Scheme 1. This ligand oxidation proceeds


Scheme 1.


by aliphatic CÿH oxygenation, which involves the hydrogen
atom abstraction from the isopropyl substituent by the bis(m-
oxo)dicopper(iii) core as the rate-determining step.[15] After
these findings, the unique physicochemical properties as well
as the oxidation activity of such CuIII


2 ± (m-O)2 species have
been extensively investigated, and a few molecular structures
of bis(m-oxo)dicopper(iii) complexes have been reported to
date (Figure 2).[16]


Currently, we are extending our synthetic targets to
dioxygen complexes of various metal ions ranging from early
transition metals (V, Cr) to first- and second-row late
transition metals (Co, Ni, Ru, Rh, Pd) for a comprehensive
understanding of the reaction mechanisms and the role of the
metal ions in various biological and chemical oxidation
processes.[17] In particular, the chemistry of Co and Ni, located
between Fe and Cu in the periodic table, is interesting
although no examples of Co- or Ni-dependent O2 carriers and
oxygenases/oxidases are known so far. In the case of the
above-mentioned bimetallic copper complex 1, neither ali-
phatic CÿH bond oxygenation ability nor OÿO bond cleavage
was observed during its spontaneous decomposition. There-
fore, we examined replacement of the central metal ions (Cu)
by Co, whose d orbitals are higher in energy than those of Cu,
because it was anticipated that electron donation from the
metal center to peroxide might be a key factor for the OÿO
bond activation. As we expected, the chemistry of the related
cobalt system with the same TpiPr2 ligand turned out to be
fruitful for aliphatic CÿH bond oxygenation. Reaction of a
bis(m-hydroxo)dicobalt(ii) complex, [{CoII(TpiPr2)}2(m-OH)2]
(3 dCo), with one equivalent of H2O2 yielded a reactive species,







FULL PAPER S. Hikichi, M. Akita et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5014 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235014


and its spontaneous decomposition resulted in the oxygen-
ation at the methine position of the isopropyl substituent of
TpiPr2 proximal to the metal center.[18] The reactive intermedi-
ate can be detectable at a very low temperature (< ÿ50 8C),
but its structure remains to be determined. In addition, its
extreme thermal instability hindered the detailed analysis of
the ligand oxygenation mechanism.


One of the advantages of TpR ligands is that the properties
of metal complexes (coordination environment and reactivity
of metal centers, solubility toward organic solvents, facility of
crystallization, etc.) can be easily controlled by introduction
of appropriate substituents onto the pyrazolyl rings.[9, 19] In
this study, the TpiPr2 ligand used in the previous study was
replaced by the TpMe2,X ligands [TpMe2,X� hydrotris(3,5-di-
methyl-4-X-pyrazolyl)borate: each ligand is indicated as
follows; TpMe3 (when X�Me; a series), TpMe2 (X�H; b
series), TpMe2,Br (X�Br; c series); see Figure 1], which
contain methyl groups that are much more resistant to
hydrogen abstraction than the isopropyl groups in TpiPr2.[20]


As a result, metastable dinuclear bis(m-oxo) complexes of NiIII


and CoIII, [{MIII(TpMe2,X)}2(m-O)2] (2M ; M�Ni, Co) could be
isolated and fully characterized. In this paper, we report the
synthesis, characterization, and aliphatic CÿH bond activation
capability of the bis(m-oxo) complexes.


Results and Discussion


We have reported that the divalent metal ± hydroxo com-
plexes [MII(TpR)(OH)]n (n� 1 or 2; R� iPr2 and tBu, iPr) can
be easily transformed to various complexes by dehydrative
condensation with the protic substrates HA [Aÿ� conjugated
base such as carboxylate, phenoxide, thiolate, and peroxide
(OOXÿ ; X�H, alkyl, acyl), etc.]. The relatively basic
hydroxide moiety is protonated by HA and the subsequent
ligand displacement of the resulting H2O ligand by Aÿ affords
the [M(TpR)(A)] species. In fact, a series of the CuII ± dioxy-
gen complexes bearing the TpiPr2 ligand, [CuII(TpiPr2)(OO-X)]
[X�CuII(TpiPr2) (m-h2 :h2-peroxo: 1), tBu and CMe2Ph (alkyl-
peroxo), C(�O)C6H4Cl (acylperoxo)], has been obtained by
reaction of the dinuclear CuII ± hydroxo complex, [{CuII-
(TpiPr2)}2(m-OH)2], with the corresponding hydroperoxides
(XOOH; X�H, alkyl, acyl).[10] In addition, the same syn-
thetic procedure has been applied to the synthesis of dioxygen
complexes of divalent metals such as the first structure-
determined alkylperoxo complexes of MnII[17c] and CoII,[18]


[MII(TptBu,iPr)(OOCMe2Ph)] [TptBu,iPr� hydrotris(3-tert-butyl-
5-isopropyl-1-pyrazolyl)borate], and a series of peroxopalla-
dium(ii) compounds (i.e. , monomeric hydro- and alkylperoxo
complexes and a dinuclear m-peroxo complex) with TpiPr2.[17h,i]


The same dehydrative condensation method, that is, reaction
of a bimetallic hydroxo complex with a stoichiometric amount
of H2O2, was applied to the nickel and cobalt systems as
presented in Scheme 2.


Scheme 2.


Synthesis and characterization of hydroxo complexes 3 : As we
reported previously, the hydroxo complexes of first- and
second-row divalent metals (Mn, Fe, Co, Ni, Cu, Zn, Pd) with
the hindered TpR ligands such as TpiPr2 and TptBu,iPr were
prepared by hydrolysis of the corresponding [MII(TpR)(L)], in
which L denotes monoanionic ligands such as Clÿ, Brÿ, NO3


ÿ,
and RCO2


ÿ.[21] In this study, therefore, hydroxo complexes
with TpMe2,X (3 a ± c), which would be precursors of dioxygen
complexes, were synthesized according to the same proce-
dure.


Metathesis of NaTpMe2,X with M(OAc)2 yielded the corre-
sponding acetato complex, [MII(TpMe2,X)(OAc)] (4 a ± c).[22]


Treatment of solutions of the acetato complexes in toluene
(4 a and 4 c) or CH2Cl2 (4 b) with aqueous NaOH solution
resulted in a color change of the organic layer (Ni: from green
to yellowish green, Co: from purple to red). Removal of the
water layer followed by evaporation of the organic solvent
and recrystallization of the resulting solid allowed the
isolation of the hydroxo complexes, [{MII(TpMe2,X)}2(m-OH)2]
(3 a ± c), as crystalline solids. Spectral properties of the
obtained hydroxo complexes 3 a ± c and the previously re-
ported TpiPr2 derivatives 3 d[21c] are summarized in Table 1. In
the IR spectra, all of those complexes exhibited the character-
istic bands around 3700 cmÿ1 attributed to the n(OÿH)
vibration. In addition, appearance of n(BÿH) above
2500 cmÿ1 indicated that the TpMe2,X ligands are coordinated


Table 1. IR, UV-visible, FD-MS, and 1H NMR data for the dinuclear MII ± bis(m-hydroxo) complexes 3 a ± d.


IR [cmÿ1] UV/Vis FD-MS m/z 1H NMR
n(OÿH), n(BÿH) solvent l [nm] (e [mÿ1 cmÿ1]) solvent d (relative integration)


3aNi 3709, 2508 toluene 394(260), 459(30), 642(40) 797 [MÿHO2]� CD2Cl2 ÿ 6.90 (18), ÿ1.46 (18), 4.79 (18)
3bNi 3713, 2507 CH2Cl2 393(250), 642(40) 727 [MÿH2O]� CDCl3 ÿ 6.99 (18), ÿ0.99 (18), 45.0 (6)
3cNi 3704, 2522 toluene 392(220), 635(40), 871(20) 1202 [MÿHO]� [a] CDCl3 ÿ 7.20 (15), ÿ1.18 (18)
3dNi[b] 3687, 2538 toluene 400(229), 477(30), 667(33) 1062 [MÿH2O]� C6D6 ÿ 8 (2), 1 (36), 2 (36), 41 (6)


3aCo 3715, 2508 toluene 444(90), 518(50), 546(50), 684(20) 812 [MÿH2O]� [D8]toluene ÿ 99.58 (18), 3.00 (18), 64.03 (18)
3bCo 3713, 2505 CH2Cl2 441(120), 515(70), 544(70), 674(30) 728 [MÿH2O]� CDCl3 ÿ 103.7 (18), 53.8 (6), 66.5 (18)
3cCo 3704, 2520 toluene 442(40), 515(20), 546(20), 675(10) 1202 [MÿH2O]� CDCl3 ÿ 106.3 (18), 66.5 (18)
3dCo [b] 3700, 2541 toluene 453(70), 551(40), 730(18) 1064 [MÿH2O]� C6D6 ÿ 144 (6), ÿ57 (36), 34 (36), 51 (6), 82 (6)


[a] Detected by FAB-MS. [b] Ref. [21c].
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to the metal centers in a k3 fashion.[23] The features of UV-
visible spectra of 3 a ± c are very similar to the corresponding
TpiPr2 derivatives 3 d. Finally, we succeeded in determination
of the molecular structures of 3 a ± c (except [{Co(TpMe2)}2(m-
OH)2] (3 bCo)) as shown in Figure 3. As we expected, all of the
complexes had dimeric structures containing the bis(m-hy-
droxo) cores. The structural features of the bimetallic cores
will be discussed in detail later.


Figure 3. ORTEP drawings of complexes 3 a ± cNi drawn at the 50%
probability level. The molecular structures of the Co derivatives 3aCo and
3cCo are very similar to those of their Ni analogues.


Synthesis and characterization of the dinuclear MIII ± bis(m-
oxo) complexes 2 : The above-mentioned bimetallic hydroxo
complexes 3 a ± cNi and 3 a ± cCo were reactive enough to be
condensed with one equivalent of H2O2 at low temperature,
and the resulting metastable products were identified as
dinuclear MIII ± bis(m-oxo) complexes, [{MIII(TpMe2,X)}2(m-O)2]
(2M ; M�Ni, Co) on the basis of structural determination of
the TpMe3 derivatives 2 aNi and 2 aCo by X-ray crystallogra-
phy.[24] It is worth noting that a series of [{MIII(TpR)}2(m-O)2]
complexes is not obtained by chemical oxidation of the


hydroxo complexes 3 with O2, mCPBA, tBuOOH and
KMnO4. Therefore, the dinuclear MIII ± bis(m-oxo) core are
not formed from simple oxidation of the starting MII(m-
OH)2MII core (i.e., electron transfer coupled with deproto-
nation of the OH ligands), but by homolysis of the OÿO bond
in the corresponding dinuclear MII m-peroxo intermediate,
which results from dehydrative condensation between 3 and
H2O2 as observed for the m-h2 :h2-peroxodicopper(ii) com-
plex 1.


Ni complexes 2Ni : Reaction of the green bis(m-hydroxo)
complex 3 aNi and one equivalent of H2O2 in CH2Cl2 atÿ50 8C
gave a brown metastable complex (2 aNi), for which an OÿH
vibration was not observed. Single-crystal X-ray analysis (the
crystal was obtained from a solution of 2 aNi in CH2Cl2 cooled
at ÿ78 8C) revealed a dinuclear structure that sits on a
crystallographically imposed inversion center (Figure 4). Two
slightly distorted square-pyramidal Ni centers are bridged by
two oxygen atoms (O1, O1'), and the O1ÿO1' separation
(2.32(1) �) clearly indicates no bonding interaction between
them. The relatively short NiÿO bond lengths in 2 aNi (1.843(5)


Figure 4. Molecular structures of the bis(m-oxo) complexes 2aNi, 2aCo, and
2bCo (drawn at the 50% probability level).
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and 1.857(4) �), as compared with the previously reported
NiII ± oxo distances (2.04 ± 2.08 �), clearly indicate strong
interaction between the nickel centers and the oxo ligands.[25]


As summarized in Table 4 (see next section), the NiÿNav,
NiÿO, and Ni ´ ´ ´ Ni distances are shorter than those of the
starting dinuclear NiII ± bis(m-hydroxo) complex 3 aNi. The
shortening of the NiÿN bond lengths can be explained in
terms of an increasing of the Lewis acidity of the higher valent
metal centers in 2 aNi [NiII!NiIII]. In addition, an increase of
negative charge of the bridging anion ligands (OHÿ!O2ÿ)
also leads to the strong NiIIIÿOoxo interaction and shrinking of
the Ni2O2 ªdiamondº core. We thus conclude that the meta-
stable brown complex 2 aNi is the first structurally character-
ized five-coordinate bis(m-oxo)dinickel(iii) complex.[26±28]


Interestingly, spectroscopic properties of this bimetallic
NiIII ± bis(m-oxo) complex are quite similar to those of the low-
spin bis(m-oxo)dicopper(iii) (d8, S� 0) complexes[2, 29] in the
solution state as summarized in Table 2. For example, the dark


brown solution of 2 aNi in CH2Cl2 exhibited two intense
characteristic UV-visible bands at 318 (e� 5600) and 410 nm
(e� 4200), which are comparable to those of the CuIII


2(m-O)2


complexes. According to the experimental and theoretical
analyses of the copper complexes, the two absorptions are
assigned as LMCT bands (O2ÿ!Cu3�) arising from the
relatively high covalency of the CuÿO bonds.[29] Moreover,
1H NMR signals attributed to the methyl protons of the TpMe3


moiety in 2 aNi appeared in the normal diamagnetic region (at
ÿ70 8C), and no EPR signal was detected at ÿ150 8C. These


observations suggest that 2 aNi has antiferromagnetically
coupled low-spin NiIII (d7, S� 1/2) centers. Also, it should be
noted that only a single set of the pzMe3 protons (i.e. , three
singlet peaks of the methyl protons) was observed in its low-
temperature 1H NMR spectrum due to fast rotation of TpMe3


around the nickel center (Figure 5). Such fluxional behavior
of the TpR ligands is frequently observed for the coordina-
tively unsaturated first-row metal complexes.[21c,f] In addition,
similar dynamic motion of the facially capping tridentate
ligand was also observed for the bis(m-oxo)dicopper(iii)
complex with tacniPr3.[15]


Figure 5. 1H NMR spectra of a) 2aNi ([D8]toluene, ÿ80 8C) and b) 2aCo


(CD2Cl2, 23 8C). The measured samples contained the CH2Cl2 solvates used
for the recrystallization of 2aM.


Other TpMe2,X (X�H, Br) derivatives of bis(m-oxo)di-
nickel(iii) complexes were prepared by the same procedure
and characterized by spectroscopy (UV-visible and 1H NMR;
see Tables 2 and 3). For 2 cNi with the brominated ligand,
X-ray crystallographic analysis was also performed, but it was
found to be disordered with respect to the three-fold sym-
metrical BÿN axis (see Supporting Information). Relatively
short NiÿN, NiÿO, and Ni ´ ´ ´ Ni distances (Table 4; see next
section) as found for the above-mentioned 2 aNi support the
formal �3 oxidation state of the Ni centers.


Reaction of H2O2 with more sterically hindered complex
3 dNi also yielded the extreme thermally unstable dark brown
bis(m-oxo)dinickel(iii) complex 2 dNi, which exhibited intense
absorptions at 304 and 404 nm. It should be noted that the
relatively strong absorption bands around 300 and 400 nm and
apparent diamagnetism at low temperature are common
spectral features for the bimetallic NiIII ± bis(m-oxo) compo-
nent as observed for our Ni(TpR) system (2Ni) and the
poly(pyridylalkyl)amine ligand systems recently reported by
Itoh et al.[30] and Shiren et al.[26] (Table 2).


Co complexes 2Co : Analogous stoichiometric reaction of the
red bis(m-hydroxo) complexes 3 a ± cCo with H2O2 at ÿ50 8C
afforded the corresponding dark brown dinuclear CoIII ±


Table 2. UV-visible spectral data for the MIII(m-O)2MIII complexes.[a]


Ligand l [nm] (e [mÿ1 cmÿ1] Ref.


nickel complexes
TpMe3 (2 aNi) 318 (5600), 410 (4200) this work[b]


TpMe2 (2 bNi) 300 (5600), 405 (3900) this work[b]


TpMe2,Br (2cNi) 306 (4000), 404 (2800) this work[b]


TpiPr2 (2dNi) 304 (12 000), 404 (10 500) [48][b]


Me3-tpa 394 (�4000) [26]
L[a] 408 (6000) [30]
cobalt complexes
TpMe3 (2 aCo) 360 (7600), 490(1500), 614(810) this work[b]


TpMe2 (2 bCo) 350 (7800), 500(2800) this work[b]


TpMe2,Br (2cCo) 360 (4700), 500(900) this work[b]


TpiPr2 (2dCo) 350 (8900), 493(2900) [34][b]


copper complexes
tacnBn3 318 (12 000), 430(14 000) [15b]
tacniPr3 324 (11 000), 448(13 000) [15b]
i-Pr4dtne[c] 316 (14 000), 414 (13 000) [16a]
LME 296 (20 000), 392(25 000) [16b]
Me2-tpa 258 (36 000), 300 (sh, 12 000), 378 (19 000) [16c]
tBu2P(NSiMe3)2 444 (10 000) [16d]


[a] The structures of the complexes are shown in Figure 1 (except
[LNiIII]2(m-O)2; L�N,N-bis[2-(2-pyridyl)ethyl]-2-phenylethylamine[30]).
[b] Measurement conditions (solvent, temperature): 2 aNi : THF, ÿ50 8C;
2aCo : THF, 23 8C; 2 b,cNi,Co : THF, 0 8C; 2dNi,Co : Et2O, ÿ78 8C. [c] dtne� 1,2-
di(1,4,7-triaza-1-cyclononyl)ethane.


N


N N


L =
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bis(m-oxo) complexes, and the molecular structures of the
2 aCo and 2 bCo derivatives were successfully determined by
X-ray crystallography (Figure 4). The crystallographic cell
parameters and atomic coordinates of 2 aCo were almost
identical with those of the above-described Ni analogue 2 aNi.
Structural characteristics of the N3CoIII(m-O)2CoIIIN3 skeleton
of the TpMe2 derivative 2 bCo were very close to those of 2 aCo.
In contrast to the previously reported cubane type tetranu-
clear [{CoIII(m3-O)}4]4� and trinuclear CoIII ± m3-oxo complexes
with low-spin, six-coordinate octahedral CoIII centers,[31] the
present dinuclear CoIII ± bis(m-oxo) complexes 2 a,bCo contain
two five-coordinate CoIII centers with a distorted square-
pyramidal geometry. In general, CoIII ions (d6) strongly favor
an octahedral geometry with low-spin (S� 0) state, and only a
limited number of structurally characterized five-coordinated
CoIII species are known.[32] To date, a few CoIII complexes with
the less hindered non-substituted hydrotris(1-pyrazolyl)bo-
rate (TpH2) ligand, [CoIII(TpH2)(k3-L)]n� {k3-L� tacnH3, dieth-
ylentriamine (n� 2) and TpH2 (n� 1)}, have been reported,
and they are low-spin CoIII complexes with the octahedral
geometry.[33] In other words, introduction of substituents to
the pyrazolyl rings in TpR ligands hinders formation of an
ideal six-coordinated octahedral CoIII center and cause
stabilization of the unusual coordinatively unsaturated
square-pyramid structure in 2 a,bCo. We could not obtain a
single crystal of the 2 cCo derivative, but its unique spectral
features (1H NMR and UV-visible) were essentially identical
with those of 2 a,bCo (see below and Tables 2 and 3).


In sharp contrast to usual low-spin octahedral CoIII com-
plexes, the bis(m-oxo) complexes 2Co are paramagnetic. In the
1H NMR spectra of 2 a ± c, the signals of the TpR moieties were
observed in the d� 27 to ÿ35 region (at room temperature).
Unique features were also observed in their UV-visible
spectra. A relatively strong absorption appeared in UV
region (ca. 350 nm) and a somewhat intense band was also
observed around 500 nm. In summary, the spectroscopic
characteristics of the bis(m-oxo)dicobalt(iii) complexes 2Co


are distinct from those of the isostructural NiIII complexes
2Ni, although 2Ni and the other bis(m-oxo)dinickel(iii) com-
plexes, [{NiIII(6-Me3-tpa)}2(m-O)2] (tpa� tris[(2-pyridyl)-
methyl]amine)[26] and [{NiIII(L)}2(m-O)2] (L�N,N-bis[2-(2-
pyridyl)ethyl]-2-phenylethylamine),[30] resemble the dicop-
per(iii) complexes (i.e. , apparent diamagnetism and two


LMCT bands around 400 and
300 nm; Table 2). Such a rela-
tionship of the physicochemical
properties may be ascribed to
similarity of the electronic con-
figuration of the metal d orbi-
tals. The situation of the metal
centers is close to the square-
planer geometry due to the
strongly electron-donating oxo
ligands sitting on the xy plane
(Scheme 3). Therefore, the d
electrons of the CuIII (d8) and
NiIII (d7) ions adopt low-spin
configuration (S� 0 for CuIII
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Scheme 3.


and S� 1/2 for NiIII) for which the HOMO is dxy. The apparent
diamagnetism of the nickel complexes seems to be due to
antiferromagnetic coupling of the unpaired electrons on each
nickel center through the oxo bridges. Solomon and co-
workers suggest that two intense absorption bands of the CuIII


complexes are the charge transfer from two different orbitals
of the oxo ligand to the empty dx2ÿy2 orbital of Cu3�.[29] In the
case of the nickel complexes, similar charge transfer (O2ÿ!
Ni3� dx2ÿy2) may be possible. In the case of the five-coordinate
CoIII (d6) centers of 2Co, the relatively small energy gap
between dz2 and dxy causes the similar d orbital configuration
with the fully occupied lower dp orbitals (dxz and dyz) and the
half-occupied dz2 and dxy orbitals (S� 1). The higher energy
levels of the d orbitals of Co (than those of Ni) and the two
half-occupied d orbitals of Co may result in the different
HOMO of the MIII


2(m-O)2 fragments. In order to reveal such
properties, more detailed experimental and theoretical anal-
ysis must be performed.


In addition, we must comment on our previously reported
thermally unstable compound 2 dCo, which was obtained by
the same procedure (i.e., reaction of 3 dCo with one equivalent
of H2O2 atÿ50 8C). We originally assigned 2 dCo as a dinuclear
CoII-m-h2:h2-peroxo species analogous to copper complex 1.[34]


Although 2 dCo is moderately stable atÿ78 8C, our attempts to
prepare its single crystal suitable for X-ray analysis have not
met with success so far. Moreover, its intramolecular ligand
oxidation reaction (i.e. , oxygenation of the proximal iPr group
at room temperature) hinders its complete characterization.
But because its UV-visible spectral features are also very
similar to those of the above mentioned 2 a ± cCo, we conclude
that 2 dCo should now be assigned as the dinuclear CoIII ± bis(m-


Table 3. IR, FD-MS, and 1H NMR data for the dinuclear MIII-bis(m-oxo) complexes 2a ± d.


IR [cmÿ1] FD-MS m/z 1H NMR
n(BÿH) solvent T [8C] d (relative integration)


2aNi 2522 828 [M]� [D8]toluene ÿ 80 1.76 (18), 1.80 (18), 2.77 (18)
2bNi 2508 727 [MÿO]� CD2Cl2 ÿ 50 1.82 (36), 2.63 (18)


ÿ 78 2.16 (18), 2.40 (18) [a]


2cNi 2530 1218 [M]� CD2Cl2 ÿ 78 2.18 (18), 2.41 (18)


2aCo 2522 828 [M]� CD2Cl2 23 ÿ 35.87 (18), 2.51 (18), 27.14 (18)
2bCo 2508 744 [M]� CD2Cl2 23 ÿ 32.85 (18), 25.26 (18), 16.52 (6)
2cCo 2542 1218 [M]� CD2Cl2 23 ÿ 32.60 (18), 25.01 (18)
2dCo [b] 2553 1079[M]� [D8]toluene ÿ 80 ÿ 18.8 (6), ÿ3.8 (36), 3.8 (36),


6.0 (6), 11.2 (6), 22.1 (2)
ÿ 40 ÿ 25.8 (6), ÿ6.6 (36), 4.9 (36),


7.2 (6), 14.3 (6), 28.1 (2)


[a] Pyrazolyl ring proton could not be identified due to overlapping with the CH2Cl2 impurity. [b] Ref. [34].
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oxo) complex. It should be also noted that formation of a
similar unstable brown species with the TpiPr,Me ligand had also
been observed by Reinoud and Theopold.[35] They also
originally assigned the thermally unstable brown species as
a dinuclear CoII ± m-peroxo complex, but DFT calculation
result suggested that a CoIII(m-O)2CoIII structure was more
plausible. Surprisingly, structural parameters of the bimetallic
bis(m-oxo) core optimized by their calculation (Co ´ ´ ´ Co
2.756; CoÿO 1.886, 1.765; OÿO 2.399 �) are in good agree-
ment with those found for 2 a,bCo. It is noteworthy that their
calculation also suggested that the dissociation of the bis(m-
oxo) dimer into two monomeric terminal oxo species (i.e.,
[Co(�O)(Tp)]) would be energetically prohibited.[36]


In Tolman�s Cu(tacniPr3) system, a solvent-dependent equi-
librium between the CuII(m-h2 :h2-O2)CuII and CuIII(m-O)2CuIII


isomers has been observed.[15, 37] More recently, Karlin and co-
workers have also reported the similar isomerization in the Cu
system with the tripodal N3 ligand.[38] In both of the Ni(TpR)
and Co(TpR) systems, no significant change of the spectral
features (UV-visible, 1H NMR) are detected in any solvent. In
addition, resonance Raman spectroscopy for 2 a ± dNi and 2 a ±


cCo did not give any information for the OÿO bond order due
to experimental difficulties (limited solubility at low temper-
atures, fast exchange of the bridging oxo ligands with external
water molecules). With reference to complex 2 dCo, we had
reported the detection of the Raman band at 651 cmÿ1, which
was down-shifted to 617 cmÿ1 upon 18O-labeling experi-
ment.[34] We originally assigned this oxygen-sensitive band as
the OÿO stretch of the m-peroxide ligand; however, now we
should reconsider the assignment of this band as a vibration
related to the Co2O2 core. In conclusion we have not been able
to detect the postulated [{MII(TpR)}2(m-h2 :h2-O2)] species of
Ni and Co.


Structural aspects of bimetallic core of MIII
2 ± bis(m-oxo) and


MII
2 ± bis(m-hydroxo) complexes : Recently, research interests


in the dinuclear high-valent metal-bis(m-oxo) species has
grown rapidly, because such a metal ± oxo species is suggested
to be a key intermediate involved in the biological oxidation
system, and the molecular structures of several synthetic
model compounds such as MIII(m-O)2MIII (M�Cu, Ni) and
FeIII(m-O)2FeIV have been revealed. In Table 4, structural


Table 4. Selected interatomic distances [�] and bond angles [8] for the bimetallic core of the bis(m-hydroxo) and bis(m-oxo) complexes.
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MÿO MÿNeq MÿNax MÿNav M ´ ´ ´ M M-O-M O-M-O Ref.


MII
2 ± bis(m-hydroxo) complexes


[{Mn(TpiPr2)}2(m-OH)2] (3 dMn) 2.094(4), 2.089(5) 2.273(5), 2.288(5) 2.204(5) 2.255 3.314(1) 104.8(2) [21a]
[{Fe(Me3-tpa)}2(m-OH)2] 1.973(2), 2.168(2) 2.222(2), 2.285(2) 2.290(3), 2.326(3) 2.281 3.187(1) 100.55(9) [41]
[{Co(TpMe3)}2(m-OH)2] (3aCo) 1.989(3), 1.990(2) 2.141(2), 2.137(3) 2.059(3) 2.112 3.137(1) 104.1(1) 75.9(1) this work
[{Co(TpMe2,Br)}2(m-OH)2] (3cCo) 1.967(9), 1.993(8) 2.123(9), 2.161(8) 2.072(9) 2.119 3.120(3) 104.0(4) 76.0(4) this work
[{Co(TpiPr2)}2(m-OH)2] (3dCo) 2.011(5), 2.024(7) 2.137(7), 2.189(7) 2.080(9) 2.135 3.202(3) 105.0(3) 75.0(3) [21c]


1.971(5), 2.03(1) 2.119(6), 2.17(1) 2.089(7) 2.13 3.189(3) 105.5(3) 74.5(3)
[{Ni(TpMe3)}2(m-OH)2] (3 aNi) 1.973(2), 1.979(3) 2.087(3), 2.077(2) 2.033(2) 2.066 3.1375(7) 105.1(1) 74.9(1) this work
[{Ni(TpMe2)}2(m-OH)2] (3 bNi) 1.988(5), 1.966(4) 2.083(5), 2.080(4) 2.043(4) 2.069 3.131(1) 104.7(2) 75.3(2) this work
[{Ni(TpMe2,Br)}2(m-OH)2] (3 cNi) 1.977(4), 1.995(3) 2.082(4), 2.101(3) 2.041(4) 2.075 3.135(1) 104.2(2) 75.8(2) this work
[{Ni(TpiPr2)}2(m-OH)2] (3dNi) 1.983(5), 2.026(7) 2.077(7), 2.164(7) 2.096(9) 2.112 3.204(3) 106.1(3) 73.9(3) [21c]


1.957(5), 2.041(9) 2.103(6), 2.16(1) 2.070(7) 2.11 3.197(4) 106.2(3) 73.8(3)
[{Ni(Me3-tpa)}2(m-OH)2] 2.003(2), 2.033(2) 2.089(3), 2.142(3) 2.241(3), 2.251(3) 2.181 3.090(1) 99.9(1) 80.1(1) [26]


1.998(3), 2.036(3) 2.096(3), 2.144(3) 2.204(3), 2.309(3) 2.188 3.091(1) 100.1(1) 79.9(1)
[{Cu(TpMe2)}2(m-OH)2] (3bCu) 1.917(7), 1.965(5) 1.979(8), 2.027(7) 2.277(7) 2.094 3.059(2) 76.0(3) [39]
[{Cu(tacnBn3)}{Cu(tacnBn2H)}(m-OH)2] 1.924(5), 1.949(4) 2.054(5), 2.087(5) 2.289(5) 2.135 2.769(9) 100.5(2) 78.6(2) [15b]


1.921(4), 1.940(5) 2.029(5), 2.085(5) 2.266(5) 100.8(2) 78.9(2)
[{Cu(Me2-tpa)}2(m-OH)2] 1.933(3), 1.950(3) 2.007(4), 2.079(3) (2.398(4), 2.793(4)) 2.043 2.9368(9) 98.3(1) 81.7(1) [16c]


MIII
2-bis(m-oxo) complexes


[{Mn(TpiPr2)}2(m-O)2] (2 dMn)[a] 1.806(5), 1.813(6) 2.084(6), 2.099(7) 2.228(7) 2.135 2.696(2) 96.5(3) [21a]
1.808(6), 1.787(6) 2.093(7), 2.084(7) 2.224(6) 97.0(3)


[{Fe(6-Me3-tpa)}2(m-O)2] 1.844(3), 1.916(4) 2.194(4), 2.244(4) 2.279(4), 2.255(4) 2.243 2.716(2) 92.5(2) [40a]
[{Co(TpMe3)}2(m-O)2] (2aCo) 1.790(3), 1.797(3) 2.008(4), 2.018(4) 2.096(3) 2.031 2.7236(9) 98.8(2) 81.2(2) this work
[{Co(TpMe2)}2(m-O)2] (2bCo) 1.789(6), 1.791(5) 2.032(6), 2.037(5) 2.107(5) 2.059 2.769(2) 101.4(3) 78.6(3) this work
[{Ni(TpMe3)}2(m-O)2] (2 aNi) 1.843(5), 1.857(4) 2.004(5), 2.013(5) 2.050(4) 2.022 2.882(1) 102.3(2) 77.7(2) this work
[{Ni(TpMe2,Br)}2(m-O)2] (2 cNi) 1.76(3), 1.81(2) - - 2.021(7) 104(1) 76(1) this work
[{Ni(6-Me3-tpa)}2(m-O)2] 1.854(7), 1.888(6) 2.019(8), 2.045(9) 2.220(8), 2.288(8) 2.143 2.924(1) 102.8(3) 77.2(3) [26]
[{Cu(tacnBn3)}2(m-O)2] 1.803(5), 1.808(5) 1.986(6), 1.987(6) 2.298(6) 2.090 2.794(2) 101.4(2) 78.6(2) [15b]
[{Cu(m-O)}2(iPr4dtne)] 1.827(4), 1.836(4) 1.979(5), 2.003(5) 2.312(5) 2.097 2.743(1) 99.3 [16a]


1.823(4), 1.824(4) 1.977(5), 2.005(5) 2.310(6) 2.783(1) 99.0
[{Cu(LME)}2(m-O)2] 1.814(6), 1.809(6) 1.932(7), 1.962(7) 1.940 2.743(1) 98.9(3) 80.6(3) [16b]


1.796(6), 1.804(6) 1.930(7), 1.934(7) 98.8(3) 81.3(3)
[{Cu(6-Me2-tpa)}2(m-O)2] 1.799(8), 1.806(9) 1.97(1), 1.91(1) (2.48(1), 2.55(1)) 1.94 2.758(4) 99.8(4) 80.2(4) [16c]
[{Cu[tBu2P(N-SiMe3)2]}2(m-O)2] 1.865(3), 1.864(3) 1.976(4), 1.980(4) 1.978 2.906(1) 102.3(2) 77.6(2) [16d]


[a] syn Configuration (see text).
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parameters of the bimetallic cores of the MIII(m-O)2MIII and
MII(m-OH)2MII complexes including those closely related to
the present work (M�Mn, Fe, Co, Ni, Cu) are summar-
ized.[15, 16, 21, 26, 39±41]


The oxidation states of the metal centers clearly affect the
distances from the metal centers to the N donors; that is, the
MÿN bond lengths of the MIII ± oxo complexes are shorter
than those of the corresponding MII ± hydroxo complex. The
electrostatic interaction between the metal center and the O
donor is enhanced by the combination of M3� with O2ÿ, and
the MIIIÿOoxo bonds are also shorter than MIIÿOhydroxo bonds.
Regardless of the coordination number of the metal centers,
the MÿNax bond lengths are longer than those of MÿNeq in the
every oxo complex, because the energy level of the dx2ÿy2


orbital of the metal centers is pushed up by strong electron
donation from the oxo ligands. It should be noted that the
MÿNax and MÿNeq distances in [{MII(TpR)}2(m-OH)2] are
inverse (i.e., Neq>Nax), except for the copper analogue of 3 b
(i.e. [{CuII(TpMe2)}2(m-OH)2]),[39] although [{MII(6-Me3-
tpa)}2(m-OH)2] (M�Fe, Ni)[26, 41] involves the octahedral
metal centers, in which the MÿNax distances are slightly
longer than the MÿNeq distances. In other words, the
unsaturated coordination environment of the metal centers
supported by TpR allows such an inversion of the MÿNax and
MÿNeq bond lengths between the MII ± hydroxo and the MIII ±
oxo complexes. In addition, these phenomena indicate the
unique property of the TpR ligands; the rigid but somewhat
flexible tripod framework makes it possible to fine-tune the
structure and spin-configuration of the metal center.


The M ´ ´ ´ M distances in the hydroxo complexes 3 appear to
be dependent on steric hindrance of TpR. For example, the
Ni ´ ´ ´ Ni separations of a series of the TpMe2,X complexes 3 a ±
cNi are in the range between 3.13 and 3.14 �, while that of the
TpiPr2 derivative 3 dNi is 3.2 �. The same trend is also observed
for the Co complexes.[21c] Such M ´´´ M elongation in the TpiPr2


complexes 3 dNi,Co can be attributed to the steric repulsion
among the 3-isopropyl substituents.


Interestingly, in the bis(m-oxo) complexes of dinuclear MnIII


analogue, [{MnIII(TpiPr2)}2(m-O)2] (2 dMn),[21a] the axial donors
of the two TpiPr2 ligands are arranged in a syn fashion with
respect to the Mn2O2 plane, although the corresponding
hydroxo complex 3 dMn[21a] adopts anti configuration as found
for the MIII ± oxo (2 a ± cNi,Co) and MII-hydroxo (3 a ± cNi,Co)
complexes of Ni and Co bearing TpMe2,X. In addition, the
MnIII ± bis(m-oxo) complex, [{MnIII(TpMe3)}2(m-O)2] (2 aMn),
adopts anti configuration, and its overall molecular structure
is very similar to those of 2 aNi and 2 aCo (Scheme 4).[42]


Shrinking of the M2O2 core of the MIII
2 ± bis(m-oxo) species


compared to those of the MII
2 ± bis(m-hydroxo) complexes


results in close approach of the facing TpR ligands. Due to the
steric repulsion between the 3-isopropyl substituents, the
bulky TpiPr2 hinders formation of the anti form of bis(m-oxo)
species and leads to bending of the Mn2O2 core as well as
distortion of the five-coordinate MnIII geometry in 2 dMn.
Therefore, we assume that extreme instability of the bis(m-
oxo) complexes of Ni and Co with TpiPr2 (i.e. , 2 dNi and 2 dCo)
arises from the highly distorted structure around the metal
center in addition to the existence of the reactive tertiary CÿH
bond (methine part of isopropyl group). In other words,
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reduction of the steric hindrance of the bimetallic core may be
one of the driving forces for the intramolecular oxidation in
2 d. Moreover, the back-donation ability of NiII and CoII


superior to that of CuII is strong enough to overcome the
steric hindrance of the 3-isopropyl substituents to form the
MIII


2(m-O)2 species 2 dNi and 2 dCo.
In complexes 2 aNi, 2 aCo, and 2 bCo, the reactive M2O2 core is


placed in the hydrophobic pocket formed by the 3-Me groups
(Figure 6), and the steric shielding leads to the stability
enough for the isolation of the reactive bis(m-oxo) species. In
addition, complexes 2 aNi, 2 aCo, and 2 bCo contain the intra-
molecular CÿH ´ ´ ´ O contacts between the bridging oxo
ligands and the 3-Me groups of the equatorial pyrazolyl rings,
and the similar interaction is also observed for the Cu-
(tacnBn3)[15] and Ni(6-Me3-tpa)[26] systems (Table 5). Such a
close arrangement should be favorable for intramolecular
oxidation of the ligand-substituents (see below).


Hydrogen atom abstraction ability of the NiIII
2- and CoIII


2-
bis(m-oxo) species


Kinetic studies of thermolysis of 2 : Remarkable hydrogen
atom abstraction ability of the bis(m-oxo) species of NiIII and
CoIII, 2Ni and 2Co, is revealed by kinetic investigations of the
thermal decomposition processes of the TpMe3 derivatives
(2 aNi and 2 aCo). Oxidation activity of the dinuclear high-
valent metal bis(m-oxo) and related m-peroxo species of
copper,[15, 43] nickel,[26, 30] iron[44] and manganese[45] have been
investigated extensively, and H-atom abstraction from an
aliphatic hydrocarbyl group is a common reaction found for
the bis(m-oxo) complexes. In contrast to the corresponding
TpiPr2 complexes 2 dNi and 2 dCo, which decomposed even at
low temperatures, 2 aNi and 2 aCo were reasonably stable due to
absence of the reactive tertiary CÿH moiety; however, they
also decomposed at room temperature. Thermal decomposi-
tion behavior of the bis(m-oxo) complexes was monitored by
following the decay of the characteristic absorption bands
(400 nm for Ni and 350 nm for Co) by UV-visible spectros-
copy. Linear plots of ln[(AtÿA1)/(A0ÿA1)] versus reaction
time clearly indicated that the observed decomposition
processes followed a first-order reaction kinetics with respect
to the bis(m-oxo) complexes. It is notable that reactivity of the
nickel complex 2 aNi (1.0� 10ÿ3 sÿ1 at 289 K) is ca. 103 times
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greater than that of the Co analogue 2 aCo at 289 K (calculated
by extrapolation of Eyring plot: 8.0� 10ÿ7 sÿ1). As reported
for the related systems, relatively large kH/kD values obtained
from the first-order decomposition rates of the TpMe3 and
Tp(CD3)2,Me derivatives (Figure 7) evidently indicated that the
rate-determining hydrogen abstraction from the primary
methyl CÿH bond is mediated by the MIII(m-O)2MIII species.


Kinetic studies on thermal decomposition processes were
also performed for the other TpMe2,X complexes, and the
activation parameters obtained by Eyring and Arrenius
analyses were summarized in Table 6. In all of ligand systems,
the negative DS= values, as well as the large kH/kD found for
the TpMe3 system, suggests the intramolecular H-atom ab-
straction from the proximal methyl group must be involved in
the rate-determining step. In the previously reported intra-
molecular CÿH bond activation processes mediated by the
bis(m-oxo)dicopper(iii) species [{CuIII(tacnR)}2(m-O)2], quan-
tum tunneling of H atom is suggested to be involved.[15] The
present Ni and Co systems did not satisfy the experimental
criteria for the H-atom tunneling as summarized in Table 7 [1)
kH/kD� 7.5 at 25 8C, 2) DH=


H ÿDH=
D > 1.3 kcal molÿ1, 3) AH/


AD< 0.6, 4) curvature of the Erying plot], although contribu-


tion of the tunneling effect was
suggested for the analogous
Co(TpiPr,Me) system by Reinoud
and Theopold.[35] Tolman and
co-workers reported that the
CuII(m-h2 :h2-O2)CuII species al-
so mediated the intramolecular
hydrogen abstraction from the
proximal methine part of the
isopropyl substituent on tacniPr3,
but the H-atom tunneling was
not included.[46] In our Ni and
Co systems, however, because
the corresponding m-peroxo
isomers had not been detected,
the contribution of the m-per-
oxo isomer of 2 in the H-ab-
straction process should be neg-
ligible. Quantum tunneling
would occur when the traveling
distance of a particle (H atom)
is shorter than its wavelength
and, therefore, arrangement of
a substrate (i.e., alkyl group)
and an oxidant (oxo ligand)
might be an important factor


that controls whether the H-atom tunneling occurs or not. We
assume that the arrangement of the methine hydrogen atom
and the oxo ligand in the Co(TpiPr,Me) system may be different
from that (i.e., arrangement of the methyl hydrogen atoms


Figure 7. Time-dependent change of the UV-visible spectra and first-order
plots (inserted) of the thermolysis of 2 aM (a: Ni; b: Co) in THF. In the first-
order plots H represents for the TpMe3 ligand complexes 2 aM, and D
represents the deuterated ligand (Tp(CD3)2,Me) derivatives [D36]-2 aM.


Figure 6. Space-filling diagrams (left) and expanded views of the bimetallic core (right) of 2aCo.


Table 5. Interatomic CÿH ´ ´ ´ Ooxo distances [�] in the MIII
2(m-O)2 com-


plexes.


H ´ ´ ´ O (C ´ ´ ´ O)
d1 d2


2aNi [a] 2.23 (3.018(9)) 2.31 (3.06(1))
2aCo [a] 2.18 (2.968(7)) 2.68 (3.017(6))
2bCo [a] 2.19 (3.016(9)) 2.23 (3.02(1))
[{Ni(Me3-tpa)}2(m-O)2][b] 2.05 (3.10) 2.27 (3.32)
[{Cu(tacnBn3)}2(m-O)2] [c] 2.29 (2.79) 2.32 (2.89)


[a] C-H lengths are 0.96 �. [b] Ref. [26]. [c] Ref. [15b].
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and oxo ligands) in our M(TpMe2,X) system, and such a
difference of the sterical situation of the bimetallic cores
reflects the contribution of the H-atom tunneling effect.


Attempts to characterize ligand-oxidized complexes : We
attempted the spectroscopic characterization (UV-visible,
IR, 1H NMR, and FD-MS) of the thermolysis products
obtained from the fully characterized 2 aNi and 2 aCo. In both
nickel and cobalt systems, the UV-visible and IR spectral
features of the crude reaction mixtures were similar to those
of the MII


2 ± bis(m-hydroxo) complexes 3 a. The 1H NMR
spectra of the mixture indicated the existence of 3 a, but many
paramagnetically shifted peaks were also observed. Such
complicated spectral features suggested that the mixture
contained many paramagnetic species, or oxygenated-ligand
complexes which lost the threefold symmetry of M(TpR)
moiety. As we reported previously, many paramagnetically
shifted peaks were observed for a series of the ligand-
oxygenated cobalt complexes, [CoII


2(m-OH){HB(m-3-OCMe2-
5-iPrpz)(3,5-iPr2pz)2}(TpiPr2)] (A), [{CoII[HB(m-3-OCMe2-5-
iPrpz)(3,5-iPr2pz)2]}2] (B), and [CoII(OH){HB(3-Me2COH-5-
iPrpz)(3-Me2COH-5-iPrpz)2}] (C), which were obtained by
the thermolysis of 2 dCo (Scheme 5),[18] whereas only a single
set of the pyrazolyl proton signals was observed for the
coordinatively unsaturated complexes with the non-function-
alized TpR due to the fluxional behavior of TpR (vide supra).
Also, FD-MS analyses of the reaction mixture obtained from
2 a suggested the formation of ligand-oxygenated complexes
on the basis of the peak at m/z 828,[47] which could be assigned
to [MII


2(m-OH){HB(m-3-OCH2-4,5-Me2pz)(3,4,5-Me3pz)2}-
(TpMe3)] (i.e., TpMe3 analogues of the above-mentioned
monooxygenated TpiPr2 complex A) or its alternative species,


Scheme 5.


that is, a m-oxo complex involving an alcoholic functionalized
TpMe3 ligand, [MII


2(m-O){HB(3-CH2OH-4,5-Me2pz)(3,4,5-
Me3pz)2}(TpMe3)] (A'; see Scheme 6). Our attempts to isolate
and determine the molecular structures of the oxygenated-
ligand complexes have not met with success yet.
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We tried to trap the oxygenated-ligand species by further
oxidation. As a result, we could isolate and characterize a
carboxylate complex, [{NiII{HB[3-(k2-O2C)-4,5-Me2pz](3,4,5-
Me3pz)2}(NCMe)}2] (5 ; Figure 8), which was obtained by
treatment of 2 aNi with excess amount of aqueous H2O2 under
Ar at room temperature (see Scheme 7).[48] The most striking
structural feature is that one of the three 3-Me substituents on
TpMe3 is oxygenated to give the corresponding carboxylate
group (ÿCO2


ÿ), which is coordinated to the other Ni center to
form the dimeric structure. Existence of the metal-coordinat-
ing carboxylate group was supported by the observation of the
strong absorption at 1570 cmÿ1 in its IR spectrum. The
remaining Me substituents on the functionalized TpR ligands


Table 6. Activation parameters for [{M(TpMe2,X)}2(m-O)2] (2 a ± c).[a]


k [sÿ1][c] DH
[kcal molÿ1]


DS
[eu]


Ea


[kcal molÿ1]
ln A


Ni complexes (283 K)
2aNi 5.1(2)� 10ÿ4 18.3(1) ÿ 8.8(5) 18.9(1) 26.0(3)
[D36]-2 aNi [b] 5.6(2)� 10ÿ5 18.7(2) ÿ 11.7(8) 19.3(2) 24.5(4)
2bNi 3.9(1)� 10ÿ4 19.0(2) ÿ 6.8(8) 19.6(2) 27.0(4)
2cNi 3.2(1)� 10ÿ4 17.6(4) ÿ 12.1(15) 18.1(4) 24.3(8)


Co complexes (333 K)
2aCo 2.2(1)� 10ÿ4 24.0(3) ÿ 3.4(9) 24.6(3) 28.9(5)
[D36]-2 aCo [b] 2.2(1)� 10ÿ5 25.7(6) ÿ 2.7(17) 26.4(6) 29.2(9)
2bCo 4.4(1)� 10ÿ4 21.5(3) ÿ 9.6(10) 22.1(3) 25.7(5)
2cCo 3.1(1)� 10ÿ4 22.7(2) ÿ 7.1(5) 23.3(2) 27.0(2)


[a] Solvent used for the kinetic measurements: THF (2 a,bM), toluene
(2cM). [b] [D36]-2aM� [{M(Tp(CD3)2,Me)}2(m-O)2]. [c] Average values (nine
experimental values for 2aM and three values for the other complexes).


Table 7. Comparison of the activation parameters.


kH/kD (T [K]) DDH [kcal molÿ1] [a] DDS [eu] [b] AH/AD Ref.


[{NiIII(TpMe3)}2(m-O)2] (2 aNi) 9(1) (283) 0(1) ÿ 3(1) 4.2(1) this work
[{CoIII(TpMe3)}2(m-O)2] (2aCo) 10(1) (343) 2(1) 1(2) 0.7(1) this work
[{CoIII(TpiPr,Me)}2(m-O)2] 22(1) (281) 2.5 4 0.13 [35a]
[{CuIII(tacnBn3)}2(m-O)2] 14(1) (293) 2.5 3 0.20(5) [15c]
[{CuIII(tacniPr3)}2(m-O)2] 12(1) (293) 1.8 2 0.49(5) [15c]
[{CuII(tacniPr3)}2(m-h2 :h2-O2)] 18(1) (298) � 0 ÿ 4 � 6 [15c, 46]


[a] DDH=�DH=
D ÿDH=


H [b] DDS=�DS=
D ÿDS=


H .
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Figure 8. Molecular structure of the carboxylate complex 5 ´ 2 MeCN
(drawn at the 50 % probability level). All hydrogen atoms and MeCN
molecules for crystallization are omitted for clarity.


are not oxidized as is supported by absence of alcoholic
n(OÿH) and ketonic n(C�O) bands in the IR spectrum as well
as its X-ray structure. On the basis of these observations, we
conclude that the initially oxidized methyl group (by ther-
molysis of 2 aNi) is oxidized to the carboxyl group selectively.
This carboxylation reaction might proceed by the sequential
oxidation of one of the three 3-Me substituents on TpMe3 to the
corresponding primary alcohol (ÿCH2OH) and aldehyde
(ÿC(�O)H) intermediates.


We examined the ligand-oxidizing capability of the TpiPr2Ni
derivative 2 dNi in order to compare with the corresponding
Co system presenting in Scheme 5, because 2 dNi was the most
reactive in a series of 2. Thermolysis of 2 dNi without H2O2


gave a mixture of the hydroxo complex 3 dNi and another
structurally unclear complex estimated as an oxidized-ligand
species (i.e., the Ni analogue of A or A') on the basis of the
spectroscopic analogy (1H NMR and FD-MS) with the above-
mentioned TpMe3 system. Interestingly, treatment of 2 dNi with
an excess amount of H2O2 brought about not only oxygen-
ation but also dehydrogenation of the iPr groups to give the
enolato complex, [{NiII{HB[3-(m-OCH�CMe)-5-iPrpz]-
(3,5-iPr2pz)2}}2] (6 ; see Scheme 7), whose molecular structure
was determined by X-ray crystallography. As presented in
Figure 9, the complex 6 is a dimeric compound in which the
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Figure 9. ORTEP drawing of the enolato complex 6 ´ 2MeCN ´ 2 CH2Cl2 ´
H2O (drawn at the 50% probability level). One of the two crystallo-
graphically independent molecules (molecule 1) is presented. a) Molecular
structure of 6. All hydrogen atoms, solvent molecules, and the disordered
carbon atoms of 5-iPr groups are omitted for clarity. b) ± d) Expanded views
of the bimetallic core with the functionalized pyrazolyl groups: b) side
view; c) looking down along the Ni1 ± Ni1' axis; d) rotation of the side view
for 908 along the Ni1 ± Ni1' axis (view along the O1 ± O1' axis).


chelating enolato ligands bridge the two Ni centers. The
geometry of the nickel atoms can be described as slightly
distorted trigonal bipyramid consisting of the N11-Ni-O1' axis
and the O1-N21-N31 basal plane. Hybridization of the C2
atoms is sp2 judging from the bond angles around them (see
Table 8), and the resulting oxygenated isopropenyl groups are
coplanar to the adjacent pyrazolyl rings (Figure 9b ± d). The
six-membered (N11-Ni1-O1) framework may be highly sta-
bilized by the extended p-electron conjugation system on the
functionalized pyrazolyl ± enolato moiety (Scheme 8). In fact,
its IR spectra indicated a characteristic absorption band at
1616 cmÿ1, which was relatively strong and red-shifted relative
to that of the normal olefinic C�C vibration due to
contribution of the anion-delocalized resonance structures 6'
and 6''. As in the above-mentioned carboxylate complex 5, the
remaining isopropyl groups in 6 were not oxidized. In other
words, one of the three 3-iPr groups on TpiPr2 was oxidized
selectively to give the enolate (ÿCMe�CHOÿ) group. It
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Scheme 8.


should be noted that the ligand oxidation pattern of the nickel
systems were clearly different from that observed for the
cobalt system (Scheme 5). Formation of the fully-oxygenated
complex C, which was also obtained by the reaction of the di-
oxygenated complex B and H2O2, suggested the that mono-
nuclear CoIIÿOOH species participated in the ligand-hydrox-
ylation process of Co(TpiPr2) system. In addition, treatment of
the hydroxonickel(ii) complexes 3 aNi and 3 dNi with the excess


amount of tert-butylhydroperoxide yielded neither the bis-
(m-oxo) complexes 2Ni nor the oxygenated-ligand complexes 5
and 6. Also, thermolysis of 2 under O2 atmosphere (instead of
excess H2O2) did not yield 5 and 6. Therefore, the selective
transformation of the one of the three alkyl groups proximal
to the metal center must be mediated by the highly reactive
NiIII


2(m-O)2 species 2Ni in association with the H2O2 co-
oxidant.


Finally, we would like to comment on the role of the metal-
supporting ligands for the emergence of the oxidation
capability of the dinuclear bis(m-oxo) species of nickel(iii)
and cobalt(iii) with TpR. The aliphatic hydrocarbon oxygen-
ation ability implies the electrophilic nature of the present
bimetallic bis(m-oxo) species due to the electron-deficient
higher oxidation state of the metal centers. From the electro-
chemical viewpoints, the�3/� 2 potential barrier is relatively
low for the cobalt ion. The CoIII species are generally
kinetically very stable and, in fact, the common oxidation
state is �3 in CoÿO2 chemistry.[49] Moreover, the low-spin
cobalt(iii) ± oxo species, that is, cubane type tetranuclear
[{CoIII(m3-O)}4] and trinuclear CoIII


3(m3-O) complexes, do not
exhibit any oxidation activity.[31] In contrast, the unusual
oxidizing capability of our CoII(TpR) systems may be derived
from the unique properties of the metal-supporting TpR


ligands stabilizing the lower oxidation state of the central
metal.[50] While a large number of MII(TpR) complexes of
cobalt and nickel are known, only a few CoIII complexes have
been reported and no NiIII complexes except for the present
[{MIII(TpR)}2(m-O)2] complexes 2. The known CoIII complexes,
[CoIII(TpH2)(k3-L)]n� (k3-L� tacnH3 and diethylentriamine for
n� 2, and TpH2 for n� 1), carry the less hindered non-
substituted TpH2 ligand, which leads to the formation of an
octahedral low-spin CoIII species.[33] We assume the divalent
state is more favorable for the Co and Ni centers coordinated
by the sterically hindered TpR ligands and, therefore, the
bis(m-oxo)dimetal(iii) core of 2 possess two-electron oxidation
ability. Such a hypothesis makes it possible to interpret the
reason why 2Ni is more reactive than 2Co. Because the d-orbital
energy levels of nickel are lower than those of cobalt, Ni
favors the �2 oxidation state strongly, while the Co can
stabilize the �3 state. The alternative explanation for the
higher reactivity of the Ni complexes may be ascribed to the
strong contribution of the MII


2 ± bis(m-oxyl radical) resonance
form 2' (Scheme 9). By contrast with TpR, the similar
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trigonally capping tacnR system shows clearly different
characteristics as follows. 1) Formation of the bis(m-oxo)di-
copper(iii) species is observed, while the corresponding
Cu(TpR) species have never been observed.[51] 2) The CoII


center supported by tacnR (i.e., [Co(tacnMe3)(acac)]) allows
oxidative O2 addition to yield the dinuclear CoIII-m-peroxo
species,[52] but all of the reported CoII(TpR) complexes except


Table 8. Selected interatomic distances [�] and bond angles [8] of the
oxygenated-ligand nickel complexes 5 and 6.


N


C11


N11


C2


C3


C1


O1


NiN21


N31
X


Ni'


N
C11


N11
C1'


O1'


X'


Ni
N31


N21
N41


N
C11'


N11'
C1


O1


X


Ni'


(Cα)


(Cα)


(O1')


(O2)


5 6


complex 5 6[a]


(molecule 1) (molecule 2)


NiÿO1 2.168(5) 2.016(4) 2.010(4)
NiÿX 2.101(4)[b] 2.006(3)[c] 2.009(5)
NiÿN11 2.092(6) 1.991(4) 1.996(6)
NiÿN21 2.065(6) 2.070(4) 2.075(4)
NiÿN31 2.032(6) 2.063(6) 2.041(5)
NiÿN41 2.130(8)
O1ÿC1 1.250(8) 1.343(7) 1.35(1)
O2ÿC1 1.279(9)
C1ÿC2 1.322(8) 1.40(1)
C2ÿC3 1.51(1) 1.46(1)
CaÿC11 1.497(9)[d] 1.460(9)[e] 1.443(8)
Ni ´ ´ ´ Ni' 5.454(2) 3.185(1) 3.183(2)
O1-Ni-X 61.8(2) 75.3(2) 75.3(2)
O1-Ni-N11 97.9(2) 86.0(2) 86.4(2)
O1-Ni-N21 166.8(2) 134.9(2) 138.2(2)
O1-Ni-N31 101.2(2) 137.3(2) 134.0(2)
O1-Ni-N41 82.7(2)
X-Ni-N11 90.8(2) 161.3(2) 161.6(2)
X-Ni-N21 106.0(2) 101.8(2) 102.1(2)
X-Ni-N31 162.7(2) 102.2(2) 102.2(2)
X-Ni-N41 86.7(2)
N11-Ni-N21 86.8(2) 91.3(2) 90.5(2)
N11-Ni-N31 88.4(2) 91.6(2) 91.5(2)
N11-Ni-N41 176.8(3)
N21-Ni-N31 91.3(2) 87.7(2) 87.8(2)
N21-Ni-N41 92.0(3)
N31-Ni-N41 94.6(3)
O1-C1-X 120.2(6)
O1-C1-C11 120.9(6)
X-C1-C11 118.8(6)
O1-C1-C2 126.9(6) 127.6(6)
C1-C2-C3 119.1(6) 119.9(6)
C1-C2-C11 123.5(6) 120.7(7)
C3-C2-C11 117.4(5) 119.4(7)


[a] Two crystallographically independent molecules of 6 were involved in
the unit cell. [b] X�O2. [c] X�O1'. [d] Ca�C1. [e] Ca�C2.
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the hydrocarbyl and hydrido complexes[53] are insensitive
toward O2. These observations clearly indicate that tacnR can
stabilize the higher oxidation state of the metal centers due to
their strong electron-donating nature.[54] In conclusion, the
electronic properties of the metal centers finely tuned by the
supporting ligands is the important factor for regulating the
reactivity of the metal ± dioxygen complexes.


Conclusion


Reaction of the dinuclear MII ± bis(m-hydroxo) complexes of
nickel and cobalt, [{MII(TpR)}2(m-OH)2], with one equivalent
of H2O2 yields the corresponding MIII ± bis(m-oxo) complexes,
[{MIII(TpR)}2(m-O)2] (2Ni and 2Co). The employment of a series
of TpMe2,X (hydrotris(3,5-dimethyl-4-X-1-pyrazolyl)borate;
X�Me, H, Br) as the metal-supporting ligand makes the
structure determinations of the reactive MIII bis(m-oxo)
complexes possible. Both of the dinickel(iii) and dicobalt(iii)
bis(m-oxo) species exhibit oxidation ability toward the alkyl
substituents on TpR proximal to the bimetallic center,
although the nickel complexes are more reactive than the
corresponding cobalt analogues.


The bimetallic Mn�
2-(m-O)2 species of copper (CuIII/III and


CuII/III), iron (FeIV/IV and FeIII/IV), and manganese (MnIV/IV and
MnIII/IV) take part in biological and chemical oxidation
processes of hydrocarbons. Our discovery of the reactive
bis(m-oxo) complexes of dinickel(iii) and dicobalt(iii), which
must be formed from OÿO cleavage of the dinuclear MII m-
peroxo isomer, suggests that such M2-(m-O)2 species of the
high-valent metal ions are involved as a common reactive
intermediate of the oxidation process mediated by first-row
late transition metal complexes, and their reactivity can be
tuned by well-designed ligand systems.


Experimental Section


Instrumentation : IR measurements were carried out as KBr pellets on a
JASCO FT/IR-5300 instrument. Electronic spectra were recorded on a
Shimadzu UV-260 or a JASCO V-570 spectrometer. Low-temperature
electronic spectra were obtained using an Oxford DN1704 cryostat.
1H NMR spectra were recorded on Bruker AC-200 (200 MHz) and JEOL
GX-270 (270 MHz) spectrometers. Mass spectra of the complexes were
recorded on a Hitachi M-80 (FD) or a JEOL JMS-700 (FAB). GC-MS
analysis were performed on a Shimadzu QP-5000 mass analysis system
attached on a Shimadzu GC-17A gas chromatograph with a ULBON HR-1
capillary column (0.25 mm� 25 m).


Materials and methods : All manipulations were performed under argon by
standard Schlenk techniques. THF, Et2O, benzene, pentane (Na-K alloy),
toluene (Na), and CH2Cl2 (P2O5) were treated with appropriate drying
agents, distilled, and stored under argon. The other reagents of the highest
grade commercially available were used without further purification. The
previously reported compounds, pzMe2,BrH,[55] NaTpMe2,X,[56] [MII(TpMe2,X)-
(OAc)] (4a ± cM)[22] and [{NiII(TpiPr2)}2(m-OH)2] (3dNi)[21c] were prepared by
the methods described.


Synthesis of [{MII(TpMe2,X)}2(m-OH)2] (3 a ± cM): As a typical example, the
synthetic procedure for the hydroxonickel complex 3aNi is described. A
solution of 4aNi (1.00 g, 2.19 mmol) in toluene (30 mL) was stirred with
aqueous NaOH solution (0.5m) for 10 min. After removal of the water
layer, the organic solution phase was dried over Na2SO4 and then filtered.
Evaporation of the volatiles under vacuum followed by recrystallization


from CH2Cl2 by cooling at ÿ30 8C afforded the green plate crystalline solid
of 3 aNi (592 mg, 0.724 mmol, 65% yield).


[{NiII(TpMe3)}2(m-OH)2] (3 aNi): Elemental analysis calcd (%) for
C36H58N12O2B2Ni2: C 52.10, H 7.04, N 20.27; found: C 52.33, H 6.86, N
20.19; spectroscopic data are summarized in Table 1.


The other hydroxo complexes are prepared following this procedure. Upon
the synthesis of the TpMe2 ligand complexes 3b, the acetato complexes 4 bNi


and 4 bCo were dissolved in CH2Cl2 instead of toluene.


[{NiII(TpMe2)}2(m-OH)2] (3bNi): Green needles (511 mg, 0.685 mmol, 82%
yield); elemental analysis calcd (%) for C30H46N12O2B2Ni2: C 48.31, H 6.22,
N 22.54; found: C 48.43, H 6.13, N 22.85.


[{NiII(TpMe2,Br)}2(m-OH)2] (3cNi): Green block crystals (217 mg,
0.177 mmol, 62% yield); elemental analysis calcd (%) for C30H40N12O2B2-
Ni2Br6: C 29.55, H 3.31, N 13.79; found: C 29.65, H 3.76, N 13.32.


[{CoII(TpMe3)}2(m-OH)2] (3aCo): Red plate crystals (427 mg, 0.515 mmol,
80% yield); elemental analysis calcd (%) for C36H58N12O2B2Co2: C 52.07, H
7.04, N 20.24; found: C 51.94, H 7.01, N 20.20.


[{CoII(TpMe2)}2(m-OH)2] (3bCo): Reddish brown needles (257 mg,
0.345 mmol, 77% yield); elemental analysis calcd (%) for C30H46N12O2B2-
Co2: C 48.28, H 6.21, N 22.53; found: C 48.10, H 5.77, N 22.62.


[{CoII(TpMe2,BrCoII)}2(m-OH)2] (3cCo): Dark red crystals (161 mg,
0.177 mmol, 62% yield); elemental analysis calcd (%) for C30H40N12O2B2-
Co2Br6: C 29.54, H 3.31, N 13.78; found: C 29.33, H 3.68, N 13.39.


Synthesis of [{MIII(TpMe2,X)}2(m-O)2] (2 a ± cM): As a typical example, the
synthetic procedure for complex 2 aNi is described. A solution of 3aNi


(126 mg. 0.151 mmol) in CH2Cl2 (10 mL) was stirred with five equivalents
of aqueous H2O2 solution (30 wt %) for 10 min at ÿ50 8C. Remaining
aqueous H2O2 was chilled by cooling the reaction mixture at ÿ78 8C. After
removal of the ice (i.e., remaining aqueous H2O2) by filtration at ÿ78 8C,
the solvent was evaporated under vacuum. The resulting solid was
recrystallized from CH2Cl2 at ÿ78 8C. Dark brown plates (78.3 mg) of
2aNi were obtained.


The other oxo complexes are prepared following this procedure. The
recrystallization of the cobalt complexes 2a-cCo were performed at ÿ30 8C.


[{NiIII(TpMe2)}2(m-O)2] (2bNi): Dark reddish-brown powder (80.3 mg).


[{NiIII(TpMe2,Br)}2(m-O)2] (2cNi): Dark reddish-brown powder (75.0 mg).


[{CoIII(TpMe3)}2(m-O)2] (2aCo): Black plates (75.2 mg, 0.0908 mmol, 69%
yield); elemental analysis calcd (%) for C36.5H57N12O2B2ClCo2 (2aCo ´
0.5CH2Cl2): C 50.29, H 6.54, N 19.29; found: C 50.18, H 6.65, N 19.03.


[{CoIII(TpMe2)}2(m-O)2] (2 bCo): Dark green-brown needles (50.8 mg,
0.0682 mmol, 56% yield); elemental analysis calcd (%) for
C36.25H56.5N12O2B2Cl0.5Co2 (2 bCo ´ 0.25 CH2Cl2): C 47.72, H 5.36, N 22.07;
found: C 47.85, H 5.81, N 22.49.


[{CoIII(TpMe2,Br)}2(m-O)2] (2 cCo): Dark green-brown needles (51.9 mg).


Synthesis of [{NiIII(TpiPr2)}2(m-O)2] (2 dNi): An aqueous solution of H2O2


(46 mL, 1.0 equiv) was added to a solution of 3dNi (517 mg, 0.478 mmol) in
Et2O (25 mL) chilled at ÿ78 8C. Stirring was continued for 1 h, the green
solution changed to a dark brown one. UV-visible data are shown in
Table 2.


Kinetic analysis : Kinetic studies were carried out on a JASCO V-570
spectrometer equipped with a temperature-controlling unit. Bis(m-oxo)
complexes with the deuterium labeled ligand Tp(CD3)2,Me (see below) were
prepared by the same procedure as noted above. A solution of 2a,b in THF
or 2c in toluene (3.0 mL) were put in a quartz cell (10 mm light-path
length) under Ar. The decomposition of the bis(m-oxo) complexes was
followed by the intensity decrease of the characteristic band at 400 nm (Ni
complexes) or 360 nm (Co).


Synthesis of pz(CD3)2,MeH : 3-Methyl-2,4-pentanedione (15.0 g, 133 mmol)
and Na2CO3 (0.50 g, 5.5 mmol) were added to D2O (25 mL), and the
resulting mixture was refluxed for 10 h. The resulting organic product was
extracted by Et2O and dried over MgSO4. After removal of MgSO4 by
filtration, Et2O was evaporated. The resulting b-diketone was analyzed by
GC-MS in order to determine the deuterium content. The same H/D
exchanging operation was repeated three times. The resulting deuterated b-
diketone [(CD3)C(�O)CMeDC(�O)(CD3); deuterium content > 94%]
was dissolved in EtOH (30 mL), and then hydrazine monohydrate
(6.40 mL, 131 mmol) was added dropwise at 0 8C. After refluxing the
mixture for 2 h, the organic layer was extracted by Et2O. The Et2O extract
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was washed with saturated aqueous NaCl solution and dried over MgSO4.
Filtering of MgSO4 followed by evaporation of the volatiles gave off-white
solid. The resulting crude pz(CD3)2,MeH was purified by sublimation under
vacuum with moderate heating (70 8C). The extent of deuteration of the
obtained pyrazole (> 98%) was determined by integration of the residual
methyl proton signals of the 1H NMR spectrum. Yield: 4.66 g, 40.1 mmol,
30.2 %; GC-MS: m/z : 116 [M]� ; 1H NMR (200 MHz, CDCl3, RT): d� 1.90
(s, pz-4-Me).


Synthesis of NaTp(CD3)2,Me : The sodium salt of the deuterated ligand,
NaTp(CD3)2,Me, was synthesized by dehydrogenative condensation between
NaBH4 (0.51 g) and pz(CD3)2,MeH (4.66 g,40.1 mmol), with the same proce-
dure for the synthesis of NaTpMe2,X. Yield: 4.12 g, 10.8 mmol, 81 %.
Deuterium content of the ligand (> 98%) were confirmed by comparison
of the intensities of the methyl signals of the residual pyrazolyl-3-Me and
acetate-Me in the zinc-acetato complex, [ZnII(Tp(CD3)2,Me)(OAc)] (60.5 mg,
0.125 mmol, 47% yield based on NaTp(CD3)2,Me), which was prepared by the
reaction of Zn(OAc)2 ´ 2 H2O (72 mg, 0.328 mmol) and NaTp(CD3)2,Me


(102 mg, 0.268 mmol) following the same procedure for the Ni and Co
derivatives 4a. Spectroscopic data of [ZnII(Tp(CD3)2,Me)(OAc)]: IR: nÄ � 2917,
2863 (CH), 2513 (BH), 2211, 2131, 2058 cmÿ1 (CD); 1H NMR (200 MHz,
C6D6, RT): dH� 1.56 (s, 9H; pz-4-Me), 2.40 (s, 3 H; OAc-Me); deuterium
content of the ligand: >98%.


Thermolysis of [{MIII(TpMe3)}2(m-O)2] (2 aM): A solution of 2aNi (231 mg,
0.279 mmol) in CH2Cl2 (15 mL) was stirred for 2 h at room temperature
under Ar. After evaporation of the volatiles, the resulting yellowish green
solid was dissolved in CH2Cl2/pentane. The yellowish green powder which
obtained by refrigeration of the solution was analyzed without further
purification. Spectroscopic data: IR: nÄ � 3710 (w, br, OH), 2508 cmÿ1 (BH);
UV/Vis (CH2Cl2, RT): lmax� 398, 645 nm; FD-MS: m/z : 812
[{Ni(TpMe3)}2(O)]� , 828 [M]� ; 1H NMR (200 MHz, CD2Cl2, RT): d�
ÿ8.27, ÿ6.84, ÿ5.30, ÿ3.20, ÿ1.45, 0.25, 4.59, 4.79, 6.11, 7.17, 8.21


A solution of 2aCo (255 mg, 0.308 mmol) in toluene (15 mL) was stirred for
5 h at 80 8C. The work up similar to the above-mentioned nickel complex
afforded a product mixture as brown powder. Spectroscopic data: IR: nÄ �
3718 (w, OH), 2508 cmÿ1 (BH); UV/Vis (CH2Cl2, RT): lmax� 438, 547,
667 nm; FD-MS: m/z : 828 [M]� ; 1H NMR (200 MHz, CD2Cl2, RT): d�
ÿ100.0, ÿ70.5, ÿ14.3, ÿ3.0, 0.4, 2.1, 4.2, 6.4, 44.0, 56.0, 63.1, 63.9, 65.2.


Thermolysis of 2aNi in the presence of H2O2 (formation of 5): Aqueous
H2O2 (30 wt %, 20 equiv) was added to a solution of 2aNi (181 mg,
0.218 mmol) in CH2Cl2 (20 mL). Upon being stirred for 2 h at room
temperature, the dark brown solution turned to pale green. After removal
of remaining H2O2 and H2O, the solvent was evaporated under vacuum.
Recrystallization from THF/MeCN (ÿ30 8C) afforded the pale blue
crystalline solids of 5 (133 mg, 0.155 mmol, 71% yield). Spectroscopic


Table 9. Crystal data and data collection details.


2 aNi ´ 4 CH2Cl2 2aCo ´ 4CH2Cl2 2bCo ´ 4CH2Cl2 3aNi ´ 2C6H6 3 bNi ´ 4 CH2Cl2


formula C40H64O2N12B2Cl8Ni2 C40H64O2N12B2Cl8Co2 C34H52O2N12B2Cl8Co2 C48H70O2N12B2Ni2 C34H54O2N12B2Cl8Ni2


Mr 1167.67 1168.14 1083.97 982.15 1085.52
crystal system monoclinic monoclinic monoclinic triclinic monoclinic
space group P21/n (No. 14) P21/n (No. 14) P21/n (No. 14) P1Å (No. 2) P21/n (No. 14)
a [�] 11.911(4) 11.830(1) 7.9183(9) 11.173(1) 7.8503(6)
b [�] 14.823(4) 14.806(1) 28.035(4) 11.255(1) 29.751(3)
c [�] 16.524(4) 16.348(1) 11.523(2) 11.4479(8) 11.179(1)
a [8] 90 90 90 115.076(6) 90
b [8] 105.357(9) 105.388(3) 102.885(9) 93.270(2) 103.740(7)
g [8] 90 90 90 91.345(2) 90
V [�3] 2813(1) 2760.7(5) 2493.6(6) 1300.1(2) 2536.2(4)
Z 2 2 2 1 2
1calcd [gcmÿ3] 1.378 1.405 1.444 1.254 1.421
m (MoKa) [cmÿ1] 10.93 10.33 11.37 7.73 12.06
2q max [8] 55.0 55.1 55.0 55.1 55,0
measured reflections 5410 5506 4634 5370 4237
observed reflections [I> 2s(I)] 3580 4186 2744 4700 3746
parameters 325 305 313 311 295
R1[a] 0.0975 0.0762 0.0769 0.0487 0.0770
wR2[b] 0.2598 0.2169 0.2218 0.1480 0.2718


3 cNi ´ 3 CH2Cl2 3aCo ´ 2C6H6 3cCo ´ 3CH2Cl2 5 ´ 2MeCN 6 ´ 2 MeCN ´ 2CH2Cl2 ´ H2O


formula C33H46O2N12B2Br6Cl6Ni2 C48H70O2N12B2Co2 C33H46O2N12B2Br6Cl6Co2 C44H62O4N16B2Ni2 C60H98O3N14B2Cl4Ni2


Mr 1473.97 986.65 1474.43 1018.10 1344.36
crystal system monoclinic triclinic monoclinic monoclinic triclinic
space group P21/n (No. 14) P1Å (No. 2) P21/n (No. 14) P21/a (No. 14) P1Å (No. 2)
a [�] 15.684(2) 11.219(6) 15.828(10) 13.888(1) 13.105(2)
b [�] 10.473(1) 11.39(1) 10.618(3) 12.726(1) 15.448(2)
c [�] 16.984(1) 11.230(3) 17.18(1) 15.104(2) 18.746(2)
a [8] 90 114.58(5) 90 90 81.499(10)
b [8] 106.735(6) 90.57(3) 107.49(4) 105.213(2) 79.149(8)
g [8] 90 93.51(7) 90 90 74.167(3)
V [�3] 2671.6(5) 1301(1) 2753(2) 2576.1(4) 3567.1(8)
Z 2 1 2 2 2
1calcd [gcmÿ3] 1.832 1.259 1.778 1.312 1.252
m (MoKa) [cmÿ1] 55.48 6.86 53.01 7.87 7.28
2q max [8] 55.0 55.0 53.7 55,0 55.0
measured reflections 5514 5020 4967 5225 13756
observed reflections [I> 2s(I)] 4338 4763 4469 3395 8411
parameters 304 307 296 317 804
R1[a] 0.0538 0.0593 0.1410 0.0980 0.0992
wR2[b] 0.1572 0.1759 0.3434 0.2814 0.2571


[a] R1�S(jFo jÿ jFc j )/S jFo j [for data with I> 2 s(I)]. [b] wR2� {S[w(F 2
o ÿF 2


c �]2/S[w(F 2
o�2]}1/2 ; w�1/[s2(F 2


o� � (0.1000P)2] in which P� (F 2
o �2 F 2


c �/3 (for all
data).
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data for 5 : elemental analysis calcd (%) for C36H52N12O5B2Ni2 (5 ´ 2MeCN ´
H2O): C 49.59, H 6.01, N 19.28; found: C 49.19, H 6.22, N 19.06; IR: nÄ �
2515 (BH), 1570 cmÿ1 (COO); UV/Vis (toluene, 23 8C): lmax (e)� 405 (110),
678 nm (30); FD-MS: m/z : 854 [5�2 MeCN]� .


Thermal decomposition of 2dNi


Method 1: The volatiles of the above-mentioned ethereal solution of 2 dNi


were evaporated under vacuum at ÿ78 8C. The resulting dark brown solid
was dissolved in pentane (30 mL) followed by warming gradually to room
temperature. The green pentane solution was concentrated by evaporation.
Storage of this solution at ÿ20 8C afforded green crystals (155 mg,).


Method 2 : A solution of 3dNi (116 mg, 0.107 mmol) in pentane (15 mL) was
chilled to ÿ60 8C. After stirring for 15 min, 5.0 equiv of aqueous H2O2 was
added; stirring was continued for 2 h at ÿ60 8C. After removal of the ice
(i.e. remaining aqueous H2O2) by filtration at ÿ78 8C, the dark brown
pentane solution was allowed to warm gradually to room temperature.
Refrigeration (ÿ20 8C) of the concentrated solution afforded green
crystalline solid. IR: nÄ � 3675 (w, br, OH), 2535 cmÿ1 (BH); UV/Vis
(toluene, RT): lmax� 402, 480 (sh), 549 (sh), 825 nm; FD-MS: m/z : 1062
[{Ni(TpiPr2)}2(O)]� , 1080 [M]� , 1106 [{Ni(TpiPr2)}2(m-CO3)]� , 1123
[M�CO2]� ; 1H NMR (270 MHz, [D8]toluene, RT): d�ÿ7.8, 0.9, 1.2, 1.3,
1.5, 1.8, 2.1, 2.9, 4.8, 8.0, 38.7, 39.6, 41.0, 42.2, 42.6, 45.3.


Thermolysis of 2dNi in the presence of H2O2 (formation of 6): An aqueous
solution of H2O2 (35 %, 0.1 mL, ca. 5 equiv) was added to a solution of 3 dNi


(214 mg, 0.197 mmol) in toluene (10 mL) at ÿ78 8C and the green solution
turned dark brown (i.e., formation of 2dNi). After being stirred for 1 h at
ÿ78 8C, the reaction mixture was warmed up to room temperature then the
solvent was removed in vacuo. The resulting yellow green solid was washed
with MeCN to afford 6 (91 mg, 84 mmol, 43 % yield based on 3 dNi).
Spectroscopic data: elemental analysis calcd (%) for C54H86N12O2B2Ni2: C
60.37, H 8.037, N 15.64; found: C 60.95, H 8.05, N 15.40; IR: nÄ � 2533 (BH),
1616 cmÿ1 (C�C); UV/Vis (toluene, 23 8C): lmax (e)� 417 (1020), 440 (sh,
800), 460 (sh, 550), 640 (46), 772 (480), 865 nm (30); FD-MS: m/z : 537, 1074
[M]� .


X-ray data collection and structural determination : Conditions (solvent,
temperature) for crystallization performed under Ar were as follows. 2 aNi ´
4CH2Cl2 (CH2Cl2, ÿ78 8C), 2aCo ´ 4 CH2Cl2 (CH2Cl2, ÿ30 8C), 2bCo ´
4CH2Cl2 (CH2Cl2, ÿ30 8C), 3 aNi,Co ´ 2 C6H6 (benzene, RT), 3 bNi ´ 4 CH2Cl2


(CH2Cl2, ÿ20 8C), 3 cNi,Co ´ 3 CH2Cl2 (CH2Cl2, ÿ30 8C), 5 ´ 2MeCN (MeCN/
THF, ÿ30 8C), 6 ´ 2MeCN ´ 2CH2Cl2 ´ H2O (MeCN/CH2Cl2, ÿ30 8C). The
crystals were sealed in thin-wall glass capillaries.


Diffraction measurements were made on a Rigaku RAXIS-IV imaging
plate area detector with MoKa radiation (l� 0.71069 �). Indexing was
performed from three oscillation images which were exposed for 5 min.
The crystal-to-detector distances were 110 mm. The data collections, except
for 3 cCo ´ 3 CH2Cl2, were carried out at ÿ60 8C. The data collection for
3cNi,Co ´ 3CH2Cl2 was completed at room temperature. Readout was
performed with the pixel size of 100� 100 mm. The data processing was
performed on an IRIS Indy computer.


Crystallographic data and the results of refinements are summarized in
Table 9. Structure analysis was performed on an IRIS O2 computer by
using the teXsan structure solving program package.[57] Neutral scattering
factors were obtained from the standard source.[58] In the reduction of data,
Lorentz and polarization corrections were made. The structures were
solved by a combination of the direct methods (SHELXS-86)[59] and
Fourier synthesis (DIRDIF).[60] Least-squares refinements were carried out
by using SHELXL-97[61] linked to teXsan. All the non-hydrogen atoms
except those of the disordered 5-iPr methyl groups and the solvent
molecules in 6 ´ 2 MeCN ´ 2CH2Cl2 ´ H2O were refined anisotropically.
Riding refinements were applied to all the methyl hydrogen atoms
[Uiso(H)� 1.2Uiso(C)], and the other hydrogen atoms [except those of the
hydroxo groups and the methylene hydrogens of the CH2Cl2 molecules in
3cNi,Co ´ 3CH2Cl2, and the hydrogen atoms attached on the sp2 carbon of the
enolate moiety of 6] were fixed at calculated positions. The position of the
hydrogen atoms of the hydroxo ligands in 3 aNi ´ 2 C6H6 and the enolate
group in 6 ´ 2MeCN ´ 2 CH2Cl2 ´ H2O were refined. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-165592 (2aNi ´ 4 CH2Cl2), CCDC-
165593 (2 aCo ´ 4 CH2Cl2), CCDC-165594 (2bCo ´ 4CH2Cl2), CCDC-165595
(3aNi ´ 2C6H6), CCDC-165596 (3 bNi ´ 4 CH2Cl2), CCDC-165597 (3cNi,Co ´


3CH2Cl2) , CCDC-165598 (3aCo ´ 2C6H6), CCDC-165599 (3 cCo ´ 3CH2Cl2),
CCDC-165600 (5 ´ 2 MeCN), CCDC-165601 (6 ´ 2MeCN ´ 2CH2Cl2 ´ H2O)
and CCDC-165602 (2 cNi ´ 6 THF). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Introduction


Having been neglected for all too long, radical reactions have
shown to be far more useful than their ªreputationº would
imply. Many mild methods for the generation of free radicals
in solution are now available making their reactions amenable
to very sensitive substrates. Stereoselective radical reac-
tions[1, 2] are now possible and commonplace for the con-
struction of complex molecular scaffolds.[3±5] Many radical
reactions can also be carried out in the environmentally
benign solvent water because the OÿH bonds of water are
exceptionally strong and are unlikely to be cleaved by the
typical radicals used in organic transformations.[6] Despite
these tremendous developments, some of the most important
radical reactions, namely in the selective functionalization of
alkanes have virtually been left out. The present paper
introduces a new concept combining radical chemistry
initiated by single-electron transfer (SET) with phase-transfer
catalysis.


Alkanes and their halogenation reactions with elementary
free radicals are usually introduced very early in organic
chemistry courses and textbooks so that it is often overlooked
that these transformations are neither particularly selective
nor broadly applicable. Fluorinations occur explosively and
are very hard to control; chlorinations and brominations are
more moderately exothermic but also lead to product
mixtures. As these halogenation reactions often are thermo-
dynamically driven, sensitive hydrocarbons undergo cracking,
isomerization, or oligomerization making this procedure very
often entirely useless for strained alkanes.[7] Iodinations of
unstrained aliphatic hydrocarbons with I2 are not possible
using this route due to their overall endergonicity (see below).
Hence, despite the fact that haloalkanes are some of the most
important industrial chemicals, the ways of making them from
alkanes are archaic, in part by choice (the chemicals for the
above reactions are cheap) but also because there were no
good alternatives.


Selective alkane functionalization[8±14] is generally difficult
because the products are almost inevitably more reactive than
the starting materials; the regioselectivities usually are rather
low as well with little discrimination of primary, secondary,


Selective Radical Reactions in Multiphase Systems:
Phase-Transfer Halogenations of Alkanes


Peter R. Schreiner,*[a] Oliver Lauenstein,[a] Ekaterina D. Butova,[b]


Pavel A. Gunchenko,[b] Igor V. Kolomitsin,[b] Alexander Wittkopp,[a] Gerald Feder,[a]


and Andrey A. Fokin*[b]


Abstract: The present paper shows that selective radical
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overfunctionalization of the products and simplifies the
workup; the selectivities are excellent and the yields are
good. This is the only method for direct preparative
iodination of alkanes applicable to large scale as well. We
demonstrate that the reaction systems are indeed phase-
transfer catalyzed through a systematic study of varia-
tions of the reactants, solvents, catalysts, and by measur-
ing as well as computing the H/D kinetic isotope effects
for the rate-limiting CÿH abstraction step by .CHal3


radicals which are held responsible for the observed
radical reactions. In the case of .CBr3, this key inter-
mediate could also be trapped under otherwise very
similar reaction conditions. To stimulate further work, the
tolerance of some functional groups was tested as well.
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and tertiary CÿH bonds. The present article describes a
nontraditional approach to this problem, namely the use of
phase-transfer catalysis.[15±20] The key idea is that the reactive
species are confined to a small interphase zone or are
transported with a phase-transfer catalyst.[21] Since the
products are of much lower concentration in the reactive
region, unselective over-functionalization is much less like-
ly.[22±24]


A typical PTC halogenation protocol involves a solution of
the desired alkane in an inert organic solvent (liquid alkanes


may also be used in excess without additional solvent) over a
highly concentrated basic solution (for instance, 50 % NaOH)
or solid base. A quaternary ammonium salt serves as the
phase-transfer catalyst to transport the reagents among the
phases. An arguably reasonable mechanistic proposal for our
reactions involves the hydroxide ion as the initiator species,
which may be extracted[16, 19, 20, 25±27] into the organic phase
where it is highly activated due to partial loss of its solvating
water molecules. As the first solvation shell of the hydroxide
ion requires about four to five water molecules,[28] even a 50 %
NaOH solution (stoichiometrically with about two water
molecules per one hydroxide ion) contains highly activated
OHÿ because of desolvation:[29, 30] in such solutions even allyl
benzene with a pKa of 34 can be deprotonated![31, 32]


A more extreme situation arises when the hydroxide is
bound to the catalyst at the interphase region or is even
transferred into the organic phase[18] where it apparently no
longer behaves as a typical base. Instead, it acts as a reducing
agent and transfers an electron to a strong electron acceptor
such as a tetrahalomethane which we presently employ in
some of our reactions (Scheme 1).


Scheme 1. Radical propagation cycle for the single-electron transfer
initiated production of CX3 radicals from CX4 and functionalization of an
alkane (RH).


Hence, the hydroxide ion reduces the tetrahalomethane in a
single-electron transfer step to the corresponding radical
anion (this reaction with CBr4 is 9.1 kcal molÿ1 exothermic
based on the heats of formation of all involved species[33]);
such electron transfer steps were proposed by Sawyer and
Roberts for reactions involving CCl4.[34] The tetrahalo-
methane radical anion dissociates in an equilibrium reaction
into halide and the trihalomethyl radical which abstracts
hydrogens from alkanes to produce alkyl radicals; these react
with unused tetrahalomethane to produce the respective alkyl
halide and a new chain-carrying CX3 radical. The haloform
produced from the abstraction step also re-enters the cycle by
base-initiated disproportionation[35±37] into tetrahalo- and
dihalomethane. Hence, the overall reaction products are the
halogenated alkane and dihalomethane. The latter could be
identified in the NMR spectra in the organic phase of
quenched reaction mixtures, but is, however, typically not
isolated in our experiments and usually reacts further to
unidentified higher molecular weight compounds. The work-
up procedure is usually very easy: the layers are separated, the


Abstract in German: Wir zeigen hier, daû selektive Radikalre-
aktionen in Mehrphasensystemen initiiert und durchgeführt
werden können. Dieses neue Konzept eignet sich zur Anwen-
dung auf die selektive Funktionalisierung nichtaktivierter
linearer, (poly)cyclischer, ungespannter sowie gespannter, ali-
phatischer Kohlenwasserstoffe. Im Mehrphasensystem wird die
Überfunktionalisierung vermieden und die Aufarbeitung ver-
einfacht; die Selektivitäten sind ausgezeichnet, die Ausbeuten
gut bis sehr gut. Der vorliegende Ansatz ist die einzige Methode
zur präparativen direkten Iodierung von Alkanen. Durch
systematische Variation der Reaktanden, Katalysatoren, Lö-
sungsmittel, sowie durch die experimentelle und rechnerische
Bestimmung der H/D kinetischen Isotopeneffekte zeigen wir
ferner, daû die vorliegenden Reaktionssysteme in der Tat
phasentransferkatalytisch und .CHal3 Radikale die H-abstra-
hierende Spezies im geschwindigkeitsbestimmenden Schritt
sind. Für die Bromierung konnte das .CBr3 Schlüsselinterme-
diat unter ansonsten identischen Bedingungen abgefangen
werden. Im Hinblick auf ein breiteres Anwendungsspektrum
wurde auch die Toleranz einiger funktioneller Gruppen unter-
sucht.
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aqueous layer is extracted with organic solvent and distillation
or column chromatography gives the product in high yield (up
to 92 %).


Discussion


Our PTC protocol allows the preparatively useful bromina-
tion and iodination of a wide variety of alkanes (Figure 1):
straight-chain (1), monocyclic (2), and polycyclic (e.g., 3 and
4) aliphatic hydrocarbons give the respective bromo- and
iodoalkanes with yields of up to 92 % (2, n� 1, Hal� I,
cyclopentyl iodide). Hence, apart from being a convenient
method for bromination, this is the only truly preparatively
useful iodination of alkanes.[38±41] An interesting finding is that
many base- and hydrolysis-sensitive substrates are stable
under these conditions. For instance, the elimination of HI or
hydrolysis of iodocyclohexane is very slow; tertiary substrates
eliminate more readily. This also supports our working
hypothesis that the hydroxide ion does not show its typical
base or nucleophile behavior when extracted into the organic
phase or at the phase boundary.


Chlorinations with CCl4 are also possible under similar
conditions but were thus far only realized for some special
alkanes such as adamantanes and cubanes.[42] These trans-
formations are much slower than the brominations or
iodinations due to the increased stability of CCl4.


The reactivity order is typical for reactions involving alkyl
radicals: tertiary CÿH bonds are broken most readily,
followed by functionalization of methylene groups; longer
(n� 4) straight-chain alkanes give mixtures of secondary
haloalkanes. As trihalomethyl radicals are relatively bulky,
the site of abstraction also depends highly on steric demand
and not necessarily on the stability of the radical formed. For
instance, the 2-adamantyl radical has about the same thermo-
dynamical stability as the bridgehead radical,[43] but the latter
is sterically much less hindered. Hence, bulkier radicals
should only abstract from the tertiary position, and the ratio
of 1- to 2-haloadamantane products can directly be related to
the steric demand of the abstracting radical. The behavior of
.CBr3 and the sterically even more demanding .CI3 is
contrasted to that of bromo-, trichloromethyl-, and CH2Br
radicals in Table 1.


Non-activated methyl groups are never attacked in these
reactions; toluene can be functionalized but isolation of the
resulting benzyl halides from these PTC mixtures is difficult.
Most remarkable is that strained hydrocarbons such as 2,4-
didehydroadamantane (product 5) or cubane (products 6 and
8) can also be halogenated with conservation of the cage
(Figure 1),[42] in marked contrast to the halogenation reactions


Figure 1. Range of halogenation reactions under phase-transfer catalysis.
The yields for these compounds are in the range of 11 ± 92%; Hal�Br, I;
Hal'�F, Cl, Br, I; Hal''�Cl, Br, I.


of these substrates with halogen radicals.[44, 45] This is due to
fact that the hydrogen-abstracting species, .CX3, is a carbon-
centered radical which typically does not cleave CÿC bonds
(see below). Dihalogenations with either the same or a
different halogen (7 and 8) are also possible showing that
exchange (as often found for halogen radicals)[37] does not
occur. This again contrasts typical halogen-radical trans-
formations where selectivities are much lower and over-
functionalization sometimes leading to inseparable product
mixtures may become a problem.


Our mechanistic hypothesis is supported by several key
findings. First of all, we were able to show that the rate-
determining step indeed involves the abstraction of a hydro-
gen atom by trihalomethyl radicals by comparison of exper-
imentally determined and computed kinetic isotope effects
(KIEs).[24] These KIEs for cyclohexane and adamantane are
around 5 (in contrast to, for instance, radical bromination of
cyclohexane with Br. which gives a KIE value of about 2.4[46]


or 4[47]) and show that the transferred hydrogen atom lies
about half-way between the carbon centers in the transition
structures (TS 1 and TS 2, Figure 2).[24] This is also in line with
our findings that cubane and other highly strained hydro-
carbons could be functionalized without cage opening or
rearrangement due to the stabilized nature and steric demand
of trihalomethyl radicals.[42]


The CBr3 radical could be captured by bismethylene
compound 9[48] which serves as an ªinternalº trap[49] for the
incipient radical upon addition of the trihalomethyl radical
to the terminal end of one of the methylene groups
(Scheme 2).[24] We note that 9 is easy to prepare and a


Table 1. Regioselectivities for the halogenations of adamantane using
bromo-, bromomethylene, tribromomethyl, and triiodomethyl radicals.


Radical source Initiation Reactivity ratio of
/radical 1-/2-adamantane CÿH bonds[b]


Br2/Br. hnÄ 5.58[53]


NBS/Br. hnÄ 5.82[54]


CH2Br2/
.CH2Br DBPO[a] 9.00[53]


CCl4/
.CCl3 AIBN 17.2


CCl4/
.CCl3 DBPO 22.3[53]


CCl4/
.CCl3 PTC 28.5


CBr4/
.CBr3 PTC 30.1


CI4/
.CI3 PTC 132.0


[a] DBPO�dibenzoyl peroxide; [b] statistically corrected for number of
CÿH bonds.
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particularly useful radical trap which can potentially also be
used to estimate approximate lifetimes by measuring the
distribution between noradamantane and adamantane prod-
ucts; the latter appear as a very minor quantity in the
experiment depicted in Scheme 2.


Br


CBr3


solid NaOH, CBr4,


CH2Cl2


9 10 (50%)


Scheme 2. Trapping of the CBr3 radical under PT conditions.


The PTC halogenations are strongly solvent dependent
(Figure 3), and seem to be favored in more polar media
(compare the reactions in benzene and 1,1,1-trifluoromethyl
benzene, TFT), probably due to the increased solubility of
polar components (catalyst, water) in the organic layer.[50] The
reactions can also be carried out in chlorobenzene, 1,3-
ditrifluoromethyl benzene, and methyl tert-butyl ether. Meth-
ylene chloride seems to play a special role as the reactions


Figure 3. Solvent dependence of the bromination of adamantane under
phase-transfer conditions; TBABr� tetra n-butyl ammonium bromide,
TFT� 1,1,1-trifluoromethyl benzene, PhF� fluorobenzene, cat.� phase-
transfer catalyst.


with phase-transfer catalyst are
only marginally faster than
those without, and because this
solvent actively participates in
the mechanism as evident from
a small amount of chloro prod-
ucts formed (X3 % at low CBr4


concentrations). The effect of
the catalyst is far more pro-
nounced in all other solvents
tested. For further mechanistic
studies we therefore utilized
fluorobenzene as our solvent
of choice because the reactions


are reasonably fast, catalyst-dependent, and cleaner than with
methylene chloride. For high-yield reactions we recommend,
however, higher-boiling solvents such as TFT or chloroben-
zene.


The conversion rate of adamantane in the course of the
PTC bromination in fluorobenzene clearly depends on the
NaOH concentration (Figure 4). These reactions can, of
course, also be initiated by other bases (Li, K, Cs, Ba
hydroxides), with a continuous increase in reactivity for the
alkali hydroxides with increasing solubility in water, that is,
growing cation radius.[51] The reactions can also be initiated
with aqueous NaOAc but are considerably slower due to the
much smaller amount of hydroxide ions present. Remarkably,
NaClO3 also triggers the bromination of adamantane under
otherwise identical conditions (assuming a similar mecha-
nism); of course, the chlorate radical also is an oxidizer but
this reaction seems to play a minor role because the reaction
time and product purity in the case of adamantane is quite
comparable to that of the reactions with NaOH.


Figure 2. Structural presentations for the abstraction of a hydrogen atom from an equatorial position of
cyclohexane (TS 1) and a tertiary position of adamantane (TS 2) with CBr3 (first entry) and CI3 (in parentheses)
radicals, along with the experimental and computed (B3LYP/6-31G** (3-21G* on iodine)) kinetic isotope effects
at 296 K.


Figure 4. Base concentration dependence of the bromination of adaman-
tane under PT conditions.\, 0% aq. NaOH; ^, 10% aq. NaOH; !, 25%
aq. NaOH; ~, 50% aq. NaOH.
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The catalyst plays a decisive role for the title reactions in
fluorobenzene (Figure 5). As the initial rate of conversion is
faster with increased alkyl chain lengths for the three
tetraalkyl ammonium salts examined (ethyl, n-butyl, and n-
octyl ammonium bromide), transfer of the key reactants
across the phase boundary must play an important role and
hints to an extraction mechanism.[18] Although tetra-n-octyl
ammonium bromide (TOctABr) displays the highest initial
rate, the catalyst activity is reduced in the course of the
reaction probably due to functionalization or Hofmann
degradation of the catalyst under the strongly basic condi-
tions; this is enhanced for longer alkyl chain lengths in the
ammonium salts due to increased solubility in the organic
phase. Hence, we found that tetra-n-butyl ammonium bro-
mide (TBABr) is most suitable in these transformations, and
we used this catalyst for all other mechanistic studies. The
TBABr concentration dependence for the bromination of
adamantane (Figure 6) further emphasizes that these reac-
tions are indeed phase-transfer catalyzed.


Although we initially focused on alkanes only, we have
begun studying functional group tolerance in the functional-
ization of unactivated compounds utilizing our new PTC
method. As adamantane derivatives were studied most
extensively (but not exclusively) and are ideal model sub-
strates for these types of studies, we examined the reactions of
ethers, non-enolizable keto-derivatives, phenyl- and phenoxy-
adamantane (11 ± 18) under conditions very similar to the
ones described above (Figure 7). Several important functional
groups are tolerated; the halogenation of ketals (13) is
particularly encouraging because ketones can thus be protected
and functionalized in positions more remote than Ca . Halogens
can also be introduced in phenyl group containing alkanes
without attack of the aromatic ring (17 and 18) which nicely
complements electrophilic aromatic substitution chemistry.


Concluding Remarks and Future Directions


Radical reactions can efficiently be carried out under phase-
transfer conditions in a controlled and selective fashion. Here
we have shown a first example of this concept applied to the
functionalization of alkanes. Thus, haloalkanes can be syn-


thesized conveniently from un-
activated saturated hydrocar-
bons with good to excellent
preparative yields utilizing se-
lective radical reactions likely
to be initiated by dissociative
single-electron transfer under
phase-transfer conditions. Lin-
ear, branched, and (poly)cyclic,
strained as well as unstrained
aliphatics can be halogenated
with high selectivities without
rearrangement or fragmenta-
tion. The multiphase system
avoids overfunctionalization of
the products and simplifies the
workup; the synthetic protocol
is simple yet efficient and safe
enough to be carried out in
undergraduate labs where it is
currently already in use for
instructional purposes at sever-
al universities.


We are presently examining
the possibilities for enantiose-


Figure 5. Bromination of adamantane with CBr4 under PT conditions with different catalysts; \, TEtABr�
tetraethyl ammonium bromide, !, TBABr� tetra-n-butyl ammonium bromide, ^, TOctABr� tetra-n-octyl
ammonium bromide, and ~, TEBACl� triethylbenzyl ammonium chloride.


Figure 6. Catalyst concentration dependence of the bromination of
adamantane in fluorobenzene under phase-transfer conditions. \,
0 mol %; !, 1 mol %; ^, 5 mol %; ~, 10 mol %; *, 20 mol %.
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lective alkane CÿH bond functionalization by using chiral
bases (e.g., alkoxides), chiral halogen-transfer reagents, or,
and this is the most promising avenue, chiral PTC catalysts.[52]


With the design of new sterically well-defined PTC catalysts
we also hope to achieve regioselectivities for activating
thermodynamically less favored CÿH bonds which could
otherwise not be functionalized. Our studies on functional
group tolerance also are on-going and promise access to new
or otherwise far less easily accessible starting materials of high
synthetic value.
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Abstract: Copper(ii) 3',4'-bis(N,N'-oxa-
mato)terthiophene has been synthesized
and electropolymerized. The copper(ii)-
complex centers are not affected by the
polymerization process, which involves
coupling between Ca carbon atoms of
the terthiophene units and leads to a
new conjugated polymer consisting of
polythiophene chains bearing bis(oxa-
mato) ± CuII groups regioregularly graft-
ed onto the polymer backbone. The
polymer is stable with respect to poly-
thiophene electroactivity, and no de-
metallation or modification of the Cu


oxidation state occurs over a large
potential range. In this material, the
two moieties exhibit direct electronic
interaction, which makes it possible to
use the conductive polymer backbone as
a molecular wire or a nanocontact
capable of inputting to the bis(oxama-
to) ± CuII groups through the polythio-


phene-switching reaction. FTIR, XPS,
and XAS spectroscopies have been used
to study the effect of the state of the
conducting polymer upon the properties
of the copper(ii) center (electron density,
ligand field strength, size of cavity, force
constants of some bonds). These proper-
ties can be controlled to some extent by
the potential applied to this device.
From the point of view of the copper(ii)
center, this effect is similar to the graft-
ing of substituents with various elec-
tronic properties.


Keywords: conducting materials ´
electrochemical switching ´ EXAFS
spectroscopy ´ molecular electronics
´ polythiophene


Introduction


In the field of materials science, conducting polymers have
attracted great interest for both fundamental and potential
applications. The grafting of a transition metal complex onto a
conductive polymer backbone has been widely used in order
to add a specific function to the material.[1] When the metal
complex is separated from the backbone by a saturated spacer
there is no direct electronic interaction between the two parts
and any interaction is mainly steric. In contrast, when the
polymer is functionalized through a conjugated spacer the


complex is in direct electronic communication with the p-
conjugated backbone, and the interaction between the two
subunits of the material modifies their properties.[2±10]


Several studies devoted to such materials have focused on
the influence of conjugated grafted groups upon the con-
ductive backbone. Ruthenium has been used to enhance the
photosensitivity of the parent organic polymer.[2] Poly(phe-
nylenevinylene) that incorporates 2,2'-bipyridine units has
been studied, and conformational changes of the backbone
upon coordination of metal ions demonstrated.[3] Applica-
tions of this material in capting devices were proposed.
Electrochromic materials, with colors unique to each metal,
have been reported.[4]


Other studies have focused upon the use of the conjugated
polymer backbone to promote electron transfer between
metal centers. Yamamoto et al. reported the synthesis of
poly(bipyridine) (poly(bpy)) and post-metallation with RuII,
NiII, and CuI.[5] They showed that even though post-metal-
lation is somewhat inefficient, the conductivity of poly-
(bpy)Ru is several orders of magnitude higher than that of
poly(bpy). Furthermore, they interpreted electrochemical
broadening of the RuIII/RuII redox peak as evidence for
electronic interactions between ruthenium through the poly-
(bpy) backbone. However, no such effect was seen in later
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studies dealing with the same type of structure.[6, 7] Zotti et al.
compared ferrocene-substituted polythiophenes in which the
ferrocene units are separated from the conductive backbone
by a saturated or a conjugated spacer.[8] They found that the
hopping rate between ferrocenes is increased by conjugation.
Pickup et al. demonstrated that electron transfer between the
metal center in Ru(bpy)2poly(benzimidazole) is assisted by
the conjugated polymer backbone.[9] Swager et al. studied
polymetallorotaxanes and demonstrated that the matching of
the polymer and CuII/CuI redox potentials in one of their
structures resulted in a CuII/CuI contribution to conductiv-
ity.[10] Vidal et al. connected several conducting chains around
a metal center in an intertwined structure through self-
assembling properties by using oligothiophene-substituted
phenanthroline and copper(i).[11] Even though they ran into
severe demetallation problems in some of their structures,
they showed that copper(i) enhances the macroscopic con-
ductivity by one order of magnitude in one of their materials
in which the redox process of the metal and that of the
oligothiophene are close in potential.


The influence of the conductive backbone upon the
properties of conjugated grafted groups has received little
attention[12±17] and it is only recently that Wrighton et al.[12]


demonstrated for poly[5,5'-(2-thienyl)-2,2'-bithiazole] a fre-
quency dependence of a polymer-coordinated functional
group (a metal carbonyl) upon the potential applied to the
material. More recently, we have shown that the electron
density of a phenyl group can be modulated in poly(N-
phenylpyrrole), whereas no such effect is seen with poly(N-
benzylpyrrole),[13] and we demonstrated that the p-electron
density and the size of the complexing active center in
poly[3',4'-bis(N,N'-ethyloxamyl)terthiophene] depend on the
applied potential.[14] Li et al.[15] showed that the pKa of poly(3-
thiophene acetic acid) can vary by pH� 3. Finally, Higgins
et al. have discussed the use of conductive polymers in order
to generate redox-switchable hemilabile ligands.[16] In all these
studies, the nature of the grafted groups (redox state, chemical
composition, etc.) is unchanged, but their properties are
modified by the switching reaction of the polymer backbone.
This reaction allows macroscopic control (through the applied
potential) of the p-electron density of the backbone, and these
modifications are transmitted to the grafted active center
through conjugation, as depicted in Scheme 1.[17] From the
active center point of view, the effects are similar to grafting
substituents with various electronic effects.[13]


This strategy fits in the grow-
ing field of electrochemical
switching,[18] which is widely
applied in supramolecular
chemistry as an easy means of
controlling the molecular archi-
tecture of redox-active supra-
molecular systems. It is applied
in this paper to the field of
transition metal complexes. The
properties of such a molecular
structure are mainly controlled
by the ligand field, the strength
of which varies with the


Scheme 1. Schematic representation of a conducting polymer operating as
a ªswitchable electrochemical connectorº for the control of the molecular
properties of grafted transition metal complexes (active site).


s-donating, p-donating, and p-withdrawing characters of the
ligands. Herein, we show that using conductive polymers as
nanowires to connect transition metal complexes makes it
possible to control the ligand p-electron character and to tune
some properties of the complex by a physical macroscopic
command (i.e. , the potential applied to the material) instead
of chemical substitution.


Results and Discussion


The monomers used in this study are 3',4'-bis(N,N'-ethyl-
oxamyl)terthiophene (EOAT) and the corresponding cop-
per(ii) 3',4'-bis(N,N'-oxamato)terthiophene complex (OAT-
Cu). This consists of an electropolymerizable terthiophene
group and a complexing cavity or a complex functional group
directly grafted onto the central thiophene unit. Electronic
interaction between the chelating unit and the polymeric
chain is thus assured, whereas steric effects induced by the
chelating cavity are minimized. These molecules are obtained
by a multistep synthesis (Scheme 2), the various intermediates
of which are substituted thiophene derivatives. Among
transition metals, copper(ii) was chosen in order to separate
the polymer backbone redox properties from that of the
coordinated metal center; this which makes it possible to
switch the polythiophene moieties of the material without
changing the redox state of the copper. Furthermore, poly-
merization of the copper(ii) complexes has been preferred to
post-complexation of the parent organic polymer in order to
avoid partial metallation.[5]


Scheme 2. Synthetic route to the OAT-Cu complex.
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Electrochemical behavior of the monomer and polymer
characterization


An irreversible oxidation peak at 1.1 V is observed during the
anodic sweep of a solution of OAT-Cu (10ÿ3m in H2O with
0.1m LiClO4, 50 mV sÿ1). Organic monomer EOAT presents a
similar oxidation peak that was attributed to terthiophene
oxidation yielding a very reactive radical cation.[14] The
presence of a copper ion within the chelating cavity does
not significantly affect the oxidation potential of the terthio-
phene units, in agreement with reference [19].


During successive cycles between 0 and 1.0 V of a 10ÿ2m
solution of OAT-Cu (in H2O with 0.1m LiClO4), growth of an
electrochemical response in the 0 ± 0.8 V range is observed.
This indicates that an electroactive material is deposited on
the electrode. This film is only slightly electroactive in water;
nevertheless, film growth remains regular, and the thickness
of the layers deposited can be controlled by the number of
cycles used during electrosynthesis.


Electroactivity : The electrochemical behavior of the film was
studied in acetonitrile that contained 0.1m LiClO4. During the
first cycles, the electroactivity is very weak but grows quickly
until stabilization occurs and well-defined reversible peaks
centered at 0.55 V are observed. The low electroactivity in an
aqueous medium can be explained by the hydrophobic
character of the polythiophene chains, and its increase in
acetonitrile by the progressive incorporation of this solvent in
the polymer. The current peak intensity varies linearly with
the scan rate, indicating that the electrochemical response is
not diffusion-limited.


UV-visible spectroscopy : The lmax (363 nm) for OAT-Cu is
12 nm higher than that of EOAT (351 nm); this shows that
CuII complexation induces an increase in the monomer
conjugation length. In contrast, poly(OAT-Cu), synthesized
in the potentiodynamic mode on a semitransparent ITO
electrode and reduced at 0 V for 20 minutes, has an intense
absorption band at 443 nm, that is, 44 nm below that of
reduced poly(EOAT).[14] The poly(OAT-Cu) conjugation
length is, therefore, lower than that of poly(EOAT), suggest-
ing that the polymer chains are shorter in the former.
Nevertheless, the poly(OAT-Cu) lmax remains significantly
greater than that of polyterthiophene or sexithiophene, which
indicates that the electropolymerization process does not stop
after radical-cation dimerization. CuII d!d transitions are
not observed because of the huge differences in the molar
extinction coefficients associated with this band (e�
100mÿ1 L cmÿ1) and that of the p!p* polythiophene back-
bone (e� 105mÿ1 Lcmÿ1). This prevents the use of this
technique to measure the strength of the ligand field.


IR spectroscopy : Infrared spectra of poly(OAT-Cu), synthe-
sized in the potentiodynamic mode, have the poly(thiophene)
vibration bands[20] and those characteristic of the complexed
oxamato-grafted groups.[21, 22] The ratio of the intensities of
the 691 and 754 cmÿ1 vibration bands decreases upon
polymerization (Figure 1); this indicates that polymerization
involves the Ca carbon atoms of the terthiophene units.[20] The


Figure 1. FTIR spectra of the OAT-Cu complex (in KBr) in the trans-
mission mode (dashed line) and poly(OAT-Cu) films deposited on a Pt
electrode from aqueous 10ÿ1m LiClO4 and 10ÿ2m OAT-Cu, polarized at 0 V
(reduced form), in the reflection mode (solid line). Inset: close-up of the
825 ± 670 cmÿ1 region.


complexed oxamato groups are characterized by two intense
bands at 1626 and 1695 cmÿ1, which are associated with the
complexed amide and carboxylate C�O stretching, respec-
tively. These two bands are at around 1700 and 1760 cmÿ1 for
poly(EOAT)[14]Ðquite different from those of poly(OAT-Cu).
According to several studies,[22] this frequency shift can be
associated with CuII complexation. These two vibration bands
are located at similar frequencies in the OAT-Cu monomer (in
the form of a single broad band), which suggests that the
complexing groups are not affected by polymerization. More-
over, no IR bands at 1700 and 1760 cmÿ1 are observed in
poly(OAT-Cu); this indicates that demetallation does not
occur during electropolymerization.


X-ray photoelectron spectroscopy (XPS): XPS enabled us to
obtain precise information on the film stoichiometry. In
particular, the copper/monomer ratio can be measured, and
analysis of each signal provides indications about the poly-
mer-doping level and the oxidation state of the copper.


The elemental stoichiometry of poly(OAT-Cu) surface
layers is reported in Table 1, and compares well with that of
the monomer and with the theoretical ratios calculated for an


assumed elemental stoichiometry of C16CuN2Na2O6S3. The
good agreement between theoretical and experimental results
shows that the oxamatoterthiophene ± copper structure is
unchanged by electropolymerization. The only difference
between the OAT-Cu monomer and poly(OAT-Cu) lies in the
Na� signal. Indeed, the Na�/Cu ratio is almost zero in the
polymer and reveals counter-ion exchange during polymer-
ization; Na� is probably replaced by H�.


Table 1. Experimental XPS ratios for poly(OAT-Cu) films in the reduced
form (polarized at 0 V) compared to theoretical ratios for an empirical
formula of C16CuN2Na2O6S3.


C : N C : S C : O C : Cu Na : Cu


experimental ratios 7.7 5.4 2.8 16.1 e


theoretical ratios 8.0 5.3 2.7 16.0 2.0
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Moreover, no decomplexa-
tion during successive cycles in
the electrolytic medium is ob-
served. The film can be polar-
ized at various potentials with
no copper(ii) loss, indicating
that poly(OAT-Cu) is stable
with respect to the polymer
backbone electroactivity.


The C1s carbon signal has
three principal components.
The band at 285 eV (Ca, 70 %
of the total signal) is due to
aromatic carbon atoms and the
two other bands located at 287.2
(Cb) and 288.8 eV (Cc) are as-
sociated with amide (NÿC�O)
and carboxylate (OÿC�O) car-
bon atoms,[23] respectively
(15 % each of the total signal).
Components Cb and Cc have
similar binding energies and
percentages of the total signal
in the OAT-Cu monomer; this
confirms that the chelating cav-
ity is not changed by polymer-
ization. The sulfur signal in
reduced poly(OAT-Cu) consists
of a single S2p(I) doublet at
163.9 and 165.0 eV. A weaker
S2p(II) doublet at 165.4 and
166.4 eVappears in the oxidized
polymer. The latter is associat-
ed with oxidized sulfur atoms,
and makes it possible to deter-
mine the doping level by calculating the IS2p(II)/IS2p(total) ratio. A
value of 14 % for poly(OAT-Cu) is obtained. The XPS Cl2p


signal (perchlorate) is seen in the oxidized polymer, but not in
the reduced polymer; this indicates that perchlorate is
inserted in the film upon oxidation. Furthermore, ICl2p


/IS2p
for


an oxidized film gives 16 %, which is in good agreement with
the doping level determined by the sulfur signal, but is
significantly lower than that obtained for poly(EOAT).[14]


Copper and nitrogen XPS signals are not stable over time
(Figure 2) because of the photoreduction of copper(ii) to
copper(i); this occurs in the XPS chamber and has already
been widely studied.[24] Indeed, the nitrogen signal exhibits
two bands at 399.1 and 400.7 eV associated with neutral and
oxidized nitrogen, respectively (Figure 2). The first band is
stronger when the nitrogen signal is taken at the beginning of
the experiment, whereas the second increases relatively when
the nitrogen signal is taken after the other element analysed.
A similar evolution is seen in the copper signal, which consists
of two bands at 935 (Figure 2) and 955 eV (not shown)
accompanied by satellites corresponding to CuII when this
element is analysed before the others. However, bands at
932.7 (Figure 2) and 952.5 eV (not shown) associated with CuI


appear during the accumulation and can become predominant
when the copper signal is recorded at the end of the


experiment. These variations can be minimized by using a
low temperature or choosing the order of accumulation.
Under the latter conditions, XPS signals reveal that most of
the copper atoms are in the �2 oxidation state and that
nitrogen atoms in the reduced polymer (399.1 eV) do not bear
positive charges. A further confirmation of the oxidation state
of copper is provided by XANES spectroscopy.


X-ray absorption near-edge structure (XANES) spectrosco-
py: The lack of a single crystal of OAT-Cu and the poor
crystallinity of the corresponding polymer means that it is not
possible to obtain structural information by X-ray diffraction
techniques. Therefore, we studied the XANES and EXAFS
(extended X-ray absorption fine structure analysis) spectra of
monomer and polymer samples in order to probe the copper
oxidation state and, to some extent, the geometry of the
copper atom in both structures. Figure 3 displays normalized
XANES spectra at the copper K edge for the monomer, OAT-
Cu (a), and the reduced polymer, poly(OAT-Cu) (b).


Two facts emerge from this figure:
* The two spectra are almost identical with respect to their


shape and transition energies.
* Both edges are typical of CuII complexes with a very weak


1s! 3d pre-edge feature and an absorption edge centered


Figure 2. Evolution of the XPS signals for poly(OAT-Cu) in the reduced form as a function of the time of
exposure of the sample to the X-ray radiation: a) N1s-core line spectrum recorded after 90 min, b) N1s-core line
spectrum recorded immediately, c) Cu2p3/2


-core line spectrum recorded after 90 min, and d) Cu2p3/2
-core line


spectrum recorded immediately.
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at �8990 eV.[25] Peaks characteristic of CuI below 8985 eV
are not detected.[25b]


The similarity of the two spectra is the most important
feature and clearly shows that copper(ii) atoms are in a similar
environment in both structures. Furthermore, both spectra
exhibit the characteristic shoulder of copper(ii) in an elon-
gated tetragonal surrounding on the low-energy side of the
edge.[25, 26] The energy gap between this shoulder and the pre-
edge is equal to 8.6 eV, a value that gives an estimate for the
destabilization of the 4pz metal orbital, z being the elongation
axis.[25c, 26] This value is similar to that found in [MnCu-
(obbz)] ´ H2O (obbz� oxami-
dobis(benzoato)), that is,
8.6 eV.[27] It has been suggested
that, in elongated tetragonal
copper(ii) complexes, the fur-
ther the apical site is from the
metal ion, the more displaced
toward the low energies is this
shoulder.[25c] In the present
case, the copper(ii) ion appears
to be in an essentially square-
planar D4h environment. The
axial ligands, if any, are far from
the metal.


Extended X-ray absorption fine
structure analysis (EXAFS):
Using the crystal structure[28] of
[MnCu(opba)(dmso)3] (opba�
o-phenylenebis(oxamato)) in
which the copper(ii) complex-
ing cavity is similar to that of
OAT, we have calculated the
FEFF EXAFS signal of OAT-
Cu with either single scattering
paths only or the inclusion of
multiple scattering contribu-
tions. Figure 4 shows the mod-
ulus and imaginary part of these
calculated Fourier transform


spectra. It appears that up to 2.7 �, multiple scattering may
be neglected. Hence, the simulations for all samples have
been carried out using the single-scattering model.


Monomer : For the monomer, the signal/noise ratio makes it
possible to use an EXAFS domain up to 13 �ÿ1 and to
generate the corresponding Fourier transform in k3 between 2
and 13 �ÿ1, thanks to the transmission mode. The k space
experimental EXAFS signal kc(k) versus k at the copper K
edge for the monomer, and the corresponding Fourier trans-
forms, are given in Figure 5a and Figure 6a, respectively.


Figure 5. Experimental EXAFS k space spectra: a) OAT-Cu complex in the transmission mode (room
temperature), and b) poly(OAT-Cu) films in the reduced form (polarized at 0 V) in the total-electron-yield
mode (80 K).


Figure 6. Fourier transforms of the EXAFS signal (k3c(k)) at copper K edge: a) OAT-Cu complex in the
transmission mode (room temperature), and b) poly(OAT-Cu) films in the reduced form (polarized at 0 V) in the
total-electron-yield mode (80 K).


Figure 4. Modulus and imaginary part of the calculated Fourier transforms
at copper K edge of [MnCu(opba)(dmso)3].[28] EXAFS signal from single
(dashed line) and multiple (solid line) scattering paths.


Figure 3. Normalized XANES spectra at copper K edge for: a) OAT-Cu
complex in transmission mode (room temperature), and b) poly(OAT-Cu)
films in the reduced form (polarized at 0 V) in the total-electron-yield
mode (80 K).
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The Fourier transform spectra are composed of three main
peaks. According to the structure expected for these materi-
als, it can be proposed that the first peak corresponds to the
two nitrogen and the two oxygen atoms from the oxamato
ligands, and the second to the six carbon atoms belonging to
the oxamato ligands and to the thiophene unit to which the
complexing cavity is attached. The third peak, above 2.7 �,
corresponds to multiple scattering contributions, as evidenced
by the calculated FEFF EXAFS signal (Figure 4).


The number and postulated nature of neighbors, the
neighbor distances, the Debye ± Waller factors, and the other
parameters resulting from the quantitative analysis (from ab
initio amplitude and phase functions j fi(k,Ri) j and jfi(k,Ri) j
calculated by the FEFF 7 code[29]) of EXAFS data for the
three first coordination spheres of the monomer at the copper
K edge are given in Table 2, and the non-phase-shift-corrected


Fourier transform modulus of the experimental data (solid
line) is compared with that of the refined theoretical signal
(dashed line) in Figure 7a.


Within the framework of the single-scattering approach, the
EXAFS signal is reasonably fitted if one assumes that CuII


ions are surrounded by two nitrogen, two oxygen, and six
carbon atoms with average CuÿN, CuÿO, and CuÿC bond
lengths of 1.93, 1.98, and 2.75 �, respectively, with a least-


squares fitting parameter of 4 % for OAT-Cu. For comparison,
in [MnCu(pba)(H2O)3] ´ 2 H2O (pba� 1,3-propylenebis(oxa-
mato)) the CuÿO and CuÿN bond lengths were found to be
1.990 and 1.933 � from X-ray diffraction,[30] whereas EXAFS
experiments on [MnCu(obbz)] give a mean Cuÿ(O,N) bond
length of between 1.93 and 1.95 �, depending on the number
of aquo ligands in the coordination sphere of the CuII.[27] Our
values for the Cuÿ(O,N) bond lengths in OAT-Cu and
reduced poly(OATCu) are in agreement with these stud-
ies,[27, 28, 30] and the use of the calculated FEFF EXAFS phase
and amplitude makes it possible to separate CuÿO and CuÿN
bond lengths in the fitting procedure, even though the
contributions of these atoms are not resolved in the EXAFS
Fourier transform.


Reduced polymer : Attempts to grow thick films that can be
peeled off the electrode for EXAFS study in the transmission
mode failed. Therefore, the polymer samples were studied as
thin films in the total-electron-yield mode. As a consequence,
the signal-to-noise ratios are much smaller than that of the
monomer and the Fourier transforms in k3 are taken between
2 and 11 �ÿ1. Figure 5b displays the k space experimental
EXAFS spectra kc(k) versus k at the copper K edge for the
reduced polymer and the corresponding Fourier transforms
are given in Figure 6b. The similarity of the experimental
kc(k) values and the Fourier transform modulus, when
compared to that of the monomer, calculated in the same
conditions, demonstrates that the local structure of the CuII


ion is almost the same for both compounds. Therefore, there is
the same number of nearest neighbors in both compounds.
Within the framework of the single-scattering approach, the
reduced polymer EXAFS signal is reasonably fitted (see
Table 2 and Figure 7b) if one assumes that CuII ions are
surrounded by two nitrogen, two oxygen, and six carbon
atoms with average CuÿN, CuÿO, and CuÿC bond lengths of
1.95, 1.99, and 2.76 �, respectively, with a least-squares fitting
parameter of 7 % for OAT-Cu when the ab initio amplitude
and phase are used.[29] Distance variations between the
monomer and reduced polymer are thus below the intrinsic
imprecision of EXAFS.


From the complete analyses
of the XANES and EXAFS
data, it is now possible to de-
scribe the structure of the mono-
mer and the corresponding
polymer and to state that the
topography of the metal coor-
dination sites is not perturbed
by polymerization. Poly(OAT-
Cu) consists of polythiophene
chains bearing bis(oxamato) ±
CuII groups regioregularly
grafted onto the polymer back-
bone, as depicted in Scheme 3.
Copper atoms are in a local D4h


geometry and in a�2 oxidation
state. They are surrounded by
two oxygen and two nitrogen
atoms as first neighbors, and by


Table 2. EXAFS results at the Cu K edge for the OAT-Cu complex and
poly(OAT-Cu) films polarized at 0 V (reduced form) and 0.9 V (oxidized
form).


N R [�] s [�] G [�ÿ2] 1(%)


OAT-Cu complex CuÿN 2 1.93 0.03 0.9 4
CuÿO 2 1.98 0.04 0.9
CuÿC 6 2.75 0.08 0.9


reduced poly(OAT-Cu) CuÿN 2 1.95 0.02 0.8 7
CuÿO 2 1.99 0.04 0.8
CuÿC 6 2.76 0.09 0.8


oxidized poly(OAT-Cu) CuÿN 2 1.95 0.03 0.8 4
CuÿO 2 1.99 0.03 0.8
CuÿC 6 2.72 0.09 0.8


Figure 7. Comparison of non-phase-shift-corrected Fourier transforms of the experimental data (solid line) with
that of the refined theoretical signal (dashed line): a) OAT-Cu complex in the transmission mode (room
temperature), and b) poly(OAT-Cu) films in the reduced form (polarized at 0 V) in the total-electron-yield mode
(80 K). (Note that the differences in amplitudes and widths of the various peaks observed when comparing the
spectra of the two samples (monomer and polymer) are the result of differences in temperature used for the
experiments: at room temperature, the Debye ± Waller factor, which accounts for thermal vibration and static
disorder, is greater than at low temperature; this induces a broadening of the whole peak.)







Electrochemical Switching 5029 ± 5040


Chem. Eur. J. 2001, 7, No. 23 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5035 $ 17.50+.50/0 5035


Scheme 3. Representation of poly(OAT-Cu) based on spectroscopic
analyses.


six carbon atoms as second neighbors. In this material, it is
possible to switch the polythiophene backbone from its
reduced (insulating) state to its oxidized (conducting) state.
The polymer is stable with respect to polythiophene electro-
activity, and no demetallation or modification of the Cu
oxidation state occurs over a large potential window.


Controlling the molecular properties of the grafted copper(ii)
complexes by means of the polythiophene switching reaction


In poly(OAT-Cu), the two moieties of the material have a
direct electronic interaction, which makes it possible to use
the conductive polymer backbone as a molecular wire or a
nanocontact capable of inputting to the bis(oxamato) ± CuII


groups through its switching reaction. The following part of
this work will be devoted to the study of the influence of the
redox state of the polymer backbone upon the electronic
properties of the copper(ii) and the bis(oxamato)-complexing
cavity. In order to do so, the films have been polarized at
various potentials and the physicochemical responses of the
complex have been studied by means of IR, XPS, XANES,
and EXAFS spectroscopies. A similar study on poly(EOAT)
showed that the p-electron density and the size of the
complexing cavity can be tuned by means of the applied
potential.[14]


IR spectroscopy : External reflectance IR spectroscopy was
performed on films polarized at various potentials between
their conducting and insulating states. Figure 8 presents the
IR spectra (2000 ± 1400 cmÿ1) of poly(OAT-Cu) polarized at
0 V and �1.0 V.


Figure 8. FTIR spectra in the 2000 ± 1200 cmÿ1 region of poly(OAT-Cu)
films deposited on a Pt electrode from aqueous 10ÿ1m LiClO4 and 10ÿ2m
OAT-Cu and polarized in acetonitrile with 10ÿ1m LiClO4 at: a) 0 V
(reduced form); b) 0.9 V (oxidized form).


The two bands at 1626 and 1695 cmÿ1, associated with the
complexed amide C�O and carboxylate C�O stretching,
respectively, undergo frequency shifts. The former is shifted
by 6 cmÿ1 and the latter by as much as 14 cmÿ1. Both bands
shift to higher frequencies when the polymer backbone goes
from its reduced to oxidized states, which is expected since
positive charges increase its p-electron-withdrawing charac-
ter. These results are similar to those obtained in the IR
analysis of poly(EOAT) in which the amide stretch goes from
1708 to 1723 cmÿ1 when the film is polarized at ÿ0.2 and
�1.0 V.[14] However, in poly(EOAT) no frequency shift of the
ester C�O stretch with the applied potential occurs. In
poly(OAT-Cu), the carboxylate C�O stretch appears to be
sensitive to the applied potential, which probably indicates
that the copper center makes it possible to propagate the
electronic effect upon the carboxylate groups.


These variations suggest that the oxidation state of the
polymer backbone is felt by the complexing cavity and the
copper(ii) atoms, and controls, to some extent, the strength of
the force constants associated with the amide C�O and the
carboxylate C�O groups.


X-ray photoelectron spectroscopy (XPS): XPS analysis makes
it possible to probe the energy levels of core electrons of
nitrogen and copper(ii) atoms of the complex center. Several
poly(OAT-Cu) films polarized at 0 and �1 V were analyzed.
The study was performed so as to minimize the copper(ii)
photoreduction effect, which is responsible for the time
dependence of the XPS spectra, as already mentioned.
Results were compared with poly(EOAT) in order to
distinguish as precisely as possible between evolution of the
XPS spectra due to the modification of the polythiophene
backbone polarization state and to copper(ii) photoreduction.


Nitrogen signal : Figure 9 shows the XPS nitrogen signal of
poly(EOAT) polarized at 0 (Figure 9a) and �1 V (Figure 9b).
A strong modification of the N1s signal is observed upon
oxidation of the polythiophene backbone. The single band in
the reduced poly(EOAT), characteristic of amide NÿH, splits
into two peaks, with one appearing at the high-energy side of
the main peak, indicating the presence of positively charged
nitrogen (at 401 eV). A similar evolution is seen in poly(OAT-
Cu), as depicted in Figure 9c and 9d, even though reduced
poly(OAT-Cu) does not show a single band because of
competing copper(ii) photoreduction. Indeed, upon oxidation
of the polymer, the ratio between low- and high-energy
nitrogens goes from 3 to 1. Oxidation of both poly(EOAT)
and poly(OAT-Cu) therefore increases the proportion of
high-energy nitrogens and indicates that positive charges in
the oxidized polymers are partially delocalized upon the
complexing cavity. This electronic effect makes it possible to
change to some extent the electron density of some of the
nitrogen atoms grafted onto the polymer backbone.


Copper signal : Table 3 compares the copper XPS signal for
reduced and oxidized poly(OAT-Cu), and for various copper
complexes,[31±32] as a function of the copper oxidation state or
of the ligand. Oxidation of the [CuII(o-phen(bi)2)]2ÿ to
[CuIII(o-phen(bi)2)]ÿ complexes (phen� phenanthroline,
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bi� biureto) leads to a shift of the whole Cu2p-core line
spectrum (main peaks and satellites) towards higher binding
energies.[31] In contrast, modification of the Cu2p signal for
poly(OAT-Cu) samples switched from their reduced to their
oxidized states results in a displacement of the principal peaks
towards higher energies (0.2 and 0.3 eV for Cu2p3/2


and Cu2p1/2
,


respectively, cf. Table 3) accompanied by a shift in the
opposite direction of the satellites (displacement of 0.2 and
0.4 eV towards lower energies). Although each one of these
modifications is relatively small, the evolution of the gap
between the principal peak and the satellite binding energy
(splitting of the satellites) is significant, with a decrease in the
satellite splitting of 0.4 eV for the Cu2p3/2


signal and of 0.7 eV
for the Cu2p1/2


signal upon oxidation of the polymer backbone.
The evolution of the main peak is comparable to that of CuII


complexes with ligands of decreasing electron-donating


character[24, 32] and suggests a
decrease in the electron-donat-
ing character of the ligands on
oxidizing poly(OAT-Cu). Fur-
thermore, it has been proposed
that the satellite splitting de-
creases with decreasing ligand-
orbital energy[24] and, therefore,
the observed evolution is likely
to indicate that the switching of
the polythiophene backbone
modulates the energy level of
the ligand-orbital energy. Oxi-
dation decreases the energy
level of the p orbitals,[13b] which
decreases the energy level of
the bis(oxamato) orbital and
gives smaller satellite splitting.
Finally, copper(ii) compounds
exhibit a negative correlation
between the splitting of the
satellites and the main-peak
binding energies.[24] It has been
proposed that this correlation
reflects the modification of the
chemical environment, that is,
the electronic properties of the
ligands and the amount of over-
lap between copper and ligand
orbitals. Figure 10 shows the
variation in the binding energy
of the Cu2p1/2


as a function of the
satellite splitting for poly(OAT-
Cu) in the reduced and oxidized
state, and for some copper(ii)
complexes with various ligands.
Poly(OAT-Cu) samples fit well
in the general evolution of this
curve.


Overall, XPS results (nitro-
gen and copper signals) show
that the polythiophene redox
reaction is felt by copper(ii)


atoms as if the ligands surrounding the metal were either
chemically changed or substituted by a group that modifies
the strength of the ligand field.


X-ray absorption near-edge structure (XANES) spectrosco-
py: The XANES spectra of oxidized and reduced poly(OAT-
Cu) at the copper K edge are depicted in Figure 11. The two
spectra are very similar, with the low-energy side of the edge
exhibiting the characteristic shoulder of CuII in an elongated
tetragonal surrounding. This clearly indicates that the oxido-
reduction process does not affect the oxidation state of the
copper nor its structural environment (D4h). Although at first
sight comparable, there are significant differences in the slope
of the edge, which shifts by 1.7 eV in the high-energy direction
when the polymer is oxidized.


Figure 9. Curve-fitting analysis of the N1s-core line spectra obtained from XPS measurements. Top: poly(EOAT)
films generated in acetonitrile with 10ÿ1m LiClO4 and 10ÿ2m EOAT, and polarized at: a) ÿ 0.2 V (reduced form);
b) 1.0 V (oxidized form). Bottom: poly(OAT-Cu) films generated in aqueous 10ÿ1m LiClO4 and 10ÿ2m OAT-Cu,
and polarized in acetonitrile with 10ÿ1m LiClO4 at: c) 0 V (reduced form); d) 0.9 V (oxidized form).


Table 3. Cu2p binding energies for poly(OAT-Cu) films polarized in reduced and oxidized states as compared to
CuII and CuIII complexes.


Cu2p3/2 binding energies [eV] Cu2p1/2 binding energies [eV]
main satellite[a] main satellite[a]


reduced poly(OAT-Cu) 935.0 944.7 954.7 963.8
oxidized poly(OAT-Cu) 935.2 944.5 955.0 963.4
[CuII(o-phen(bi)2)]2ÿ [b] 934.7 943.8 954.8 963.0
[CuIII(o-phen(bi)2)]ÿ [b] 935.5 944.6 955.8 964.1
[CuSO4(dip)3] ´ 7 H2O[c] 934.7 944.5 954.5 963.7
[Cu(AcO)2(en)2] ´ H2O[c] 935.7 944.5 955.5 964.2
[CuCl2(en)] ´ H2O 936.0 944.4 955.9 964.0


[a] Binding energies of the satellite peak of higher intensity. [b] Ref. [31]. [c] Ref. [24].
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Figure 10. Variations of the binding energy of the Cu2p1/2
as a function of


the satellite splitting for poly(OAT-Cu) in the reduced and oxidized state,
and for some copper(ii) complexes with various ligands:[24] 1) [CuCl2(en)];
2) [CuCl2(en)2]; 3) [CuBr2(en)2]; 4) [CuSO4(dip)3]; 5) oxidized poly(OAT-
Cu); 6) reduced poly(OAT-Cu).


Figure 11. Comparison of XANES spectra recorded at the copper K edge
for poly(OAT-Cu) films generated in aqueous 10ÿ1m LiClO4 and 10ÿ2m
OAT-Cu, and polarized in acetonitrile with 10ÿ1m LiClO4 at: 0 V (reduced
form, dashed line) and 0.9 V (oxidized form, solid line).


This represents a notable modification of the electron
density of the CuII, but remains smaller than the shift observed
when the metal center changes its oxidation state.[25] Indeed,
the shift of the whole XANES spectrum is 3.5 eV when
[CrII(H2O)6]2� is oxidized to [CrIII(H2O)6]3�.[33] The change in
the XANES spectra indicates that the electron density of
copper(ii) decreases when the polythiophene backbone in
poly(OAT-Cu) is switched from the reduced to the oxidized
state. This agrees well with the results from IR spectroscopy
and the XPS analysis and clearly shows that this reaction
induces a variation of the ligand p-donating character that
could be associated with a modification of the metal ± ligand
distances and/or of the symmetry of the ligands around the
metal.


Extended X-ray absorption fine structure analysis (EXAFS):
In order to investigate this last point, EXAFS spectra of
oxidized and reduced poly(OAT-Cu) were compared. Our


previous study on poly(EOAT) indicated that the switching
reaction in the polythiophene backbone modifies the size of
the bis(oxamato)-complexing cavity.[14] The NÿN distance was
predicted to be smaller for oxidized poly(EOAT) by as much
as 0.06 � as a consequence of quinonic deformation of the
polythiophene backbone. EXAFS spectroscopy makes it
possible to investigate the metal ± ligand distance and can
thus give experimental indications of the geometric variation
of the complexing cavity.


Figure 12 compares the modulus and the imaginary part
Im[F(R)] of the Fourier transform EXAFS signals in k3 taken
between 2 and 11 �ÿ1 for oxidized and reduced poly(OAT-


Figure 12. Comparison of non-phase-shift-corrected Fourier transform
modulus and imaginary part for poly(OAT-Cu) films polarized at: 0 V
(reduced form, dashed line) and 0.9 V (oxidized form, solid line).


Cu). The two spectra are almost identical, indicating that
there is the same number of nearest neighbors in both
compounds, with contributions of several layers of approx-
imately identical intensity and position; this clearly shows no
or very little variation of copper ± ligand distances upon
oxido-reduction of the material.


Within the framework of the single-scattering approach, the
oxidized polymer EXAFS signal fits well (see Table 2), if one
assumes that CuII ions are surrounded by two nitrogen, two
oxygen, and six carbon atoms with average CuÿN, CuÿO, and
CuÿC bond lengths of 1.95, 1.99, and 2.72 �, respectively, with
a least-squares fitting parameter of 4 %. Distance variations
between the oxidized and reduced polymer are thus below the
intrinsic imprecision of EXAFS for the first coordination
sphere (CuÿN, CuÿO), whereas the variation of the average
CuÿC bond length from 2.76 � (reduced polymer) to 2.72 �
(oxidized polymer) could be significant and goes in the
expected direction considering the fact that quinonic defor-
mation of the polythiophene backbone is the driving force for
the structural modification of the complexing cavity.


The results obtained using FTIR, X-ray photoelectron, and
X-ray absorption spectroscopy are consistent and clearly
show that the polythiophene redox reaction is felt by the
copper(ii) atoms. Oxidation increases the p-withdrawing
character of the conjugated ligands and the effects are similar
to those observed when the ligands surrounding the metal are
either chemically changed or substituted. Changing the
potential applied to the material and chemically modifying
the coordination sphere of the metal, as depicted in Scheme 4,
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Scheme 4. Formal equivalence of changing the potential applied to the
material and modifying the coordination sphere of the metal by chemistry
and synthesis.


are formally equivalent. This strongly suggests that physical
and chemical properties of inorganic complexes can be tuned
and addressed using the switching reaction of a conducting
polymer as an easy means of control.


As already mentioned, the strategy developed in this study
fits in with the growing field of electrochemical switching,[18]


widely applied in supramolecular chemistry as an easy means
of controlling the molecular architecture of redox-active
supramolecular systems. However, the usually used reversible
redox systems (ferrocenes, nitrobenzenes, quinones, etc.) are
here replaced by the conductive polymer backbone and its
reversible switching reaction. This has several advantages:


1) The system is directly attached to the electrode surfaceÐ
consequently, a molecular device with realistic electronic-
platform configuration is generated and can be addressed
at will.


2) The conductive properties of the polymer backbone makes
it possible to transmit the electrochemical input over a
longer distance than that of an adsorbed or chemically
bonded monolayer.


3) The number of active centers in the device and the size of
the device can be controlled by the thickness of the film, by
the dilution of the active centers along the polymer
backbone, and by the dimension of the electrode.


4) The molecular device is intrinsically massively parallel and
therefore the failure of one of its components (a single
polymer chain or a single active center) does not induce
failure of the device.


5) The switching reaction of a conductive polymer is amongst
the fastest electrochemical reactions, and so far its intrinsic
limit has not been reached, even using ultramicroelec-
trodes.


6) The interaction between the redox-switchable system
(polymer backbone) and the active center is not only
steric or electrostatic, but also electronic because of
conjugation between the two.


7) The device can be used in a binary mode in which the
polymer is switched between its insulating and conductive
states, as shown in this study, but could also be run in a
pseudoanalogic mode in which it is switched between two
potential values in the so-called capacitive region in which
the polymer remains conducting thanks to closely spaced
multiple redox states. In this latter mode, one needs fully
delocalized systems in which progressive modification of
the p-electron density of the backbone generates a
progressive variation of the transition metal electron
density.


Conclusion


In this study we have built a new conjugated polymer
consisting of polythiophene chains bearing bis(oxamato) ±
CuII groups regioregularly grafted onto the backbone, in
which the two moieties of the material are in direct electronic
contact. The copper atoms are in a local D4h geometry and are
in the �2 oxidation state, as shown by XANES and XPS
analyses. They are surrounded by two oxygen and two
nitrogen atoms as first neighbors at a mean distance of 1.95
and 1.99 �, respectively, and by six carbon atoms. The
polymer is stable with respect to polythiophene electroactivity
and no demetallation or modification of the Cu oxidation
state occurs over a large potential range.


In this material, we have used the conductive polymer
backbone as a molecular wire or a nanocontact capable of
inputting to the bis(oxamato) ± CuII groups through a redox
reaction. FTIR, XP, and XANES spectroscopies indicate that
the properties of the copper(ii)-complex center (electron
density, p-donating, and p-withdrawing characters of the
ligands, ligand field strength, force constant of some bonds)
can be controlled, to some extent, by the potential applied to
this molecular electronic device. However, there is little or no
modulation of the average CuÿO,N bond length. From the
viewpoint of the copper(ii)-complex center, these effects are
similar to those induced by introducing substituents with
various electronic effects. The use of conductive polymers as
ªswitchable molecular connectorsº thus offers the possibility
of generating a new class of hybrid materials in which the
properties of the metal center could be adjusted, without any
direct chemical modification. This work is, to our knowledge,
the first in which variation of the metal electron density by
means of a conducting-polymer/switching reaction is demon-
strated directly. We believe that this strategy, when used on
nanoscale devices and with metal centers that incorporate
nervous electrons (spin transition complexes, magnetic
chains), will find important applications amongst electric-
field-controlled molecular electronic-switching devices.


Experimental Section


Electrochemical procedure : All voltammetric and galvanostatic experi-
ments were performed in a one-compartment, three-electrode cell by
means of an EG&G PAR Model 362 potentiostat/galvanostat. The counter-
electrode was a stainless steel grid, and an SCE was used as reference. The
electrolyte solution consisted of either distilled water purified by a
Millipore system or acetonitrile (Prolabo ChromanormTM HPLC grade)
containing 0.1m lithium perchlorate (Acros) as supporting salt. Electro-
chemical studies were carried out with a Pt disk (2 mm in diameter) or a
glassy carbon electrode (3 mm in diameter), polished with diamond paste
and rinsed in acetone with ultrasonic stirring before each experiment. For
IR, XP, and selected area X-ray photoelectron spectroscopy (SAX) studies,
films were deposited on an electrode consisting of a glass plate (10 mm�
30 mm) covered with a thin layer of Pt (ca. 500 nm) deposited by cathodic
sputtering by using a Balzers-Sputron II device and a Pt target (Balzers,
purity 99.9 %). For UV/Vis measurements, transparent indium tin oxide
(glass) plates were used as working electrodes.


Spectroscopic measurements : UV/Vis experiments were performed on a
Perkin ± Elmer lambda 2 spectrophotometer. FTIR experiments were
performed on a Nicolet FTIR 60-SX spectrometer. Samples were made
up as KBr disks for the monomers and thin films on platinum for the
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polymers. 1H NMR spectra were recorded on a Brüker W200 (200 MHz)
spectrometer in [D6]acetone, and chemical shifts are given relative to
tetramethylsilane as internal standard. The XP spectra were recorded using
a VG Scientific ESCALAB MKI system operating in the constant analyser
energy mode. An MgKa X-ray source was used at approximately 10ÿ9 mbar
pressure. The analyzer was operated at constant pass energy (50 eV). A
homemade nonlinear, least-squares curve-fitting procedure was used to
analyse the spectra. These were fitted with the sum of a series of
components representing individual peaks characteristic of the various
chemical functionalities to unscramble the C1s, N1s, S2p, O1s, and Cu2p peaks.
The parameters associated with each peak were peak center, peak height,
full width at half-maximum (fwhm), and the Gaussian-to-Lorentzian ratio.
A Shirley baseline was chosen for peak fitting. Charge referencing was
determined by setting the main C1s CÿC/CÿH component to 285.0 eV. The
surface compositions (in atom %) of the various samples were determined
by considering the integrated peak areas of C1s, N1s, S2p, O1s, and Cu2p and
their experimental sensitivity factors. The fractional concentration of a
particular element A (% A) was calculated by Equation (1):


%A� �IA=sA�P
i�I i=si�


� 100 (1)


in which I and s are the integrated peak areas and the sensitivity factors,
respectively.


X-ray absorption data collection and processing : The XANES (X-ray
absorption near-edge structures) and EXAFS (extended X-ray absorption
fine structures) data were collected at LURE (Laboratoire d�Utilisation du
Rayonnement ElectromagneÂtique, Paris-Sud University) on the XAS 13
beam line of the storage ring DCI (positron energy 1.85 GeV; mean current
300 mA). The spectra were recorded at copper K edge polymers using the
channel-cut monochromator (Si111 for EXAFS and Si331 for XANES).
The energy was calibrated by using Cu metallic foil and fixed at 8979 eV for
the first inflection point of the metallic foil spectrum. The measurements
were performed at room temperature in the transmission mode for the
monomer with two air-filled ionization chambers, and at 80 K in the total-
electron-yield mode for the polymers.


The XANES spectra were recorded step-by-step, every 0.3 eV with a 1 s
accumulation time per point. The spectrum of a 5 mm copper foil was
recorded just before an unknown XANES spectrum to check the energy
calibration, thus ensuring an energy accuracy of 0.25 eV. The EXAFS
spectra were recorded over 1000 eV, with 2 eV steps, from 8900 to 9900 eV.
Data analysis was performed by means of the ªEXAFS pour le Macº
package.[34] The c(k) functions were extracted from the data with a linear
pre-edge background, a combination of polynomials and spline atomic-
absorption background, and normalized by using the Lengeler ± Eisen-
berger method.[35] The energy threshold, Eo, was taken at the maximum of
the absorption edge. Eo was corrected for each spectrum in the fitting
procedure. The k3 weighted c(k) function was Fourier transformed from
k� 2 ± 13 or 2 ± 11 �ÿ1, by means of a Kaiser ± Bessel window with a
smoothness parameter equal to 3 (k is the photoelectron wavenumber). In
this work, all Fourier transforms were calculated and presented without
phase correction. The peaks corresponding to the two first-coordination
shells were then isolated and back-Fourier transformed into k space to
determine the mean coordination number, N, the bond length, R, and the
Debye ± Waller factor, s, by a fitting procedure realized in the framework
of single scattering. Before this, we used the FEFF 7 code[29] to check
against a compound of known crystallographic structure[28] similar to ours
([MnCu(opba)(dmso)3]) that the multiple scattering is negligible in the 0 ±
2.7 � range (see text) and to calculate the ab initio amplitude and phase
functions, j fi(k,Ri) j and jfi(k,Ri) j , respectively.


Preparation of the ligand and the mononuclear copper(ii) precursor
materials : Ethoxalyl chloride (Acros), anhydrous SnCl2 (Aldrich) and
Cu(NO3)2 ´ 3H2O (Acros) were used without further purification. 2,5-
dibromo-3,4-dinitrothiophene was prepared according to the previously
published procedure.[36]


3',4'-Diamino-2,2':5',2''-terthiophene (1): [PdCl2(PPh3)2] (432 mg, 1 mol %)
was added to a solution of 2,5-dibromo-3,4-dinitrothiophene (20.04 g,
60.4 mmol) and tributyl(thien-2-yl)stannane (46 mL, 144.4 mmol) in THF
(400 mL).. The mixture was heated under reflux for 16 h. After cooling, the
reaction mixture was concentrated under reduced pressure. Hexane was
added to the residue, and the resulting yellow precipitate filtered off,


washed with hexane, and collected (14.1 g, 69%). 1H NMR (200 MHz,
[D6]acetone, 25 8C): d� 7.62 (d, 2H), 7.56 (d, 2H), 7.19 (dd, 2 H). The
dinitro compound (11.7 g, 35.2 mmol) was suspended in ethanol (120 mL)
and concentrated HCl (240 mL).A solution of anhydrous SnCl2 (205 g,
1080 mmol) in EtOH (240 mL) was added to the mixture. The mixture was
stirred at 30 8C for 18 h and poured into cold 25 % NaOH (800 mL).
Toluene (400 mL) was added to the above mixture, which was then shaken
vigorously and filtered through Celite. The phases were separated, and the
aqueous layer was extracted with toluene. The combined organic layer was
washed with brine and dried over MgSO4. After removal of the solvent
under reduced pressure, recrystallization from ethanol afforded the title
compound 1 (6 g, 61%) as yellowish brown needles. 1H NMR (200 MHz,
[D6]acetone, 25 8C): d� 7.36 (d, 2 H), 7.15 (d, 2 H), 7.09 (dd, 2H), 4.54 (s,
4H); IR (KBr): nÄ � 3322, 3296, 3095, 1622, 1489, 1444, 795, 689 cmÿ1 (strong
bands only); elemental analysis calcd (%) for C12H10N2S3 (278): C 51.80, H
3.60, N 10.07, S 34.53; found: C 52.00, H 3.54, N 10.00, S 34.84.


3',4'-Bis(N,N'-ethyloxamyl)-2,2':5',2''-terthiophene (2): The diethyl ester
EOAT was obtained by adding ethoxalyl chloride (2.3 mL) dropwise to a
solution of 1 (3 g, 10.8 mmol) dissolved in THF (50 mL). The resulting
mixture was heated under reflux for 30 min and then filtered to eliminate
the solid residue. The THF solution was evaporated, which afforded an oily
residue. Slow addition of water resulted in the formation of a white
polycrystalline powder that was collected by filtration, washed with water,
and dried under vacuum (4.6 g, 89%). 1H NMR (200 MHz, [D6]acetone,
25 8C): d� 9.59 (s, 2 H), 7.57 (d, 2H), 7.39 (d, 2 H), 7.15 (dd, 2 H), 4.34 (m,
4H), 1.34 (m, 6 H); IR (KBr): nÄ � 3307, 3251, 3110, 1760, 1717, 1683, 1489,
1444, 795, 713 cmÿ1 (strong bands only); elemental analysis calcd (%) for
C20H18N2O6S3 (478): C 50.20, H 3.76, N 5.86, O 20.08, S 20.10; found: C
50.09, H 3.94, N 5.88, O 19.62, S 19.53.


3',4'-Bis(N,N'-oxamato)-2,2':5',2''-terthiophenecopper(ii) (3): The copper(ii)
precursor salt, OAT-Cu, was synthesized as follows: an aqueous solution of
NaOH (1.26m, 25 mL, 31.5 mmol) was added to a suspension of EOAT
(3.58 g, 7.5 mmol) in amixture of water/ethanol (9:1, 50 mL). The mixture
was heated at 70 8C for 30 min. A solution of Cu(NO3)2 ´ 3H2O (1.81 g,
7.5 mmol) in water (25 mL) was then added slowly with stirring. The
resultant mixture was filtered to eliminate the solid residue. After addition
of ethanol (25 mL), it was allowed to evaporate for a week at room
temperature. The polycrystalline precipitate was collected by centrifuga-
tion, washed with ethanol and dried under vacuum (2.4 g, 56%). IR (KBr):
nÄ � 3410, 3105, 1700, 1614, 1500, 823, 687 cmÿ1 (strong bands only);
elemental analysis calcd (%) for C16H6CuN2Na2O6S3 ´ 2.5H2O (572.5): C
33.54, H 1.92, Cu 11.09, N 4.89, Na 8.03, S 16.76; found: C 33.92, H 2.07, Cu
10.98, N 4.82, Na 7.38, S 16.22.
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Host ± Guest Interaction of 12-MC-4, 15-MC-5, and Fused
12-MC-4 Metallacrowns with Mononuclear and Binuclear Carboxylato
Complexes: Structure and Magnetic Behavior


Catherine Dendrinou-Samara,[a] George Psomas,[a] Lykourgos Iordanidis,[b]


Vassilis Tangoulis,*[c] and Dimitris P. Kessissoglou*[a]


Abstract: Interaction of manganese
with salicylhydroxamic ligands leads to
the formation of the 12-membered met-
allacrown [MnII


2(2,4-DP)2(HCOO)2]-
[12-MCMnIIIN(shi)-4](py)6 (2) (H-2,4-DP
�2-(2,4-dichlorophenoxy)propionic acid)
and the 15-membered metallacrown
[MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6 (1)
(H-2,4-D � 2,4-dichlorophenoxyacetic
acid). The crystal structure analysis
shows that mononuclear and dinuclear


alkanoato complexes are accommodat-
ed in the cavity of the metallacrown ring.
The magnetic behaviour of 1 and 2 and
the magnetic behaviour of the fused 12-
membered metallacrown [NiII(mcpa)]2-
[12-MCNiIIN(shi)2(pko)2


-4][12-MCNiIIN(shi)3(pko)-4]-
(CH3OH)3(H2O) (3) (Hmcpa� 2-methyl-


4-chlorophenoxyacetic acid) have shown
that the zero field and/or the population of
many energy levels at low temperatures is
the reason for the divergence of the
susceptibility data at high fields. For com-
pound 3, the ground state is S� 0, with S�
1 and S�2 low-lying excited states. This
leads to a non-Brillouin behaviour of the
magnetisation, since the ground state is
very close to the excited states.


Keywords: magnetic properties ´
manganese ´ metallacrowns ´ nickel


Introduction


Metallacrowns are a new class of complexes that can be
considered to be molecular recognition agents.[1] While many
types of molecular species can form complexes, their utility as
hosts is quite limited unless there is a mechanism in place to
allow the species to distinguish between different guests.[2±6] A
number of different approaches can be used to induce changes
in a potential host molecule that allow for differentiation of
various guests. Among the changes in the host cavity are the
size of the cavity, its shape, the number of coordination sites
and the type of coordinating species. The correlation between
the size of a host cavity and its potential guest is a first


criterion for selective molecular recognition. Because of the
nature of inorganic molecular recognition agents, it is possible
that they could function not only as cation or anion
recognition agents, but they may be also able to selectively
bind ionic compounds, recognizing the cation and the anion
simultaneously.


Metallacrowns have a cyclic structure generally analogous
to crown ethers:[7±17] transition metal ions and nitrogen atoms
replace the methylene carbons.[18±20] Metallacrown nomencla-
ture is given in Ref. [18]. Previously reported metallacrowns
have been prepared from hydroxamic acids and/or ketonximic
acids [H3shi� salicylhydroxamic acid; Hpko� di-(2-pyridyl)-
ketonoxime] as constructing ligands. These molecules can act
as bifunctional ligands that provide the nitrogen and oxygen
donors to the metallacrown ring metals as shown in struc-
ture A (Scheme 1) for the H3shi ligand. The triply deproto-
nated form of shi3ÿ, illustrating the four potential metal


Scheme 1. The interaction of the salicylhydroxamic acid ligand with metal
ions.


[a] Prof. D. P. Kessissoglou, Dr. C. Dendrinou-Samara, Dr. G. Psomas
Department of General and Inorganic Chemistry
Aristotle University of Thessaloniki
Thessaloniki, 54006 (Greece)
Fax: (�30) 31-997-738
E-mail : kessisog@chem.auth.gr


[b] Dr. L. Iordanidis
Department of Chemistry, Michigan State University
East Lansing, MI 48824-1322 (USA)


[c] Dr. V. Tangoulis
Dipartimento di Chimica, UniversitaÁ degli Studi di Firenze
Via Maragliano 75/77, 50144 Florence (Italy)


Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author. Representa-
tions of structures 1 and 2 are given as well as their energy spectra as a
function of the total spin.


FULL PAPER


Chem. Eur. J. 2001, 7, No. 23 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5041 $ 17.50+.50/0 5041







FULL PAPER D. P. Kessissoglou, V. Tangoulis et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5042 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235042


binding sites, is shown as structure B. One metal can bind in a
five-membered chelate ring formed through the hydroximate
group, while a second metal can bind to the six-membered,
substituted iminophenolate ring (structure C). These juxta-
posed five- and six-membered chelate rings form the basis of
the metallacrown ring through the (M-N-O-)n linkage. The
cavity size of metallacrowns is similar to that of organic crown
ethers. [9-MCM(ox)N(ligand)-3],[21±24] [12-MCM(ox)N(ligand)-4][25±33] and
[15-MCM(ox)N(ligand)-5][34±37] metallacrowns, with cavity sizes of
0.35 �, 0.60 � and 0.77 �, respectively, with metal ions MnIII,
FeIII, NiII, CuII and VVO, and stacking metallacrowns[38±40] have
already been reported, while the fused [NiII(mcpa)]2[12-
MCNiIIN(shi)2(pko)2


-4][12-MCNiIIN(shi)3(pko)-4](CH3OH)3(H2O) met-
allacrown has been described briefly.[41] Cryptates, calixarenes
and molecular box motifs in which metal ions replace carbon
atoms at the core can also act as inorganic molecular hosts
that are capable of selectively binding cationic, anionic and
neutral guests.[42±56]


For the 15-MC-5 metallacrowns, two structural motifs have
been reported: the planar and the bending motif. Planar 15-
MC-5 is formed with CuII as the ring metal and lanthanides
encapsulated in the ring.[22] For the bending motif only one
example has been reported so far with MnIII as the ring metal
and MnII as the encapsulated atom.[34] The factors which force
the structure into a planar or bending motif are still unknown.
Pecoraro at al.[37] claim that a planar analogue of 15-MC-5
could not be accessed with the shi ligand because of the spatial
restrictions imposed by having five- and six-membered
chelate rings connected. They prepared planar 15-MC-5 by
the use of ligands with two adjacent five-membered chelates
and an encapsulated metal with a high-coordination number.
Both CuII and MnIII ions show Jahn ± Teller distortion but
different oxidation states. Our interest is focused on the
ability of 15-MC-5 bending metallacrowns to retain their
motif on replacement of the encapsulated atom and the
accommodated ligands.


For 12-MC-4 compounds, similarities to metal complexes of
porphyrins or phthalocyanines with regards to the structural
characteristics, cavity size and bite distance apart of 12-C-4
crown ethers, give a new perspective of these compounds as
host molecules.[57±61] Taking into account that capping moieties
play an important role in the catalytic behaviour of porphyrin
or phthalocyanine derivatives towards small molecules, such
as O2 and CO, the exploitation of the nuclearity of the guest
molecule of metallacrowns is considered to be an important
factor. For 12-MC-4 only mononuclear compounds have been
encapsulated to date.


The metallacrowns as a class show quite interesting
magnetic behaviour owing to the incorporation of several
transition metal ions in close proximity.[1] The structural
features of each metallacrown can lead to high magnetic
moments per compound through ferromagnetic exchange or
coupling to low-lying paramagnetic states. Therefore, we have
great interest in the magnetic behaviour of the compounds
reported here as they contain two unique structural features:
a dinuclear guest molecule accommodated by a 12-MC-4 and
a fused 12-MC-4 dimer with high metal nuclearity. Further-
more, until now, there has been no explicit magnetic
discussion of polynuclear metallacrowns (>5 magnetic cen-


ters) because of the computational difficulties in the calcu-
lation of the energy matrix (high dimensions). This, along with
the low symmetry that characterises most of them, makes the
magnetic analysis a difficult task.


In this paper we report the synthesis, characterisation, the
crystal structure and the magnetic behaviour of the 15-
membered metallacrown [MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6


(1) (H-2,4-D� 2,4-dichlorophenoxyacetic acid) and the
12-membered metallacrown [MnII


2(2,4-DP)2(HCOO)2]-
[12-MCMnIIIN(shi)-4](py)6 (2) (H-2,4-DP� 2-(2,4-dichlorophen-
oxy)propionic acid) and the magnetic behaviour of
the fused 12-membered metallacrown [NiII(mcpa)]2-
[12-MCNiIIN(shi)2(pko)2


-4][12-MCNiIIN(shi)3(pko)-4](CH3OH)3(H2O) (3)
(Hmcpa� 2-methyl-4-chlorophenoxyacetic acid). Compound
2 is a particularly interesting molecule since it is the first
example of a metallacrown with a dinuclear capping complex.


Experimental Section


Materials : The chemicals for the synthesis of the compounds were used as
purchased. Dimethylformamide (dmf) was distilled from calcium hydride
(CaH2) and CH3OH from magnesium (Mg); they were stored over 3 �
molecular sieves. H-2,4-D, H-2,4-DP, H-MCPA, H3shi, Hpko, NiCl2 ´ 6H2O
and MnCl2 ´ 4 H2O were purchased from Aldrich. All chemicals and
solvents were reagent grade.


Synthesis of [MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6 ´ py ´ MeOH (1)


Procedure 1: MnCl2 ´ 4H2O (0.594 g, 3 mmol) was dissolved in freshly
distilled methanol (30 mL). To this was added H3shi (0.383 g, 2.5 mmol)
and CH3ONa (0.405 g, 7.5 mmol) dissolved in a small amount (�20 mL) of
methanol. The mixture was stirred for 1 h until the colour of the solution
became black-brown. An excess of the sodium salt of H-2,4-D (3 mmol) in
methanol was added followed by pyridine/methanol (1:10, 100 mL). The
black-brown crystalline complex was obtained by slow evaporation of the
mother liquid over a period of a few days. Yield 50%.


Procedure 2 : MnCl2 ´ 4 H2O (0.4955 g, 2.5 mmol) was dissolved in methanol
(50 mL) and the sodium salt of salicylhydroxamic acid (0.548 g, 2.5 mmol)
was added. The mixture was stirred for 1 h until the colour of the solution
became black-brown. Pyridine/methanol (1:10, 100 mL) was added fol-
lowed by excess [MnII(2,4-D)2(H2O)2]n (3 mmol)[67] in methanol. Black-
brown crystals of complex 1 that were suitable for X-ray diffraction studies
were obtained by slow evaporation of the mother liquid over a period of a
few days. Yield: 60%; IR (KBr pellet): nÄmax� 1597 (vs) (C�N)shi , 1568 (s)
(asym-(CO2)2,4-D), 1475 (s) ((C�Oph)shi), 1466 (s) ((C�Oox)shi), 1440 (s) (sym-
(CO2)2,4-D), 1258 cmÿ1 (s) ((NÿOox)shi) ; UV/Vis (MeOH): l (e,
dm3 molÿ1 cmÿ1)� 460 (2217), 345 nm (18 614); elemental analysis calcd
(%) for C87H69Cl4Mn6N12O22 (2105.98): C 49.57, H 3.27, N 7.97, Mn 16.67;
found: C 49.50, H 3.35, N 7.75, Mn 15.95.


Synthesis of [MnII
2(2,4-DP)2(HCOO)2][12-MCMnIIIN(shi)-4](py)6 ´ MeOH (2):


MnCl2 ´ 4H2O(1.2 g, 6 mmol) was dissolved in methanol (50 mL) and a
solution of H3shi (0.6 g, 4 mmol) and MeONa (0.65 g, 12 mmol) in
methanol (20 mL) was added dropwise. The reaction mixture was stirred
for 1 h until the colour of the solution became dark green-brown. The
sodium salt of H-2,4-DP (6 mmol, 1.55 g) was added. After 30 min, a
solution of the sodium salt of formic acid (0.41 g, 6 mmol) in pyridine/
methanol (1:10, 30 mL) was added. Dark green-brown crystals of complex
2 that were suitable for X-ray diffraction studies were obtained by slow
evaporation of the mother liquid over a period of 48 h. Yield 60%; IR (KBr
pellet): nÄmax� 1595 (vs) ((C�N)shi), 1567 (s) (asym-(CO2)2,4-DP), 1515 (s)
(asym-(CO2)formato), 1479 (s) ((C�Oph)shi), 1464 (s) ((C�Oox)shi), 1433 (s)
(sym-(CO2)2,4-DP), 1392 (s) (sym(CO2)formato), 1255 cmÿ1 (s) ((NÿOox)shi) ;
UV/Vis (DMF): l (e)� 640 (812), 450 (sh) (8200), 365 nm (20 830);
elemental analysis calcd (%) for C79H66Cl4Mn6N10O23 (1994.78): C 47.52, H
3.31, N 7.02, Mn 16.54; found: C 47.40, H 3.40, N 6.80, Mn 16.20.


[NiII(mcpa)]2[12-MCNiIIN(shi)2(pko)2
-4][12-MCNiIIN(shi)3(pko)-4](CH3OH)3(H2O)


(3): The synthesis of compound 3 has already been reported.[41]
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Physical measurements : IR spectra (n� 200 ± 4000 cmÿ1) were recorded on
a Perkin ± Elmer FT-IR 1650 spectrometer with samples prepared as KBr
pellets. UV/VIS spectra were recorded on a Shimadzu-160A dual-beam
spectrophotometer. C, H and N elemental analysis were performed on a
Perkin ± Elmer 240 B elemental analyser; Mn and Ni were determined by
atomic absorption spectroscopy on a Perkin ± Elmer 1100 B spectropho-
tometer. Electric conductance measurements were carried out with a WTW
model LF 530 conductivity setup and a type C cell, which had a cell
constant of 0.996. This represents a mean value calibrated at 25 8C with
potassium chloride. Polycrystalline powder EPR spectra were recorded for
all the compounds at X-band frequency (9.23 GHz) on a Varian ESR 9
spectrometer equipped with a continuous-flow 4He cryostat both at room
temperature and at helium temperatures from 4 K to 30 K . The temper-
ature dependence of the magnetic susceptibility was measured on
polycrystalline powder samples with a Cryogenics S600 SQUID magne-
tometer with an applied field of 0.1 ± 1.0 T and in temperature range 2 ±
300 K. Data were corrected with the standard procedure for the contribu-
tion of the sample holder and diamagnetism of the sample.


X-ray crystal structure determination : A black-brown crystal of 1 with
dimensions of 0.36� 0.14� 0.06 mm3 and a dark green-brown crystal of 2
with dimensions of 0.40� 0.18� 0.13 mm3 were mounted on the top of glass
fibres. Data were collected at ÿ100.1(1) 8C and ÿ120 8C respectively, with
a Bruker (formerly Siemens) SMART Platform CCD diffractometer
equipped with an Oxford Cryosystems ªCryostreamº low-temperature
system. Crystal data and parameters for data collection of 1 and 2 are
presented in Table 1.


For 1, a little over a hemisphere of data (1639 frames) was collected. Final
cell constants were calculated from a set of 4517 strong reflections [I>
10s(I)] obtained from the data collection. For 2, almost a full sphere of data
(1949 frames) was collected. Final cell constants were calculated from a set
of 13 889 strong reflections [I> 10s(I)] obtained from the data collection.
Four different sets of frames were collected with 0.308 steps in w. The
exposure time per frame was 35 s for 1 and 40 s for 2 and the detector-to-
crystal distance was �5 cm. The resolution of the data set was 0.78 � and
0.71 �, respectively. The SMART[62] software was used for data acquisition
and SAINT[63] for data extraction. The absorption correction was carried
out with SADABS[64] and all refinements with the SHELXTL[65] and/or
SHELX97[66] package of crystallographic programs. The structures were
solved by direct methods. All the non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were placed in idealised positions and
refined with a riding model. The largest shift/esd on the final cycle was
0.000.


For 2 the structure consists of molecules of genral formula [Mn6(shi)4(2,4-
DP)2(HCOO)2(py)6]. Three crystallographically independent methanol
molecules were located in the empty space between the Mn molecules. The
occupancy of the methanol molecules was refined; however, because their
refinement was unstable, their occupancies and isotropic temperature
factors were constrained and not refined. The largest shift/esd on the final
cycle was 0.023.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-171892 (1)
and CCDC-171893 (2). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Results and Discussion


Synthesis of the complexes : The synthesis of the 15-mem-
bered metallacrown 1 was achieved by two methods:
1) The reaction of MnCl2 ´ 4 H2O with the deprotonated


salicylhydroxamic acid followed by the addition of the
sodium salt of the phenoxyalkanoic acid in 10:1 mixture of
methanol/pyridine [Eq. (1)]:


6MnCl2 ´ 4H2O� 5Na3shi� 2 Na(2,4-D) ÿ!
[Mn6(2,4-D)2(shi)5(py)6] or [MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6 (1)


(1)


2) The reaction of MnCl2 ´ 4 H2O with the deprotonated
salicylhydroxamic acid in a 10:1 mixture of methanol/pyridine
followed by the addition of an excess of the manganese
complex of the phenoxyalkanoic acid [Eq. (2)]:


5MnCl2 ´ 4H2O� 5Na3shi� [Mn(2,4-D)2(H2O)2]n ÿ!
[Mn6(2,4-D)2(shi)5(py)6] or [MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6 (1)


(2)


The compound is black-brown crystalline solid, soluble
in methanol and pyridine, and is not an electrolyte in
methanol.


The synthesis of the 12-membered metallacrown was
achieved by the reaction of MnCl2 ´ 4 H2O, H3shi and MeONa
in methanol, followed by the addition of the sodium salts of
H2,4-DP and formic acid in 10:1 mixture of methanol/
pyridine [Eq. (3)]:


6MnCl2 ´ 4H2O� 4H3shi� 12 CH3ONa� 2Na(2,4-DP)� 2HCOONa ÿ!
Mn6(2,4-D)2(HCOO)2(shi)4(py)6] or
[MnII


2(2,4-DP)2(HCOO)2][12-MCMnIIIN(shi)-4](py)6 (2)
(3)


The compound is a dark green-brown crystalline solid,
soluble in methanol and pyridine, and is not an electrolyte in
methanol.


Structure of complex 1: The ORTEP diagram of the metal-
lacrown core and the hosted manganese carboxylato com-
plexes of the crystal structure of complex 1 is given in Figure 1,
while the whole metallacrown ring is more understandable as
Scheme 2. Crystallographic data are given in Table 1 and
important bond lengths and angles are given in Table 2. The
metallacrown was prepared from salicylhydroxamic acid
(H3shi). The ligand acts as a bifunctional ligand and provides
the nitrogen and oxygen as donors to the MnIII in the
metallacrown ring. One MnIII binds in a five-membered
chelate ring formed through the hydroximate group, while a
second MnIII binds to the six-membered, substituted imino-
phenolate ring. These juxtaposed five- and six-membered
chelate rings form the basis of the metallacrown ring through
the (Mn-N-O-)n linkage. The crystal structure contains a
neutral 15-membered metallacrown ring of the type [15-
MCMnIIIN(shi)-5] formed by five structural moieties of the type
(MnIII-N-O) (Scheme 2). The (Mn-N-O)5 connectivity is
emphasized by bold bonds in Figure 1. The specific connec-
tivity of atoms to form the ring is: Mn1-O1-N1-Mn2-O7-N3-
Mn4-O13-N5-Mn3-O10-N4-Mn5-O4-N2. The average MnIII ±
MnIII separation in the metallacrown ring is 4.642 �, the bite
distance is 2.744 � and the cavity size is 0.77 �. This provides
sufficient space for the encapsulation of MnII (ionic radius
0.83 �).


Four sites of the coordination sphere of the ring MnIII ions
are filled by the heteroatoms of two shi ligands. The remaining
sites are filled with nitrogen or oxygen atoms of the pyridine
and the carboxylato groups, respectively.


A diversity in the geometry of the five MnIII has been
observed: three Mn atoms, Mn2, Mn3 and Mn4, adopt a
propeller-like structure with three long (Mn ± (O/N)av�
2.181 �) and three short bond lengths (Mn ± (O/N)av�
1.915 �) and have L, L and D stereochemistry, respectively.
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Scheme 2. The manganese 15-MC-5 metallacrown
ring.


The remaining two MnIII atoms, Mn1 and
Mn5, are planar with four short (Mn ± (O/
N)av� 1.913 �) and two long (Mn ± (O/
N)av� 2.368 �) bond lengths (Scheme 3).


The diversity in the configuration (pla-
nar or propeller) for the ring MnIII ions
gives flexibility to the metallacrown core
and simultaneously allows the encapsula-
tion of the sixth MnII, Mn6. The encapsu-
lated metal ion is manganese(ii), since
there are five shi3ÿ ligands, five MnIII ions
in the crown and two carboxylato ligands.
The encapsulated MnII is seven-coordinate
and is bound to the five hydroximato
oxygen donors (O1, O4, O7, O10 and
O13) provided by the metallacrown core,
as well as to two oxygen atoms from the
carboxylate herbicide ligands 2,4-D (O16
and O19 or O20'). The MnII to MnIII


separations are, on average,
3.481 �. The average MnII to
ring MnIII separation of 12-MC-
4 is 3.54 �.


The two alkanoato ligands
result in a further stabilisation
of the complex and are bound
on opposite faces of the 15-MC-
5 (Figure 1). The carboxylato
group of the 2,4-D ligand is
bound to manganese atoms in
triple bidentate mode (bifurcat-
ed). The first carboxylate group
is bound through O16 to the
encapsulated Mn6 and ring
Mn3 to form a monoatomic
oxygen bridge(Mn3ÿO16�
2.438(5) �, Mn6ÿO16�
2.267(4) �), while O17 is bound
to ring Mn2 (Mn2ÿO17�
2.239(5) �). The second car-
boxylato group contains two
disordered oxygen atoms, O19/
O19' and O20/O20'. The occu-
pancy factors are 0.84 for O19


and O20 and 0.16 for O19' and O20'. O19 is bound to the
encapsulated Mn6 and ring Mn5 atoms, while O20 is bound to
the ring Mn4 atom. The disordered O19' is bound to the
ring Mn5 atom and O20' to the central Mn6 and ring Mn4
atoms.


Figure 1. An ORTEP diagram of [MnII(2,4-D)2][15-MCMnIIIN(shi)-5](py)6 ´ py ´ MeOH (1) with 25 % ellipsoids of
the heteroatoms and with only the heteroatoms labelled; the metallacrown core, the coordination environment of
the ring MnIII ions and the coordination mode of the encapsulated MnII atom are highlighted.


Table 1. Crystal data and structure refinement[a] for compounds 1 and 2.


1 2


formula C87H69Cl4Mn6N12O22 C79.14H66.56Cl4Mn6N10O23.14


Mr 2105.98 1999.34
T [K] 173(2) 173(2)
l [�] 0.71073 0.71073
crystal system triclinic orthorhombic
space group P1Å Pna21


a [�] 12.5438(9) 26.060(3)
b [�] 16.169(1) 22.294(2)
c [�] 23.793(1) 14.6659(14)
a [8] 70.259(1) 90
b [8] 78.187(1) 90
g [8] 76.225(2) 90
V [�3] 4370.4(5) 8520.5(14)
Z 2 4
1calcd [Mg mÿ3] 1.600 1.559
m [mmÿ1] 1.045 1.067
F(000) 2138 4058
q range [8] 1.39 ± 27.15 2.40 ± 29.87
index ranges ÿ 16� h� 15 ÿ 35� h� 35


ÿ 20� k� 18 ÿ 29� k� 29
ÿ 30� l� 30 ÿ 20� l� 18


reflections collected/unique 32982/18 631 [R(int)� 0.0885] 85549/22 134 [R(int)� 0.0938]
completeness to q 27.15 96.3 % 29.87 94.8 %
data/restraints/parameters 18631/0/736 22134/1/1084
goodness-of-fit on F 2 0.931 0.937
final R indices [I> 2s(I)] R1� 0.0798, wR2� 0.1651 R1� 0.0585, wR2� 0.1322
R indices(all data) R1� 0.2212, wR2� 0.2012 R1� 0.1419, wR2� 0.1587
largest diff. peak/hole [e�ÿ3] 0.824/ÿ 0.949 1.283/ÿ 0.731
absolute structure parameter ± 0.008(16)
extinction coefficient ± 0.00010(10)


[a] Refinement method for both complexes: full-matrix least-squares on F 2.
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Structure of complex 2 : The ORTEP diagram of the crystal
structure of complex 2 is given in Figure 2. Important bond
lengths and angles are given in Table 3 . The X-ray structure of
2 consists of a neutral 12-membered metallacrown of the type
[12-MCMnIIIN(shi)-4]. Four ring MnIII atoms and four salicylhy-
droximato (shi3ÿ) ligands construct the formally neutral [12-
MCMnIIIN(shi)-4] core. The shi3ÿ ligands act as a binucleating
tetradentate ligand and binds one ring MnIII atom through the
iminophenolato N and OPh in a six-membered chelate ring and
a second ring MnIII atom through the carbonyl and hydrox-
amato oxygens (OC and OH) in a juxtaposed five-membered
chelate. The juxtaposed five- and six-membered chelates form
the basis of the metallacrown structure through a (MnIII-N-O)
ring system. The specific connectivity of the atoms to form the
ring is: Mn2-O8-N3-Mn3-O2-N1-Mn5-O5-N2-Mn4-O11-N4.


All of the MnIII ions participating in the metallacrown are
six-coordinate in a planar configuration with pyridine nitro-
gens and carboxylato oxygens bound in the apical positions of
a Jahn ± Teller elongated octahedron. The average separation


Figure 2. An ORTEP diagram of [MnII
2(2,4-DP)2(HCOO)2]-


[12-MCMnIIIN(shi)-4](py)6 ´ 1.14 MeOH (2) with 25 % ellipsoids with only the
heteroatoms labelled; the metallacrown core, the coordination environ-
ment of the ring MnIII ions and the coordination mode of the hosted
binuclear MnII complex are emphasized.


between manganese atoms in the ring, MnIII ´ ´ ´ MnIII, of
4.628 � and the bite distance of 2.744 � are very similar to
those reported for [Mn(acetate)2][12-MCMnIIIN(shi)-4](dmf)6,
(4.64 � and 2.73 �, respectively), which is a 12-membered
metallacrown with a mononuclear [Mn(acetate)2] complex in
the capping position.[26] The cavity size of 0.645 � is similar to
analogous organic 12-crown-4 (0.60 �) and a little larger
than the analogous [Mn(acetate)2][12-MCMnIIIN(shi)-4](dmf)6,


(0.57 �).
The 12-membered manganese(iii) metallacrown hosts the


binuclear complex [MnII
2(2,4-DP)2(HCOO)2(py)2] as a cap-


ping molecule. It contains a Mn2O2 core with the two oxygen
atoms provided by the two formato ligands, each contributes a
carboxylato oxygen as a bridging atom between the two MnII


ions. With regards to the coordination of the two MnII ions,
Mn1 is seven-coordinate and Mn6 is six-coordinate. The Mn1
coordination environment is completed by the four metal-


Table 2. Selected bond lengths [�] of compound 1.


planar MnIII


Mn1ÿO6phenolate 1.855(5) Mn5ÿO12phenolate 1.857(5)
Mn1ÿO1hydroximate 1.921(5) Mn5ÿN4hydroximate 1.920(6)
Mn1ÿO2carbonyl 1.935(5) Mn5ÿO5carbonyl 1.928(4)
Mn1ÿN2hydroximate 1.944(6) Mn5ÿO4hydroximate 1.943(5)
Mn1ÿN6pyridine 2.339(6) Mn5ÿN9pyridine 2.295(6)
Mn1ÿN7pyridine 2.389(5) Mn5ÿO19'2,4-D 2.42(3)


Mn5 ± O192,4-D 2.4826


propeller MnIII


MnIII stereochemistry, L MnIII stereochemistry, L


Mn2ÿO3phenolate 1.852(5) Mn3ÿO15phenolate 1.829(5)
Mn2ÿO7hydroximate 1.895(5) Mn3ÿO10hydroximate 1.918(4)
Mn2ÿN1hydroximate 2.017(6) Mn3ÿN5hydroximate 1.968(6)
Mn2ÿO8carbonyl 2.124(5) Mn3ÿN8pyridine 2.115(5)
Mn2ÿN10pyridine 2.128(6) Mn3ÿO11carbonyl 2.147(5)
Mn2ÿO172,4-D 2.239(5) Mn3ÿO162,4-D 2.438(5)


MnIII stereochemistry, D Encapsulated MnII


Mn4ÿO9phenolate 1.828(5) Mn6ÿO10hydroximate 2.207(5)
Mn4ÿO13hydroximate 1.918(4) Mn6ÿO1hydroximate 2.230(5)
Mn4ÿN3hydroximate 2.010(6) Mn6ÿO7hydroximate 2.231(5)
Mn4ÿN11pyridine 2.107(6) Mn6ÿO192,4-D 2.241(6)
Mn4ÿO14carbonyl 2.131(4) Mn6ÿO13hydroximate 2.244(4)
Mn4ÿO202,4-D 2.198(6) Mn6ÿO162,4-D 2.267(4)
Mn4ÿO20'2,4-D 2.41(3) Mn6ÿO4hydroximate 2.342(5)


Mn6 ± O20'2,4-D 2.4503


Scheme 3. The planar and propeller configurations for the MnIII ring ions.
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lacrown ring oxygens (O2, O5, O8 and O11), by O20 and O21
from the two bridging formato ligands and by O17 of a 2,4-D
terminal ligand. Mn6 is bound to the alkanoato oxygens, O13
and O16, as well as to the two bridging formato oxygens O20
and O21, while the remaining sites for the Mn6 octahedron
are filled by nitrogen atoms (N5 and N6) of two pyridine
molecules.


The dinuclear Mn2O2 core is almost planar (the sum of
the angles O21-Mn1-O20� 81.26(14)8, O21-Mn6-O20�
80.57(14)8, Mn1-O20-Mn6� 98.48(15)8 and Mn1-O21-
Mn6� 99.48(15)8 is 359.798 and the torsion angle O21-Mn1-
O20-Mn6-O20� 3.48) with the two manganese(ii) ions, Mn1
and Mn6, displaced out of the best least-squares plane defined
by O2, O5, O8 and O11 by 1.295 � and 4.644 �, respectively.
The Mn1 ´´´ Mn6 separation is 3.358 � and falls into the
range for triply-bridged MnII ions,[67] for example,
3.35 � in [Mn(C2H5COO)2(H2O)2],[68] and 3.289 � in
[Mn3(CH3COO)2(bpc)2(py)4(H2O)2], (H2bpc� 2,2'-bipyridyl-
3,3'-dicarboxylic acid),[69] while it is smaller than 3.53 �
reported for the analogous double-bridged monodentate
doubly-bound coordination mode of carboxylato ligands of
[Mn2(C6H2Cl3-OCH2COO)4](H2O)4].[70]


The two formato ligands are in triple bidentate coordina-
tion mode and bridge through O20 and O21, respectively, the
inward encapsulated manganese atom Mn1 and the outward
capped manganese atom Mn6, while each formato group also
bridges through oxygen atoms O19 and O20 or O21 and O22
the encapsulated Mn1 with the ring manganese Mn4 and
manganese Mn3, respectively (empty bonds in Figure 2). The
separations between Mn1 and Mn6 to the ring MnIII are, on
average, 3.471 � and 5.574 �, respectively.


The two 2,4-DP carboxylato ligands show a diverse
coordination mode. One ligand is bound in bidentate syn ±
anti bridging fashion to Mn6 and to the ring manganese atoms
Mn2, while the second one is coordinated in a triple bidentate
mode bridging in syn ± anti fashion the Mn6 and the ring


manganese atom Mn5, while O17 is bound also to Mn1. Both
2,4-DP ligands are cis with respect to the metallacrown ring.
These bridges enclose the encapsulated trigonal-prismatic
Mn6 ion through two almost equally long paths of
Mn6-O13-C29-O14-Mn2 (� 6.85 �) and Mn6-O16-C38-
O17-Mn5 (� 6.90 �) (empty bonds in Figure 2).


Structure of complex 3 : The X-ray structure of 3 has already
been reported.[41] Here we give a general description of the
structure that is necessary for the understanding of the
magnetic interaction.


The X-ray structure[41] of 3 consists of two
[12-MCM(ox)N(ligand)-4] units: [NiII(mcpa)][12-MCNiIIN(shi)2(pko)2


-4]-
(CH3OH)2 and [NiII(MCPA)][12-MCNiIIN(shi)3(pko)-4](CH3OH)-
(H2O) with charges of �1 and ÿ1, respectively. Each unit has
four NiII ring ions and one additional encapsulated NiII ion.
The five NiII atoms of each metallacrown core are in the same
plane with an angle between these two planes of 3.88. The
central nickel geometry is octahedral with an average distance
from the ring to the central atom of 3.31 � and 3.33 � in the
anion and cation, respectively. The anionic unit is bound to
cationic unit to create binuclear moieties (Ni1-O71-Ni2-O21),
(Ni3-O1-Ni6-O73), (Ni5-O61-Ni7-O23) and (Ni9-N11-Ni10-
O22) with Ni1 ´´ ´ Ni2� 3.142 �, Ni1 ´´´ Ni10� 3.594 �, Ni2 ´´´
Ni4� 3.671 �, Ni3 ´´´ Ni6� 3.230 � and Ni5 ´´´ Ni7� 3.071 �
in a planar arrangement. The [NiII(mcpa)][12-MCNiIIN(shi)2(pko)2


-4]-
(CH3OH)2 cation, has an alternating pattern of shi3ÿ and pkoÿ


ligands around the 12-MC-4 structure to form a neutral
metallacrown ring. All NiII have an octahedral configuration,
except Ni8 which has a square-planar configuration. The
[NiII(mcpa)][12-MCNiIIN(shi)3(pko)-4](CH3OH)(H2O) anion with
three shi3ÿ and one pkoÿ ligands forms an anionic metal-
lacrown ring moiety with a charge of ÿ2 and with an overall
anion charge of ÿ1. The configuration around the NiII atoms
is analogous to that in the cationic metallacrown with Ni4 now
in a square-planar environment (Figure 3).


Figure 3. A view of [NiII(MCPA)]2[12-MCNiIIN(shi)2(pko)2
-4][12-MCNiIIN(shi)3(pko)-


4](CH3OH)3(H2O) (3) showing the interaction between the two metal-
lacrowns.


Magnetic study of 3 : The temperature dependence of the
susceptibility data of 3, in the form of cMT, is shown in
Figure 4a. The susceptibility decreases from a value of
8.2 cm3 molÿ1 K at 300 K to 2.19 cm3 molÿ1 K at 2 K. The value
at room temperature is smaller than that of 9.68 cm3 molÿ1 K


Table 3. Selected bond lengths [�] and angles [8] for compound 2.


ring MnIII


Mn2ÿO12phenolate 1.861(4) Mn3ÿO9phenolate 1.860(4)
Mn2ÿO8hydroximate 1.893(4) Mn3ÿO2hydroximate 1.889(4)
Mn2ÿO7carbonyl 1.959(4) Mn3ÿO1carbonyl 1.994(4)
Mn2ÿN4hydroximate 1.956(4) Mn3ÿN3hydroximate 1.971(5)
Mn2ÿO142,4-D 2.185(4) Mn3ÿO19formate 2.205(4)
Mn2ÿN8pyridine 2.319(5) Mn3ÿN9pyridine 2.340(6)
Mn4ÿO6phenolate 1.845(4) Mn5ÿO3phenolate 1.846(4)
Mn4ÿO8hydroximate 1.898(4) Mn5ÿO2hydroximate 1.889(4)
Mn4ÿO10carbonyl 1.944(5) Mn5ÿO1carbonyl 1.994(4)
Mn4ÿN2hydroximate 1.944(5) Mn5ÿN3hydroximate 1.961(4)
Mn4ÿO22formate 2.267(4) Mn5ÿO19formate 2.205(4)
Mn4ÿN7pyridine 2.317(5) Mn5ÿN9pyridine 2.340(6)


encapsulated MnII (Mn1) encapsulated MnII (Mn6)
Mn1ÿO2hydroximate 2.229(4) Mn6ÿO20formate 2.231(4)
Mn1ÿO5hydroximate 2.305(4) Mn6ÿO21formate 2.201(4)
Mn1ÿO8hydroximate 2.269(4) Mn6ÿN5pyridine 2.237(6)
Mn1ÿO20formate 2.202(4) Mn6ÿO162,4-D 2.142(4)
Mn1ÿO11hydroximate 2.237(4) Mn6ÿN6pyridine 2.290(5)
Mn1ÿO21formate 2.199(3) Mn6ÿO132,4-D 2.146(5)
Mn1ÿO172,4-D 2.457(4)


O21-Mn1-O20 81.26(14) Mn1-O20-Mn6 98.48(15)
O21-Mn6-O20 80.57(14) Mn1-O21-Mn6 99.48(15)
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Figure 4. a) Temperature dependence of the susceptibility data, in the
form of cMT of 3 at 0.1 T. The solid line represents the best fit according to
Equation (4). Inset: the low-temperature dependence of the susceptibility
at 0.1 T and 1 T. See text for details. b) Magnetisation measurements, in the
reduced form of M/NmB versus HTÿ1 [T Kÿ1] in the field range 0 ± 6.5 T at
2 K and 4.6 K of complex 3.


expected for eight independent ions with S� 1, that has a g
value equal to 2.2. This reveals the overall antiferromagnetic
character of the system. From crystallographic criteria, the
exchange pathways in this complex are both ferromagnetic
and antiferromagnetic and the magnetic interpretation of it
becomes very difficult owing to 1) the large number of
different exchange couplings and 2) the size of the energy
matrix which in the present case is 6561� 6561, considering
that two Ni atoms (Ni4 and Ni8) are diamagnetic. In order to
overcome this problem, different magnetic models (2-J, 3-J,
4-J) were used to examine the important exchange pathways
and the possible correlation between the exchange parame-
ters. To confirm the validity of the values obtained from the
fitting procedure, simulations of the magnetisation curve were
carried out with the values obtained from the susceptibility
data. With regards to the second problem, the successive use
of the ITO (irreducible tensor operator) techniques[71, 72] was
employed; this allowed us to take full account of all kinds of
magnetic exchange interactions as well as to exploit the
symmetry associated with the total spin functions in such a
way that the exchange matrix initially of size 6561� 6561, is
formed by S-block matrices with a maximum size of 280� 280.
In this treatment the spin anisotropy of nickel(ii) has been
neglected to take full advantage of the spin symmetry,
otherwise the problem becomes almost intractable for our
computational capabilities. Because of the complex nature of
the coupling scheme in this cluster and the following ones, a
more graphical way of representation will be used. According
to this representation, the magnetic centres are presented
along with, from the magnetic point of view, the most
important bridging pathways. All other bridging modes are
omitted for clarity. Thus, the magnetic model that was used is


shown graphically in Scheme 4; only the oxo-bridges are
taken into consideration for more effective coupling and the
exchange pathways linking nickel atoms for distances less


Scheme 4. The magnetic model used for 3 with the oxo-bridges and the
exchange pathways linking nickel atoms at distances <3.3 �.


than 3.3 �. With this treatment the zero-field hamiltonian
given in Equation (4) was used:


H�J1(S1S7 � S2S10)�J2(S1S2)�J3(S3S6)�J4(S5S7)�J5(S9S10) (4)


It must be pointed out that even with these assumptions, the
hamiltonian formalism was not simplified because of the
differences in the various exchange pathways. By fixing the
value of g to 2.2, the following J values were obtained:
J1� 68.8 cmÿ1, J2� 98.35 cmÿ1, J3� 5.19 cmÿ1, J4�ÿ1.65 cmÿ1


and J5�ÿ48.43 cmÿ1. There values are in agreement with
magnetostructural correlations found in other nickel(ii) clus-
ters.[73, 74] The theoretical curve is shown in the Figure 4a as a
solid line. Table 4 gives selected bonds lengths and angles


according to Scheme 4. According to the data, the large
antiferromagnetic values of J1 and J2 are in agreement with
the general magnetostructural correlation, namely, for Ni-O-
Ni angles >1008 the interaction is antiferromagnetic and the
reason for J1< J2 is possibly the single oxo character the
bridge between Ni1 and Ni7 and between Ni2 and Ni10
compared to the most effective double oxo bridge between
Ni2 and Ni1. The small J3 exchange interaction is in agreement
with the larger distance between Ni3 and Ni6 and the smaller
Ni-O-Ni angle (compared to the previous pairs). It is quite
important to note here that the model predicts the large
ferromagnetic interaction between the Ni9 and Ni10, which
has the smallest distance (3.058 �) and the smallest Ni-O-Ni
angle (90.58). The case of the J4 interaction is also interesting:


Table 4. Structural characteristics of the model in Scheme 4.


J values Bond lengths [(�] Bond angles [8]


J3 Ni3ÿNi6 3.229 Ni3-O73-Ni6 101.1(1)
Ni3-O1-Ni6 98.69(1)


J2 Ni2ÿNi1 3.143 Ni2-O21-Ni1 101.1(1)
Ni2-O71-Ni1 93.46(1)


J1 Ni2ÿNi10 3.207 Ni2-O21-Ni10 107.3(5)
Ni1ÿNi7 3.182 Ni1-O61-Ni7 103.5(1)


J4 Ni5ÿNi7 3.078 Ni5-O23-Ni7 95.54(1)
Ni5-O61-Ni7 97.40(1)


J5 Ni9ÿNi10 3.059 Ni9-O22-Ni10 90.51(1)
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here the values of the Ni-O-Ni angles are close to the ferro/
antiferro limit and the value of J4 is small although the Ni ± Ni
distance is almost the same as the previous ferromagnetic pair.
Evidently, the reasonable over-parameterisation of the model
may involve possible correlations between the J values. In
order to test this set of parameters, the theoretical magnet-
isation curve obtained from them was compared to the
experimental curve in Figure 4b. The model reproduces the
linear dependence of the magnetisation with the field
moderately well. The magnetisation curve was measured at
4.7 K in order to avoid spin anisotropy[75] of the cluster at
lower temperatures; at this temperature the splitting of the
lower spin levels caused by the anisotropy is smaller than the
thermal energy and, therefore, all these levels are populated.
To completely model a magnetic system it would be necessary
to measure the entire ªmagnetisation surfaceº, the three-
dimensional space defined by temperature, external magnetic
field and the resulting magnetisation. Usually we have only
two sections in this space, namely, variable-temperature
susceptibility at one fixed field and variable-field magnet-
isation at one fixed temperature. As a consequence, the best-
fit parameters for the former may not agree with those of the
latter.


The reason for this linearity in the magnetisation curve is
clearly resolved by examining the energy spectrum of the
complex (see the Supporting Information). The ground state
of the system is S� 0 with an S� 1 at 0.6 cmÿ1 and an S� 2 at
1.7 cmÿ1 above S� 0, respectively. This leads to non-Brillouin
behaviour of the magnetisation because the ground state is
very close to the excited states.[75]


Magnetic study of 1: The temperature dependence of the
susceptibility data of 1, in the form of cMT, is shown in
Figure 5a. The susceptibility decreases from a value of


Figure 5. a) Temperature dependence of the susceptibility data, in the
form of cMT of 1 at 0.1 T. The solid line represents the best fit according to
Equation (5). See text for details. b) Magnetisation measurement, in the
reduced form of M/NmB, in the field range 0 ± 6.5 T at 5 K of complex 1. The
solid line represents the simulation according to the values obtained from
the fit of the susceptibility data.


17.2 cm3 molÿ1 K at 300 K to 1.4 cm3 molÿ1 K at 2.2 K. The
value at room temperature is smaller than the value of
19.375 cm3 molÿ1 K (for five independent ions with S� 2 and
one S� 5/2 when g� 2). This reveals the overall antiferro-
magnetic character of the system. While the number of
exchange pathways in this system is smaller compared to the
previous complex, the size of the exchange matrix has
increased considerably to 18 750� 18 750. The successive use
of ITO techniques reduces the size to S-block matrices with a
maximum size of 330� 330. The magnetic model that was
used is shown in Scheme 5; only the oxo bridges have been


Scheme 5. The magnetic model used for 1 showing the oxo-bridges and the
exchange interactions between the Mn ions.


taken into consideration for more effective coupling and the
exchange interactions are defined mainly according to the
Mn-O-Mn angle and the distance between the Mn ions.
Exchange interactions for distances of >4 � were excluded.
The corresponding zero-field hamiltonian formalism is given
in Equation (5).


H� J1S6(S3� S5)� J2S6(S1� S2)� J3(S6S4) (5)


The results of the fitting are: J1�ÿ9.0 cmÿ1, J2� J3�
14.6 cmÿ1 (which was confirmed with a 2-J model as well),
g� 2.0. The theoretical curve is shown in Figure 5a as a solid
line. Although there are no exact magnetostructural correla-
tions between the MnIII-O-MnII angle and the sign/magnitude
of the exchange constant, it has been shown that for MnIII-O-
MnII angles of�1208 the interaction is antiferromagnetic,[76±80]


while for �1058 the interaction is still ferromagnetic.[81]


According to the data given in Table 5, the above consid-
erations are in agreement with the fitted results. The fit was
valid for the data from 30 K to 300 K, but fails to explain the
low-temperature behaviour of the system. A possible reason
for this low-temperature behaviour maybe the large zero-field
splitting and/or the intermolecular interactions.[76] In order to
further test the validity of the ferromagnetic interaction (J1)


Table 5. Structural characteristics of the model in Scheme 5.


J values Bond lengths [(�] Bond angles [8]


J2 Mn6ÿMn2 3.579 Mn6-O1-Mn1 123.9(1)
Mn6ÿMn1 3.666 Mn6-O7-Mn2 120.09(1)


J1 Mn6ÿMn5 3.368 Mn6-O4-Mn5 103.2(1)
Mn6ÿMn3 3.317 Mn6-O10-Mn3 106.84(1)


J3 Mn6ÿMn4 3.476 Mn6-O13-Mn4 112.9(1)
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predicted by the model between the Mn6 and Mn3, Mn5,
theoretical curves were calculated by fixing the J2 value and
replacing J1 by the values �1, �100, ÿ1, ÿ100 cmÿ1 for the
small/large antiferro/ferromagnetic interaction, respectively.
It can be seen in Figure 6, that when the interaction between


Figure 6. Simulations of the susceptibility according to Equation (5) by
variation of the J1 value and fixing the J2 value according to the results
obtained for the fitting of the susceptibility data of complex 1. See text for
details.


the Mn6 and the Mn3, Mn5 is antiferromagnetic (small or
large) a high ground state, S� 15/2, is stabilised which in
agreement with a spin-up configuration for S1� 5/2, S5� S1�
2 with all the others spins down or opposite. Then the
susceptibility gradually decreases to smaller values. In this
case, in which the interaction is ferromagnetic, the suscept-
ibility data at low temperatures is close to 0 and gradually
increases to higher values. This discrepancy between the
theoretical and the experimental susceptibility at low temper-
atures was further investigated with magnetisation measure-
ments at different temperatures. The results are shown in
Figure 5b for two temperatures (2.2 and 4.7 K). The data are
plotted in the form of reduced magnetisation, M/NmB, as a
function of the magnetic field divided by the corresponding
temperature. The reason for doing this is to discover the
magnitude of the difference in the magnetisation behaviour at
different temperatures, bearing in mind that magnetisation
data at different temperatures can be superimposed if they
have Brillouin behaviour.[82] It seems that the difference is
quite large starting from low magnetic fields and this is proof
for the existence of large zero-field and/or intermolecular
interactions in the low-temperature limit. Furthermore, the
population of many energy states at these temperatures is also
a possibility for this behaviour of the magnetisation data. In
this treatment, the spin anisotropy has been neglected to take
full advantage of the spin symmetry, otherwise the problem
also becomes intractable.


Magnetic study of 2 : The temperature dependence of the
susceptibility data of 2, in the form of cMT, is shown in
Figure 7a. It decreases from a value of 19.44 cm3 molÿ1 K at
300 K to 7.36 cm3 molÿ1 K at 2 K. The value at room temper-
ature is smaller than the value of 20.75 cm3 molÿ1 K expected
for four independent ions with S� 2 and two S� 5/2, when
g� 2. This reveals the overall antiferromagnetic character of
the system. The size of the exchange matrix increased even
more considerably and was 22 500� 22 500. The successive use
of ITO techniques reduces the size to S-block matrices with a


Figure 7. a) Temperature dependence of the susceptibility data, in the form
of cMT of 2 at 0.1 T. The solid line represents the best fit according to
Equation (6). See text for details. b) Magnetisation measurements, in the
reduced form of M/NmB versus HTÿ1 [T Kÿ1] in the field range 0 ± 6.5 T at
2.2 K and 4.7 K of complex 2.


maximum size of 365� 365. The magnetic model that was
used is shown in Scheme 6; the same considerations as for the
previous complex were taken into account in order to build
the corresponding hamiltonian formalism [Eq. (6)]:


H� J1(S1S5)� J2S1(S2� S3� S4)� J3(S1S6) (6)


Scheme 6. The magnetic model used for 2 showing the oxo-bridges and the
exchange interactions between the Mn ions.


The results of the fitting are: J1�ÿ9.5 cmÿ1, J2� 8.3 cmÿ1,
J3� 0.17 cmÿ1, g� 2.0. The theoretical curve is also shown
Figure 7a as a solid line. Table 6 gives selected bond lengths
and angles according to Scheme 6. It is important to note that
in this complex the ferromagnetic interaction (J1) and the
antiferromagnetic interaction (J2) also have the same nature
as in the previous complex and is a direct proof of the validity
of the fit, while the small antiferromagnetic interaction (J3) is
in agreement with the known magnetostructural correlations.
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Furthermore, in the inset of Figure 7 a the low-temperature
magnetic data are shown for two different magnetic fields, 0.1
and 1 T, respectively. In order to explore the nature of this
divergence at high fields (saturation effects or zero-field
effects) magnetisation measurements were carried out at
different temperatures and are shown in Figure 7b for two
temperatures 2.0 and 4.6 K. By the use of the same method to
plot the magnetisation data as in the previous case, it is
evident that the zero-field and/or the population of many
energy levels at low temperatures is the reason for this
divergence of the susceptibility data at high fields. A
simulation of the magnetisation data was then carried out
with the set of parameters obtained from the treatment of the
susceptibility data and the results are also shown in Figure 7b
as solid lines. The simulation is in very good agreement at high
temperatures (4.6 K), while at 2 K it diverges significantly.
This divergence is attributed to the fact that we did not take
into account the zero-field splitting effects which are more
important at this temperature.[75] According to the energy
spectrum of the complex, the ground state is S� 4 with an S�
3, 2, 1 at �0.5, 1.0, 1.5 cmÿ1 above the ground state,
respectively; this again leads to this non-Brillouin behaviour
of the magnetisation (the Supporting Information)


Finally, X-band powder EPR measurements were carried
out in the temperature range 4 ± 60 K: there is a single
resonance which is centered at g� 2. In the inset of Figure 8,


Figure 8. Temperature dependence of the intensity of the powder X-band
EPR resonance of 2, centered at g� 2.0, in the form of IT, and in the
temperature range 4 ± 60 K. Inset: the temperature dependence of the
intensity is shown; there is a clear peak at �23 K.


the temperature dependence of the intensity of this resonance
is shown. There is a maximum at �23 K. The product of the
intensity with the temperature is also shown. The dependence
of this product does not follow the Curie law; this is a direct
proof that the resonance belongs to a cluster with many
populated states near its ground state.


Conclusion


While 12-MC-4 and 15-MC-5 metallacrowns have been
reported previously, some very interesting features are
presented in this report. Compound 2 is the first example of
a structurally characterised 12-MC-4 compound that has a
dinuclear encapsulated complex which permits the use of a
larger variety of guest molecules. We have shown that the
zero-field and/or the population of many energy levels at low
temperatures is the reason for the divergence of the suscept-
ibility data at high fields. For the first time, in the case of
compound 3, an attempt was made to fit the magnetic data of
a compound of high nuclearity (10 NiII). The ground state is
S� 0 with S� 1 and S� 2 low-lying excited states. This leads
to non-Brillouin behaviour of the magnetisation because the
ground state is very close to the excited states.
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Studies on the Mechanism of Metal-Catalyzed Hydrogen Transfer from
Alcohols to Ketones


Oscar Pa¡mies and Jan-E. B‰ckvall*[a]


Abstract: The mechanism of metal-cat-
alyzed hydrogen transfer from alcohols
to ketones has been studied. Hydrogen
transfer (H-transfer) from (S)-�-deutero-
�-phenylethanol ((S)-1) to acetophe-
none was used as a probe to distinguish
between selective carbon-to-carbon
H-transfer and nonselective transfer in-
volving both oxygen-to-carbon and car-
bon-to-carbon H-transfer. The progress
of the reaction was monitored by the
decreasing enantiomeric excess of (S)-1.
After complete racemization, the alco-
hol was analyzed for its deuterium con-
tent in the �-position, which is a meas-
ure of the degree of selectivity in the
H-transfer. A number of different rho-


dium, iridium, and ruthenium complexes
(in total 21 complexes) were investigat-
ed by using this probe. For all rhodium
complexes a high degree of retention of
deuterium at �-carbon (95 ± 98 %) was
observed. Also most iridium complexes
showed a high degree of retention of
deuterium. However, the results for the
ruthenium complexes show that there
are two types of catalysts: one that gives
a high degree of deuterium retention at
�-carbon and another that gives about


half of the deuterium content at �-
carbon (37 ± 40 %). Two different mech-
anisms are proposed for transition-met-
al-catalyzed hydrogen transfer, one via a
monohydride (giving a high D content)
and another via a dihydride (giving
about half of D content). As comparison
non-transition-metal-catalyzed hydro-
gen transfer was studied with the same
probe. Aluminum- and samarium-cata-
lyzed racemization of (S)-1 gave 75 ±
80 % retention of deuterium in the �-
position of the alcohol, and involvement
of an electron transfer pathway was
suggested to account for the loss of
deuterium.


Keywords: homogeneous catalysis ¥
hydrogen transfer ¥ reaction mecha-
nisms ¥ transition metals


Introduction


Ever since the discovery of the Meerwin ± Ponndorf ± Verley
reaction[1] in which a ketone is reduced by an alcohol in the
presence of an aluminium alkoxide, the use of metallic
compounds to promote hydrogen transfer between alcohols
and carbonyl compounds has been widely studied in organic
synthesis.[2, 3] More recently, transition-metal-catalyzed ver-
sions of these reactions have been developed.[4, 5] Today, the
asymmetric transfer hydrogenation[5b, 6] of prochiral ketones is
one of the most attractive methods for synthesizing optically
active secondary alcohols, which form an important class of
intermediates for fine chemicals and pharmaceuticals.[7] The
product alcohols are obtained under relatively mild condi-
tions in high yields and good enantioselectivities.[5b, 6] Tran-
sition-metal-catalyzed hydrogen transfer has also been used
by us[8] and others[9] to racemize alcohols through reversible


dehydrogenation in the presence of a lipase to obtain a
dynamic kinetic resolution of secondary alcohols.


We have studied the mechanism of ruthenium-catalyzed
hydrogen transfer and found that the presence of base in
[RuCl2(PPh3)3]-catalyzed reactions has a dramatic effect on
the rate.[4, 10, 11] More recently, we have shown that the role of
the base is to generate a highly active ruthenium dihydride
species, [RuH2(PPh3)3].[12]


From a mechanistic point of view, two general pathways
have been proposed for hydrogen transfer: 1) direct hydrogen
transfer (Figure 1, I) and 2) a hydridic route (Figure 1, II). The


Figure 1. Intermediates I and II proposed for the two general pathways:
direct hydrogen transfer (I) and a hydridic route (II).


direct hydrogen transfer, proposed for the Meerwein ± Ponn-
dorf ± Verley (MPV) reduction,[1, 3] is a concerted process that
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involves a six-membered cyclic transition state (I), in which
both the hydrogen donor and the hydrogen acceptor are
coordinated to the metal center. In the hydridic route, a metal
hydride is involved in the hydrogen transfer (II). A direct
hydrogen transfer is claimed to occur with main group
elements, while a hydride mechanism is thought to be
involved with transition metal complexes.[6, 13]


For the hydridic route, two different pathways may be
involved depending on the origin of the hydride on the metal
(Scheme 1). Thus, the metal hydride may arise purely from
the C�H of the alcohol (path IIA) or it may originate from
both the O�H and C�H (path IIB).


Scheme 1. Two different pathways proposed for the hydridic route.


For the second pathway (IIB) any of the hydrides on the
metal may add to the carbonyl carbon (cf. Figure 1, II). A
general question of interest to answer in hydrogen transfer
from an alcohol to a ketone is, therefore, whether the
hydrogen atoms transferred keep their identity, that is, if
O�H is transferred to keto oxygen and C�H to carbonyl
carbon (Scheme 2, path A) or if the two hydrogens are
scrambled and lose their identity (Scheme 2, path B).


In a preliminary study we reported on a method how to
distinguish between the two pathways in Scheme 2. Two
different ruthenium catalysts were compared in hydrogen
transfer from an alcohol to a ketone, and it was found that one
follows path A, whereas the other follows path B.[14]


A number of transition metal complexes are known to
catalyze hydrogen transfer from an alcohol to a ketone.[6, 10] In
the present study we have investigated the selectivity of the
hydrogen transfer for rhodium, iridium, and ruthenium
complexes with various phosphorous, nitrogen, and sulfur
ligands by employing the method developed in our laboratory.
As a comparison, the corresponding aluminum- and sama-
rium-catalyzed hydrogen transfer reactions were also studied.


Results and Discussion


The method used involves metal-catalyzed hydrogen transfer
from enantiomerically pure (S)-�-deutero-�-phenylethanol
((S)-1) to acetophenone (2). Since only achiral catalysts are


used, the progress of the reaction can be monitored by the
racemization of (S)-1. Analysis of the racemized �-phenyl-
ethanol and determination of the deuterium content in the �-
position will discriminate between path IIA and path IIB in
Scheme 1. Enantiomerically pure deuterated alcohol (S)-1
was prepared as described previously[14] and was �98 %
deuterated. A control experiment showed that no loss of
deuterium was observed when the (S)-1 and 2 were stirred
under the reaction conditions without catalyst.


Rhodium and iridium-catalyzed hydrogen transfer : The
results from rhodium-catalyzed reactions of (S)-1 with 2 are
given in Table 1 (entries 1 ± 6). The reactions were run at
70 �C, and for the rhodium complexes with phosphorus ligands
a quite fast racemization occurred (1 ± 4 h). With sulfur and
nitrogen ligands the racemization was slower (entries 2, 3, and
5). For all rhodium complexes studied there is a high
selectivity for transfer of deuterium from the �-position of
the alcohol to the carbonyl carbon of the ketone (95 ± 98 %).
The corresponding iridium catalyst precursors, in most cases,
also showed a high degree of retention of deuterium in the �-
position (Table 1, entries 7 ± 11). For example, with complexes
10, 11, and 13 a deuterium content of 96 ± 98 % in the �-
position was observed after full racemization. However with


phosphine ligands (complexes 9
and 12) some loss of deuterium
in the �-position of the alcohol
was observed (entries 7 and 10).
The rate of hydrogen transfer
(racemization) was generally
lower for the iridium complexes
than for their rhodium ana-
logues.


These results clearly indicate
that the monohydride mecha-
nism (path IIA, Scheme 1) is


operating for the rhodium and iridium catalysts. Despite the
fact that the iridium catalysts show different degrees of
deuteration we believe that they also follow the monohydride
mechanism. The lower deuterium content of (rac)-1 with the
IrI catalyst precursors containing the 1,3-bis(diphenylphos-
phinopropane) (dppp) ligand (entries 7 and 10, Table 2) can
be explained by aromatic activation of the phosphine ligand
by the active catalysts through orthometalation[15] leading to
some H/D exchange, as has been previously observed in this
reaction.[14]


Ruthenium-catalyzed hydrogen transfer : The outcome of the
ruthenium-catalyzed racemization of (S)-1 with respect to
deuterium content in (rac)-1 varied depending on the type of
catalysts precursor employed (Table 2). With dichloride
complexes 14 and 15 as catalyst precursors the deuterium
content in the �-position of (rac)-1 was 37 and 40 %,
respectively, after complete racemization (entries 1 and 2).
This low degree of deuteration would be best explained by a


Scheme 2. Possible paths for direct hydrogen transfer.
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dihydride mechanism. On the other hand complexes 17 and
20 ± 23 (entries 4 and 7 ± 10) gave a high degree of deuteration
(91 ± 98 %) in the �-position of the alcohol after complete
racemization, indicating a monohydride mechanism for these
catalysts. Complexes 16, 18, and 19 as catalyst precursors for
the racemization of (S)-1 afforded (rac)-1 with a deuterium
content of 89, 88, and 79 %, respectively. Although there is
some loss of deuterium from the �-position of the alcohol the
results are also best explained by a monohydride mechanism.
The slightly lower deuterium content in (rac)-1 obtained with
catalysts 16, 18, and 19 can be explained by either exchange
with the phosphine ligand by orthometalation,[15] as was
suggested for the iridium complexes (vide supra), or by some
H/D exchange of the metal deuteride with the solvent or some
ligand functionalities as has been recently reported for
different ruthenium complexes.[16]


Aluminum- and samarium-catalyzed hydrogen transfer : The
results from the racemization of (S)-1 with aluminum and


samarium catalysts are given in Table 3. As can be seen there
is a loss of deuterium in the �-position from 98 % in (S)-1 to
75 ± 80 % in (rac)-1 in all cases studied. However, complete
retention of deuterium in the �-position would be expected
for these catalysts, since it is generally assumed that they occur
by direct hydrogen transfer that involves a cyclic transition
state (Figure 1, I). The results, therefore, suggest partial
involvement of some other mechanism in addition to the
direct hydrogen transfer mechanism. Ashby[17] has proposed
that an electron transfer mechanism can be involved in
hydrogen transfer reactions catalyzed by non-transition
metals. Thus, the partial loss of deuterium in the �-position
(Table 3) may be accounted for by an electron transfer
pathway, which would involve radicals.


Table 1. Deuterium content in (rac)-1 after racemization of (S)-1 by RhI-
and IrI-catalyzed hydrogen transfer.[a]


Entry Precursor Time [h] % D[b] in (rac)-1


1 4 98


2 20 97


3 48 98


4 3 98


5 48 � 95[c]


6 1 95


7 6 83


8 6 98


9 48 98


10 48 73


11 48 96


[a] (S)-1 (0.5 mmol), 2 (0.5 mmol), catalyst (0.01 mmol), NaOH
(0.05 mmol), THF (0.75 mL), T� 70 �C. [b] % deuterium in the �-position
after complete racemization unless otherwise noted. [c] 85% racemization.


Table 2. Deuterium content in (rac)-1 after racemization of (S)-1 by RuII-
catalyzed hydrogen transfer.[a]


Entry Precursor Time [h] % D[b] in (rac)-1


1 6 40


2 [RuCl2(PPh3)3] 15 4 37[c]


3 3 89


4 12 98


5 0.17 88


6 0.17 79


7 2 92


8 48 92[d]


9 48 91[d]


10 24 95[c,d]


[a] (S)-1 (0.5 mmol), 2 (0.5 mmol), catalyst (0.01 mmol), NaOH
(0.05 mmol), THF (0.75 mL), T� 70 �C. [b] % deuterium in the �-position
after complete racemization unless otherwise noted. [c] Ref. [12]. [d] No
base added.
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Mechanistic considerations
It is generally assumed that transition-metal-catalyzed


hydrogen transfer involves metal hydrides as key intermedi-
ates. The results presented in Tables 1 and 2 indicate that two
different hydridic pathways can be involved in these reac-
tions: 1) a metal monohydride mechanism (path IIA,
Scheme 1) and 2) a metal dihydride mechanism (path IIB,
Scheme 1).


Metal monohydride mechanism : Hydrogen transfer reactions
catalyzed by metal monohydride may proceed by two slightly
different pathways. In both pathways the �-C�H is the origin
of the hydride (and with the principle of microscopic
reversibility the M�H adds exclusively to the carbonyl carbon
of the ketone). However the formation of the metal mono-
hydride may involve a) formation of a transition metal
alkoxide followed by �-elimination (reversed: insertion of
ketone into M�H bond to give metal alkoxide) or b) a
concerted pathway with simultaneous transfer of �-C�H to
the metal and transfer of O�H to the ligand (reversed:
transfer of H� from ligand to carbonyl oxygen and M�H to
carbonyl carbon). Thus, the latter pathway would not involve
the intermediacy of a transition metal alkoxide.


Pathway via transition metal alkoxide : All rhodium (3 ± 8), and
iridium complexes (9 ± 13) tested and ruthenium complexes
16 ± 20 most likely follow the well-established mechanism via
a metal alkoxide intermediate and �-elimination.[4, 13] This
mechanism is depicted in Scheme 3 for the Wilkinson catalyst
8 as a representative example.


It is well known that chlorides are easily replaced by
hydride by an alkoxide displacement/�-hydride elimination
sequence.[12] The precursor catalyst 8 is, therefore, rapidly
transformed to a monohydride species 27. Subsequently,
insertion of a ketone into the metal hydride bond via 28[18]


results in the formation of alkoxide 29. Finally, ligand
exchange between species 29 and (S)-1 followed by �-
elimination completes the catalytic cycle. There is ample
support for this alkoxide mechanism,[6] and it has been
demonstrated that transition metal hydrides are obtained


Scheme 3. Proposed catalytic cycle for the racemization of (S)-1 with
catalyst 8.


from �-elimination of the corresponding alkoxide com-
plexes.[19]


Concerted proton and hydride transfer : This mechanism was
first proposed by Noyori[20] for 16-electron Ru complexes 21
and 22 and involves a six-membered transition state
(Scheme 4, TS).


Scheme 4. Proposed concerted proton and hydride transfer mechanism for
the racemization of (S)-1 with catalysts 21 and 22.


A feature of these complexes and also of complex 23 is that
no addition of external base is needed as a co-catalyst, since
one of the coordinating sites of the ligand acts as a basic
center. The reaction of the basic nitrogen with the deuterated
alcohol (S)-1 would result in proton abstraction with con-
comitant formation of the corresponding RuII ± hydride inter-


Table 3. Deuterium content in (rac)-1 after racemization of (S)-1 by AlIII-
and SmIII-catalyzed hydrogen transfer.[a]


Entry Precursor Time [h] % D[b] in (rac)-1


1 18 75


2 48 80[c]


3 18 76


[a] (S)-1 (0.5 mmol), 2 (0.5 mmol), catalyst (0.05 mmol), THF (0.75 mL),
T� 70 �C. [b] % deuterium in the �-position after complete racemization
unless otherwise noted. [c] 83% racemization.
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mediate. A similar concerted pathway may also take place for
ruthenium complex 23. Recent theoretical studies[21] lend
support to formation of a RuII ± hydride intermediate via the
six-membered transition state (TS) in Scheme 4. Very re-
cently Casey and co-workers provided experimental support
for this pathway for 23 (Scheme 5).[22] From kinetic studies it


Scheme 5. Pathway proposed by Casey and co-workers for the formation
of Ru ± hydride species from complex 23 (phenyl groups in the complexes
have been omitted for clarity)


was found that there is a combined kinetic isotope effect for
the two hydrogens transferred in the process (studied for the
addition of 23 a to benzaldehyde), which supports a concerted
mechanism. However, it was not possible to exclude a two-
step mechanism with nearly equal barriers in the two steps.
Although supported by theoretical studies these concerted
mechanisms are still under discussion.


In a two-step mechanism, coordination of the alcohol to the
16-electron catalyst 23 b followed by proton transfer would
give the alkoxide intermediate 30. Subsequent �-elimination
would produce the Ru ± monohydride species (Scheme 6),


Scheme 6. Proposed pathway involving an alkoxide intermediate for the
formation of Ru ± monohydride species from 23b (phenyl groups in the
complexes have been omitted for clarity).


and this mechanism has been previously proposed in the
transfer hydrogenation with the so-called Shvo catalyst
23.[11b, 23] This mechanism is supported by the fact that amines,
when allowed to react with catalyst 23, undergo a similar
reaction to give amino complexes.[24]


Metal dihydride mechanism : In this mechanism, both O�H
and �-C�H hydrogen atoms of the alcohol are transferred to
the metal, generating a metal dihydride species (Scheme 1,
path IIB). The results shown in Table 2 indicate that the
transfer hydrogenation with catalyst precursors 14 and 15
(entries 1 and 2, Table 2) follows this mechanism. Since
chlorides are easily replaced by hydrides,[12] the catalyst


precursors 14 and 15 are therefore rapidly transformed to
ruthenium dihydride species under hydrogen transfer reaction
conditions. In fact, it has been demonstrated that
[RuCl2(PPh3)3] (15) reacts with isopropanol in the presence
of base to produce the corresponding dihydride
[RuH2(PPh3)3], which was isolated and characterized.[12] With
substrate (S)-1 a dideuterated complex 31 would therefore be
formed. This species would react with 2 to give the Ru0


complex 33 via 32 after reductive elimination. Thus both the
ruthenium dihydride and Ru0 species 33 would be key
intermediates in the catalytic cycle of the hydrogen transfer
reaction (Scheme 7). In the catalytic cycle, species 33 under-
goes oxidative addition of (S)-1 followed by �-hydride


Scheme 7. Proposed catalytic cycle for the racemization of (S)-1 with
catalyst precursors 14 and 15.


elimination to produce 2 and mixed hydride ± deuteride
species [HRuDLn] (34). Species 34 would add to acetophe-
none to give two different alkoxide complexes and after
reductive elimination, species 33 and the racemic alcohol with
the deuterium scrambled between the �- and oxygen-position
are formed. Theoretically this mechanism would give about
50 % deuterium content in the �-position. However, because
the deuterium on the oxygen readily undergoes D�H
exchange with traces of water (and solvent) the total amount
of deuterium (C�D and O�D) in the racemized alcohol will
be less than one equivalent. After several catalytic cycles the
deuterium content at the �-carbon will therefore be signifi-
cantly less than 50 %.


Conclusion


The mechanistic study carried out in this work provides new
insight into the mechanism of catalytic hydrogen transfer
reactions. For transition-metal-catalyzed hydrogen transfer
from an alcohol to a ketone, two different pathways can be
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distinguished: one that give selective carbon-to-carbon hydro-
gen transfer and another that leads to nonselective hydrogen
transfer involving both oxygen-to-carbon and carbon-to-
carbon hydrogen transfer. The results are best explained by
a mechanism involving a metal monohydride in the selective
hydrogen transfer reactions and a metal dihydride in the
nonselective hydrogen transfer reactions.


Experimental Section


All syntheses were performed by using standard Schlenk techniques under
argon atmosphere. Solvents were purified by standard procedures. Com-
plex 15 was purchased from Aldrich. Complexes 18 and 19 were obtained
from Strem. All the commercially available compounds were used without
further purification. The extent of the racemization was monitored by gas
chromatography by using a CP-Chirasil-Dex CB chiral column. 1H NMR
spectra were recorded on a Varian Gemini 400 MHz spectrometer with
[D]chloroform as solvent. Enantiomerically pure (S)-�-deutero-�-phenyl-
ethanol ((S)-1)) was obtained by a previously described method.[14] Dimeric
RhI and IrI complexes 3 ± 5 and 9 ± 11 were prepared and used in situ
according to standard procedures.[25] Cationic complexes 6[26] , 7[26] , 12[26] ,
13[26] , 16,[27] and 17[27] were synthesized following standard procedures.
Cationic RuII complex 20 was prepared from 18 following similar
procedure to the syntheses of Rh and Ir cationic complexes.[26] Wilkinson×s
catalyst 8[28] and ruthenium complex 23[8d] were synthesized according to
literature procedures. Complexes 14[29a] 21,[20] and 22[29b] were synthesized
following the procedure described by Noyori and co-workers. Racemic N-
tosyl-1,2-diphenylethylenediamine was synthesized by using the combined
methods of Corey et al. and Sheldon et al.[30] Samarium complex 25 was
synthesized by following the method previously described by Evans et al.[31]


Racemic ligand 3-aza-3-benzyl-1,5-dihidroxy-1,5-diphenylpentane was syn-
thesized by following the procedure of Trost et al.[32]


Racemization by metal-catalyzed hydrogen transfer–general procedure :
The catalyst precursor (0.01 mmol) was added to a solution of (S)-1
(61.5 mg, 0.5 mmol) and acetophenone (60 mg, 0.5 mmol) in THF
(0.75 mL) in a Schlenk tube. The reaction mixture was heated in an oil
bath (bath temperature 70 �C). The reaction was analyzed by chromatog-
raphy by using a chiral column. When complete racemization of (S)-1 had
occurred, the reaction was worked up by filtration over a bed of silica and
purified by flash chromatography. The racemic alcohol was analyzed by
1H NMR for its deuterium content in the �-position.
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Synthesis, Structure, Spectroscopic Properties, and Electrochemistry
of Rare Earth Sandwich Compounds with Mixed 2,3-Naphthalocyaninato and
Octaethylporphyrinato Ligands


Jianzhuang Jiang,*[a] Yongzhong Bian,[a] Fumio Furuya,[b] Wei Liu,[a, c]
Michael T. M. Choi,[c] Nagao Kobayashi,*[b] Hung-Wing Li,[c] Qingchuan Yang,[c]
Thomas C. W. Mak,[c] and Dennis K. P. Ng*[c]


Abstract: A series of 14 heteroleptic
rare earth sandwich complexes [MIII-
(nc)(oep)] (M�Y, La ±Lu except Ce
and Pm; nc� 2,3-naphthalocyaninate;
oep� octaethylporphyrinate) have been
prepared by a one-pot procedure from
the corresponding [M(acac)3] ¥ nH2O
(acac� acetylacetonate), metal-free
porphyrin H2(oep), and naphthalonitrile
in the presence of 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) in n-octa-
nol. The molecular structures of four of
these complexes (M� Sm, Gd, Y, Lu)
are isostructural, exhibiting a slightly
distorted square antiprismatic geometry
with two domed ligands. The interplanar
distance decreases from 2.823 to 2.646 ä
along the series as a result of lanthanide
contraction. The whole series of com-
plexes have also been characterized
spectroscopically. All the electronic ab-
sorptions, except the two B-bands due to
nc and the oep rings, are metal-depend-
ent, indicating that there are substantial
� ±� interactions. The hole or the un-
paired electron in these double-deckers


is delocalized over both macrocyclic
ligands, as evidenced by the co-appear-
ance of the IR marker bands for the nc .�


(1315 ± 1325 cm�1) and oep .� (1510 ±
1531 cm�1) � radical ions. Three one-
electron oxidation couples and up to
three one-electron reduction couples
have been revealed by electrochemical
methods. All the potentials are linearly
dependent on the size of the metal
center. The changes in absorption spec-
tra during the first electro-oxidation and
reduction of the LaIII, EuIII, and YIII


double-deckers have also been studied
spectroelectrochemically. The spectral
data recorded for [MIII(nc)(oep)]�


(M�Y, La ±Lu except Ce and Pm)
reduced chemically with hydrazine hy-
drate are in accord with those obtained
by spectroelectrochemical methods. The
first heteroleptic naphthalocyaninate-


containing triple-deckers [MIII
2(nc)-


(oep)2] (M�Nd, Eu) have also been
prepared by a raise-by-one-story meth-
od by using [MIII(nc)(oep)] (M�Nd,
Eu), [M(acac)3] ¥ nH2O (M�Nd, Eu),
and H2(oep) as starting materials. The
compounds adopt a symmetrical triple-
decker structure with two outer oep
rings and one inner nc ring, which has
been confirmed by 1H NMR spectros-
copy and X-ray structural determina-
tion of the Nd complex. Both com-
pounds give a near-IR absorption at
1021 nm (for M�Nd) or 1101 nm (for
M�Eu), which has rarely been ob-
served for neutral (or hole-free) triple-
decker complexes and can be ascribed to
the lowest-energy Q�(0, 0) transition.
Similarly to the double-decker ana-
logues, these triple-decker complexes
undergo a series of one-electron transfer
processes with a relatively small poten-
tial gap (1.1 ± 1.2 V) between the first
oxidation and the first reduction.


Keywords: lanthanides ¥ phthalo-
cyanines ¥ pi interactions ¥ porphyr-
ins ¥ sandwich complexes


Introduction


Phthalocyanines and porphyrins are important classes of
pigments that have applications in various disciplines.[1, 2] Both


series belong to a cyclic tetrapyrrole family in which the four
isoindole or pyrrole nitrogen atoms can form complexes with
a range of metal ions. With large metal centers that favor
octacoordination (for example, rare earths, actinides, Group 4
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transition metals, and main group elements such as In, Sn, As,
Sb, and Bi), sandwich-type complexes in the form of double-
(A) and triple-deckers (B) can be formed (Figure 1).[3]


Because of the intramolecular � ±� interactions and the


Figure 1. Schematic structures of homoleptic and heteroleptic sandwich
complexes with tetrapyrrole ligands.


intrinsic nature of the metal centers, these novel complexes
display characteristic features that cannot be found in their
non-sandwich counterparts and which enable them to be used
in different areas. Bis(phthalocyaninato)lanthanide(���) com-
plexes, for example, are versatile materials for electrochromic
displays,[4] field-effect transistors,[5] and gas sensors.[6] The
bis(porphyrinato)cerium(��) analogues have been put forward
as structural and spectroscopic models for the special pair
found in bacterial photosynthetic reaction centers.[7] Recently,
these complexes have also been used for chirality tran-
scription, as saccharide receptors through positive homotrop-
ic allosterism,[8] and as redox-responsive rotating modules.[9]


Homoleptic sandwich complexes containing the same tetra-
pyrrole ligands have been studied extensively, but relatively
little is known about the heteroleptic counterparts (Figure 1),
partly because of the synthetic barrier and the difficulty of
isolation and purification.[3, 10]


For sandwich complexes with an unpaired electron in one of
the tetrapyrrole ligands, a fundamental question concerns the
extent of hole delocalization. It has been found by spectro-
scopic methods that for [MIII(pc)(tpp)] (M�Y, La, Pr,
Nd, Eu, Gd, Er, Lu),[11, 12] [EuIII(oep)(tpp)],[13] and
[MIV(oep)(tpp)]� (M�Ce,[14] Th[15]), the hole resides mainly
on the pc or the oep rings, which is consistent with the lower
oxidation potentials of these macrocycles compared with that
of tpp. For the cationic complexes [MIV(oep)(pc)]� (M�Zr,
Hf, Th, U),[16] there is substantial evidence that the hole is
delocalized over both macrocycles. To improve understanding
of this issue, more examples are needed of heteroleptic
complexes in which the individual chromophoric ligands
exhibit very different optical and redox properties.
2,3-Naphthalocyanine has a more extended � system. As


shown experimentally and by theoretical calculations,[17] the
linear benzoannulation destabilizes the HOMO level leading
to a smaller HOMO±LUMO gap. As a result, 2,3-naphtha-


locyanine has a lower ionization energy and oxidation
potential than the phthalocyanine analogue, and its character-
istic Q-band is also significantly red-shifted. Similar results
have also been found for the double-decker complexes
[LuIII(nc)2][11, 18] and [MIII{nc(tBu)4}2] (M�Y, La ±Nd,
Eu ±Tb, Er),[19] which have the narrowest HOMO±LUMO
gaps (0.28 ± 0.33 V determined by cyclic voltammetry) ever
reported for this kind of complex.
Although naphthalocyaninate-containing sandwich com-


pounds have been known for some time, studies have been
focused on the homoleptic complexes, mainly of luteti-
um(���).[18, 20] Heteroleptic naphthalocyaninato complexes re-
main extremely rare.[21] Recently, we briefly reported
on some of these complexes: [EuIII(nc)(tpyp)],[11, 22]


[EuIII{nc(SC12H25)8}(tpyp)],[22] [EuIII{nc(tBu)4}(tClpp)],[23]


and [MIII(nc)(tbpp)] (M�Y, La ±Tm except Ce and Pm).[23]


In this paper, we report a more detailed and systematic
investigation of the new series of complexes [MIII(nc)(oep)]
(M�Y, La ±Lu except Ce and Pm) and [MIII


2(nc)(oep)2]
(M�Nd, Eu), including the first structural characterization of
naphthalocyaninato sandwich complexes and the first naph-
thalocyaninate-containing mixed triple-deckers.


Results and Discussion


Synthesis of [MIII(nc)(oep)] and [MIII
2(nc)(oep)2]: Among


several synthetic pathways to lanthanide(���) double-decker
complexes with mixed tetrapyrrole ligands [MIII(ring-1)-
(ring-2)],[3, 10] the most commonly used involves prior gen-
eration of the half-sandwich complexes [M(acac)(ring-1)]
from [M(acac)3] ¥ nH2O and H2(ring-1) or Li2(ring-1), fol-
lowed by treatment with H2(ring-2), Li2(ring-2), or the
(na)phthalocyanine precursors, (na)phthalonitriles (for ring-
2� pc or nc derivatives). We found that this stepwise raise-by-
one-story reaction could be simplified to a one-pot procedure.
Thus treatment of [M(acac)3] ¥ nH2O (M�Y, La ±Lu except
Ce and Pm) with H2(oep) and naphthalonitrile in the presence
of DBU in n-octanol led to the formation of the correspond-
ing [MIII(nc)(oep)] (1 ± 14) in 21 ± 45% yield (Scheme 1).[24] It
has been found that for the lanthanide(���) complexes
[MIII(oep)2] and [MIII{nc(tBu)4}2],[19a, 25] the yield of the
double-deckers diminishes progressively with the size of the
central metal ion as a result of an increase in axial
compression of the two macrocyclic ligands. Similar results
were observed for 2 ± 14, but the effect of metal on the
reaction yield was slightly smaller for this series of complexes.
The lanthanum complex [LaIII(nc)(oep)] (1) appeared to be
less stable than the other double-deckers; it decomposed
slowly during chromatography giving a trace amount of
H2(oep) as a red fraction in front of the major band of 1 at
every stage of chromatographic purification. Presumably, the
ring-to-ring separation is slightly too great in this complex to
allow sufficient interactions between the macrocycles to
stabilize the sandwich-type system.
The first nc-containing heteroleptic triple-decker com-


plexes [MIII
2(nc)(oep)2] [M�Nd (15) and Eu (16)] were
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Scheme 1. Synthesis of double- and triple-decker complexes.


prepared by repeating the raise-by-one-story reaction by
using [MIII(nc)(oep)] [M�Nd (3), Eu (5)] as starting materi-
als. Treatment of these double-deckers with H2(oep) and
[M(acac)3] ¥ nH2O (M�Nd, Eu) in refluxing 1,2,4-trichloro-
benzene (TCB) gave the triple-deckers 15 and 16 (Scheme 1).
This method is similar to that employed by Weiss et al.,
who prepared the mixed-metal triple-deckers
[(tpp)M1(pc)M2(por)] (M1�La, Ce; M2�Y, Gd, Lu; por�
oep, tpp) by treating [M1(pc)(tpp)] with [M2(acac)(por)].[26]


Again, the prior generation of [M(acac)(por)] was found to be
unnecessary in the preparation of 15 and 16.[27]


Spectroscopic characterization : All the new compounds were
fully characterized by elemental analyses and various spec-
troscopic methods. Mass spectrometry is a powerful technique
for characterizing this class of compounds as some of the
lanthanides give very distinct isotopic patterns.[28] The MAL-
DI-TOF mass spectrum of [SmIII(nc)(oep)] (4 ; Figure 2) is an
example. The good agreement of the relative abundance of
the isotopic cluster with the simulated spectrum of
[Sm(nc)(oep)]� (inset) provides strong evidence for the
identity of this compound.
Like other lanthanide(���) bis(tetrapyrrole) complexes,[3, 10]


1 ± 14 can be regarded as single-hole complexes in which one
of the macrocyclic ligands contains an unpaired electron. This
was confirmed by the EPR spectra of [MIII(nc)(oep)] (M�La
(1), Y (9), Lu (14)). The spectra recorded in CH2Cl2 at
ambient temperature showed a sharp signal at g� 1.9999 ±


Figure 2. Partial MALDI-TOF mass spectrum of [SmIII(nc)(oep)] (4)
showing the isotopic distribution of the molecular ion. Inset: the
corresponding simulated pattern.


2.0020 with a linewidth of 5.4 ± 10.3 G, which is typical of
organic radicals. All the remaining double-deckers were EPR-
silent under these conditions, probably because of the para-
magnetic nature of the metal centers.
Due to the presence of the unpaired electron and the


paramagnetic nature of some of the lanthanide ions, NMR
data for these complexes are difficult to obtain. However,
upon addition of hydrazine hydrate as a reducing agent,[18, 29]


satisfactory 1H NMR spectra could be obtained for the
reduced form of [MIII(nc)(oep)] (M�La (1), Eu (5), Y (9), Lu
(14)), in which both of the macrocycles become diamagnetic
(i.e. [MIII(nc2�)(oep2�)]�).[30] The NMR spectra for the re-
duced complexes 1, 9, and 14, which have a closed-shell metal
center, were very similar, with a singlet at �� 9.58 ± 9.60 and
two well-resolved doublets of doublets at �� 8.73 ± 8.76 and
7.91 ± 7.94 for the �, �, and � ring protons of the nc ligand,
respectively. The oep proton signals appeared at �� 8.81 ±
8.92 (s, meso-H) and 1.76 ± 1.90 (t, CH3), while the methylene
proton signals were obscured by the strong water signal at ��
3.5 (Table 1). Having a paramagnetic EuIII center, the reduced
5 gave a similar 1H NMR spectrum with signals spreading to a
wider region (Table 1). The singlet for the oep meso-protons
appeared at a more downfield position (�� 15.04), and two
multiplets for the diastereotopic methylene protons (at ��
5.6, 4.4) could be observed in this case.[31]


The triple-deckers 15 and 16 contain three diamagnetic
dianionic macrocyclic ligands, so they can be characterized by
NMR spectroscopy even in the absence of hydrazine hydrate.
The 1H NMR spectra of these compounds included only four
sets of aromatic signals in a 1:1:1:1 ratio, showing that the
triple-deckers adopt a symmetrical [(oep)M(nc)M(oep)]


Table 1. 1H NMR data (�) for the reduced form of the double-deckers 1, 5, 9, and 14.[a]


nc oep
nc-H� nc-H� nc-H� meso-H CH2 CH3


[La(nc)(oep)] (1) 9.60 (s) 8.76 (dd, J� 3.2, 6.1 Hz) 7.94 (dd, J� 3.2, 6.1 Hz) 8.92 (s) 3.65 ± 3.70 (m)[b] 1.90 (t, J� 7.2 Hz)
[Eu(nc)(oep)] (5) 10.98 (s) 9.42 (dd, J� 2.9, 6.1 Hz) 8.27 (dd, J� 2.9, 6.1 Hz) 15.04 (s) 5.56 ± 5.61 (m)4.41 ± 4.47 (m) 3.00 (t, J� 7.3 Hz)
[Y(nc)(oep)] (9) 9.58 (s) 8.73 (dd, J� 3.2, 6.1 Hz) 7.91 (dd, J� 3.2, 6.1 Hz) 8.82 (s) ±[c] 1.80 (t, J� 7.6 Hz)


[Lu(nc)(oep)] (14)[d] 9.58 (s) 8.73 (dd, J� 3.2, 6.3 Hz) 7.94 (dd, J� 3.2, 6.3 Hz) 8.81 (s) ±[c] 1.76 (t, J� 7.7 Hz)


[a] Recorded in [D7]DMF with the addition of 1% hydrazine hydrate on a 400 MHz spectrometer unless otherwise stated. [b] The other set of methylene proton
signals is embedded in the strong band of water at �� 3.5. [c] The signals are obscured by the strong signal of water at �� 3.5. [d] Recorded on a 300 MHz
spectrometer.
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structure in which the two oep rings are related by symmetry.
Similarly to the double-decker analogue [Eu(nc)(oep)]� , two
multiplets were also observed for the two sets of diastereo-
topic methylene protons of the oep rings.
The absorption spectral data of the sandwich compounds


1 ± 16 recorded in CHCl3 are compiled in Table 2. The
dependence of the spectral features of the double-deckers
on the metal is illustrated with the spectra of [MIII(nc)(oep)]
[M�Pr (2), Yb (13)] (Figure 3), which show strong nc and


Figure 3. Electronic absorption spectra of [PrIII(nc)(oep)] (2) (––) and
[YbIII(nc)(oep)] (13) (±±±) in CHCl3.


oep B-bands (or Soret bands) at approximately 325 and
400 nm, respectively. The former is very close to the pc
B-band observed in the spectra of [MIII(pc)(por)] (por�me-
so-tetraarylporphyrinate) with a higher intensity.[12, 32] Three
visible bands (607, 703, and 743 nm for 2, and 595, 655, and
778 nm for 13) can be ascribed to the Q-bands of the
macrocycles. These signals are well resolved for complexes
with a smaller metal center, but some of them appear as
shoulders as the size of the metal center increases (Figure 3).
The absorption positions of these bands are also dependent on
the ionic radius of the metal center. When the metal center
becomes smaller, the longest-wavelength visible band (743 ±
779 nm) shifts gradually to the red, while the other two
absorptions are blue-shifted (Table 2). Interestingly, these


Q-bands are almost invisible for the pc analogues
[MIII(pc)(por)].[12, 32]


By analogy with the double-deckers [MIII(pc)(por)],[12, 32]


the visible band at 522 ± 554 nm and the near-IR absorption at
1091 ± 1336 nm for 1 ± 14 may arise from a hole localized on
the nc ring. Since such characteristic � ± radical-anion bands
can also be observed for [MIII(oep)2] at approximately 540 and
670 nm,[33] the 540 nm band may also have a contribution from
the oep .� . Owing to the extension of the �-conjugated system,
these two bands are substantially red-shifted compared with
those of [MIII(pc)(tpp)] (468 ± 484 and 965 ± 1067 nm),[12b] but
the similarity in their trends of metal dependence provides
additional support for the assignment.
For the double-deckers [MIII(nc)(oep)] (M�La ±Dy),


which have larger metal centers, an additional near-IR band
at 1463 ± 1816 nm can also be seen (Table 2 and Figure 3).
According to the ™supermolecular∫ molecular orbital mod-
el,[34] this signal, which is highly characteristic for single-hole
complexes, can be attributed to an electronic transition from
the second-highest-filled supermolecular bonding orbital to
the half-filled supermolecular antibonding orbital.[35] Similar-
ly to [MIII(pc)(tpp)],[12b] this band undergoes a hypsochromic
shift as the ionic radius of the metal center decreases. For the
rest of the series (9 ± 14), this signal cannot be observed. It is
likely that as the size of the metal center decreases, the
separation between the two near-IR bands becomes smaller
and eventually the two bands coalesce to form a single broad
signal (Table 2). All the visible and near-IR bands in the
spectra of [MIII(nc)(oep)] (1 ± 14) vary systematically with the
ionic radius of the metal center. This strongly suggests that
significant � ±� interactions are present in these double-
decker complexes.
The absorption spectrum (Figure 4) of the triple-decker


[NdIII2(nc)(oep)2] (15) is very similar to that of the Eu
analogue 16. The nc B-band for these two complexes (337 ±
352 nm) is split into two partially resolved signals of equal
intensity, while the oep B-band (406 ± 407 nm) remains sharp
and intense. The spectra also display several relatively weak
absorptions that can be attributed to the Q-band transitions.
Interestingly, one of these signals extends to the near-IR
region (1021 nm for 15 and 1101 nm for 16) (Table 2). By


Table 2. UV/Vis and near-IR spectroscopic data for 1 ± 16 in CHCl3.


�max [nm] (log�)


[La(nc)(oep)] (1) 327 (4.73) 404 (4.80) 554 (sh) 612 (4.48) 712 (sh) 745 (sh) 1091 (3.62) 1816 (3.46)
[Pr(nc)(oep)] (2) 327 (4.91) 402 (4.92) 547 (sh) 607 (4.65) 703 (sh) 743 (sh) 1139 (3.79) 1719 (3.72)
[Nd(nc)(oep)] (3) 327 (4.94) 403 (4.94) 545 (sh) 605 (4.66) 686 (4.07) 749 (sh) 1157 (3.81) 1642 (3.76)
[Sm(nc)(oep)] (4) 328 (5.04) 401 (4.98) 540 (sh) 603 (4.78) 694 (sh) 752 (sh) 1189 (3.98) 1561 (3.83)
[Eu(nc)(oep)] (5) 326 (4.98) 401 (4.89) 539 (4.36) 601 (4.68) 684 (sh) 757 (sh) 1196 (3.85) 1542 (3.76)
[Gd(nc)(oep)] (6) 327 (5.04) 400 (4.98) 536 (4.47) 600 (4.76) 677 (sh) 754 (sh) 1208 (3.97) 1522 (3.87)
[Tb(nc)(oep)] (7) 326 (5.05) 400 (4.99) 535 (4.47) 598 (4.74) 676 (sh) 760 (sh) 1223 (3.92) 1480 (3.87)
[Dy(nc)(oep)] (8) 325 (4.97) 399 (4.93) 530 (4.42) 597 (4.63) 668 (4.19) 766 (3.64) 1251 (3.90) 1463 (3.86)
[Y(nc)(oep)] (9) 327 (4.99) 399 (4.93) 530 (4.23) 596 (4.67) 658 (sh) 772 (3.80) 1308 (4.11)
[Ho(nc)(oep)] (10) 325 (5.10) 400 (5.06) 528 (4.57) 597 (4.76) 662 (4.35) 771 (3.83) 1287 (4.06)
[Er(nc)(oep)] (11) 324 (5.11) 399 (5.07) 525 (4.58) 595 (4.75) 658 (4.37) 772 (3.80) 1319 (4.11)
[Tm(nc)(oep)] (12) 324 (4.95) 398 (4.90) 525 (4.42) 594 (4.58) 657 (4.21) 775 (3.64) 1328 (3.97)
[Yb(nc)(oep)] (13) 324 (4.90) 400 (4.87) 524 (4.37) 595 (4.48) 655 (4.18) 778 (3.68) 1331 (3.95)
[Lu(nc)(oep)] (14) 324 (4.93) 398 (4.85) 522 (4.37) 591 (4.51) 654 (4.15) 779 (3.57) 1336 (3.89)
[Nd2(nc)(oep)2] (15) 337 (5.18) 352 (5.17) 407 (5.41) 524 (4.39) 637 (4.41) 1021 (4.27)
[Eu2(nc)(oep)2] (16) 338 (5.08) 350 (5.07) 406 (5.22) 525 (4.21) 640 (4.41) 1101 (3.93)
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Figure 4. Electronic absorption spectrum of [NdIII2(nc)(oep)2] (15) in
CHCl3.


analogy with the proposed origin of the Q� state of the triple-
deckers [MIII


2(oep)3] (600 ± 800 nm), which is believed to be
associated primarily with configurations arising from the one-
electron transitions from the top (antibonding) HOMOs to
the lowest (bonding) LUMOs,[36] this near-IR transition may
be ascribed to the lowest-energy Q�(0, 0)-band. The assign-
ment is supported by the electrochemical data and the
spectral properties of the related anionic double-deckers
[MIII(nc)(oep)]� (M�Y, La ±Lu except Ce and Pm), which
also contain only dianionic macrocyclic ligands (see below).
Near-IR bands are usually associated with an unpaired
electron or hole in sandwich-type complexes.[3, 10] The results
for 15 and 16 show that electronic transitions may also appear
in the near-IR region for sandwich compounds with only
dianionic ligands. Re-examination of the absorption spectra
of the heteroleptic triple-deckers [MIII


2(pc)(por)2] showed
that the compounds do exhibit a near-IR absorption at
approximately 860 ± 980 nm[37] which had been ignored in
most of the previous studies.[26, 38, 39]


According to the electronic absorption spectra, it appears
that the hole in the double-deckers 1 ± 14 is delocalized on the
electronic timescale (10�15 s). The co-existence of nc .� and
oep .� character in the complexes was also revealed by IR
spectroscopy, which along with Raman spectroscopy is a
versatile tool for probing the extent of hole delocalization in
these sandwich-type complexes.[40] There were IR marker
bands for these � radical anions at 1315 ± 1325 (medium to
strong) and 1510 ± 1531 cm�1 (weak to medium);[16, 19, 22, 23] this
shows that the hole or the unpaired electron resides on a
mixed nc/oep orbital. This can be rationalized in terms of the
similar oxidation potentials of related nc and oep com-
plexes.[41] Similarly, diagnostic bands belonging to both oep .�


(1515 ± 1547 cm�1) and pc .� (1310 ± 1321 cm�1) were ob-
served[16] for the cationic single-hole complexes
[MIV(oep)(pc)]� (M�Zr, Hf, Th, U). As expected, the
characteristic IR marker bands for nc .� and oep .� � radical
anions were not observed for the triple-deckers 15 and 16,
which contain only dianionic macrocyclic ligands. However,
both spectra showed three moderately strong absorptions at
1308 ± 1361 cm�1 which, by analogy with the pc counter-
parts,[40a] are believed to be the marker bands for nc2�.


Structural studies : The molecular structures of 4, 6, 9, 14, and
15 were also determined by single-crystal X-ray analyses.
Although nc-containing sandwich complexes are known,[18±23]


structural data of this class of compounds have not been
reported so far. The single crystals were grown by slow
diffusion of hexane into their CHCl3 solutions.[42] The
structures of 4 and 9 also contained solvated cyclohexane,
which may come from the solvents used for crystalliza-
tion.[43] All the double-deckers have similar structures (Ta-
ble 3). The structural features of these complexes are
exemplified by the molecular structure of [YIII(nc)(oep)] (9)
(Figure 5). The yttrium center is coordinated by eight nitrogen
atoms from the isoindole and pyrrole of the nc and oep rings,
respectively, forming a nearly perfect square antiprism with a
ring-to-ring separation of 2.700 ä (as defined by the two N4


mean planes). The metal center lies closer to the N4 plane of
oep by 0.221 ä, probably because of the larger cavity of oep.
The two N4 planes are virtually parallel (dihedral angle 0.6�),
but the two ligands are significantly domed. The average
dihedral angle (�) of the individual isoindole or pyrrole rings
with respect to the corresponding N4 mean plane is 14.0� for
the nc and 15.2� for the oep ring, showing that the latter is
slightly more deformed. The interplanar separation and the
average M±N distances decrease with the size of the metal
center (Table 3), while the extent of ligand deformation
remains essentially unchanged. The average twist angle,
defined as the rotation angle of one ring away from the
eclipsed conformation of the two rings, or simply the dihedral
angle N(nc) ± center(nc N4 plane) ± center(oep N4 plane) ±
N(oep), is close to 45� for all these complexes, an indication
that the two ligands are almost fully staggered. Ohashi and co-
workers have recently reported the structures of a series of
bis(phthalocyaninato)lanthanide(���) complexes [Bu4N]-
[M(pc)2] (M�Nd, Gd, Ho, Lu).[44] It has been found that
the twist (or skew) angle increases from 6.2� to 45.0� as the
size of the metal center decreases along the series, suggesting
an increase in � ±� interactions. Such a trend, however, was


Table 3. Comparison of the structural data for 4, 6, 9, 14, and 15.


4 6 9 14 15


average M±N(nc) bond distance [ä] 2.507 2.473 2.456 2.439 2.711
average M±N(oep) bond distance [ä] 2.458 2.427 2.407 2.393 2.429
M±N4(nc) plane distance [ä] 1.539 1.497 1.461 1.439 1.881
M±N4(oep) plane distance [ä] 1.285 1.256 1.240 1.207 1.274
interplanar distance [ä] 2.823 2.750 2.700 2.646 3.155
dihedral angle between the nc and oep N4 planes [�] 1.5 1.1 0.6 0.9 0.4
average dihedral angle � for the nc ring [�] 13.0 13.2 14.0 13.1 2.6
average dihedral angle � for the oep ring [�] 15.0 15.4 15.2 14.9 9.1
average twist angle [�] 44.3 44.3 44.8 45.1 30.8
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Figure 5. Molecular structure of [YIII(nc)(oep)] (9) from two perspectives.
Hydrogen atoms are omitted for clarity and the ellipsoids are drawn at
30% probability level.


not observed in the nc/oep heteroleptic double-deckers.[45] It is
likely that the staggered orientation can minimize the non-
bonding interactions between the fused benzene rings of nc
and the �-ethyl groups of oep.
The triple-decker 15 is centrosymmetric, and the crystal


structure contains disordered CH2Cl2 and water molecules.
Each neodymium ion is sandwiched between an outer
oep ring and the inner nc ring, giving a symmetrical
[(oep)Nd(nc)Nd(oep)] structure (Figure 6), in accord
with the NMR data. Each metal center adopts a distorted
square antiprismatic geometry with an average twist angle of
30.8�. The inner nc ring is almost planar (� 2.6�), while the
outer oep rings are slightly domed toward the metal centers (�
9.1�). The average Nd ±N(nc) bond length (2.711 ä) is
significantly longer than the average Nd ±N(oep) distance
(2.429 ä), and the difference (0.282 ä) is much larger than
that for the analogous double-deckers (0.046 ± 0.049 ä). The
metal centers therefore lie much closer to the oep rings (1.274
compared with 1.881 ä), giving a ring-to-ring separation of
3.155 ä.


Figure 6. Molecular structure of [NdIII2(nc)(oep)2] (15) showing the 30%
probability thermal ellipsoids for all non-hydrogen atoms.


Electrochemical properties : The electrochemical behavior of
1 ± 16 was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in CH2Cl2. All the
compounds underwent three quasi-reversible one-electron
oxidations and two quasi-reversible one-electron reductions.
An additional oxidation couple was detected for the triple-
deckers 15 and 16. All these processes can be attributed to
successive removal or addition of electrons to the ligand-
based orbitals (Scheme 2). Representative cyclic voltammo


Scheme 2. Different redox states of the double-deckers [MIII(nc)(oep)].


grams(for 11 and 16) are displayed in Figure 7, and the half-
wave potentials are summarized in Table 4. Having a more
electron-rich oep ligand, complexes 1 ± 14 have a lower first
oxidation potential (0.19 ± 0.49 V) and a more negative first
reduction potential (�0.22 ± 0.06 V) than the corresponding
tbpp analogues [MIII(nc)(tbpp)] (0.42 ± 0.55 and �0.10 ±
0.05 V, respectively).[23] Figure 8 shows the variation of the
redox potentials of 1 ± 14 with the ionic radius of the metal
center.[46] Similarly to those observed in other series of
bis(tetrapyrrole) rare earth(���) complexes,[12b, 19a, 23, 41b, 47] both
the first oxidation and the first reduction potentials of 1 ± 14
are linearly dependent on the size of the metal center. The
gradients (1.42 and 1.30 Vä�1, respectively) are more positive
than those observed for [MIII(oep)2] (0.91 and 1.24 Vä�1)[41b]


and [MIII{nc(tBu)4}2] (0.86 and 1.08 Vä�1),[19a] showing that
the influence of metal size on these potentials (or the HOMO
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Figure 7. Cyclic voltammograms of a) [ErIII(nc)(oep)] (11) and b) [EuIII2-
(nc)(oep)2] (16) in CH2Cl2 containing 0.1 moldm�3 [Bu4N][PF6] at a scan
rate of 100 mVs�1.


and LUMO levels) is greater for the heteroleptic complexes.
However, the potential difference between these two proc-
esses, which is a measure of the molecular band (or HOMO±
LUMO) gap, is rather insensitive to the metal center and
ranges from 0.391 to 0.433 V. These values are slightly higher
than those of the homoleptic analogues [MIII(oep)2] (0.32 ±
0.365 V)[41b] and [MIII{nc(tBu)4}2] (0.28 ± 0.34 V),[19a] but slight-
ly lower than those of [MIII(pc)2] (0.441 ± 0.455 V)[47a] and
[MIII(pc)(tpp)] (0.465 ± 0.475).[12b] The potentials of all the
remaining redox processes also seem to correlate linearly with
the metal size (Figure 8), but the effect is weaker, as indicated
by the smaller gradients (�0.5 Vä�1). The linear correlation
observed between all these potentials and the ionic radius of
the central metal indicates that � ±� interactions are probably
present in these heteroleptic double-deckers, in accord with
the spectroscopic data described above.


Figure 8. Redox potentials of [MIII(nc)(oep)] (1 ± 14) as a function of the
ionic radius of the metal center;[57] �� second reduction, �� first
reduction, �� first oxidation, �� second oxidation, �� third oxidation.


In comparison with the double-deckers 3 and 5, the
corresponding triple-deckers 15 and 16 undergo oxidations
more readily, as shown by the lower oxidation potentials,
whereas the first reduction occurs less readily (Table 4).
Similarly to the tris(phthalocyaninato)lanthanide(���) com-
plexes [MIII


2{pc(OC4H9)8}3] (M�La, Dy, Yb, Lu),[48] the first
and second oxidation potentials decrease with the size of the
metal center, whereas the reduction processes show only a
small metal dependence. All these observations suggest that
significant � ±� interactions exist in these triple-decker
complexes also. The potential differences between the first
oxidation and the first reduction are 1.196 and 1.090 V for 15
and 16, respectively, between those for the homoleptic triple-
deckers [MIII


2(oep)3] (M�La, Ce, Eu) (1.81 ± 1.92 V)[49] and
[LuIII2(1,2-nc)3] (0.86 V).[20b]


Absorption spectra of the oxidized and reduced double-
deckers : All the redox processes for the double-deckers
involve a one-electron transfer (Scheme 2). The difference
between E1/2 (red1) and E1/2 (red2) for the neutral complexes
1 ± 14may thus be correlated with the HOMO±LUMO gap of
the corresponding reduced species [MIII(nc)(oep)]� . The


Table 4. Electrochemical data for 1 ± 16.[a]


E1/2 (oxd4) E1/2 (oxd3) E1/2 (oxd2) E1/2 (oxd1) E1/2 (red1) E1/2 (red2)


[La(nc)(oep)] (1) 1.409 1.138 0.492 0.059 � 1.330
[Pr(nc)(oep)] (2) 1.361[b] 1.107[b] 0.356 � 0.071 � 1.416
[Nd(nc)(oep)] (3) 1.444[b] 1.198 0.407 � 0.011 � 1.353
[Sm(nc)(oep)] (4) 1.380[b] 1.166 0.303 � 0.122 � 1.427
[Eu(nc)(oep)] (5) 1.376[b] 1.162 [b] 0.262 � 0.146 � 1.432
[Gd(nc)(oep)] (6) 1.385[b] 1.158 [b] 0.246 � 0.186 � 1.472[b]


[Tb(nc)(oep)] (7) 1.410[b] 1.180 0.256 � 0.161 � 1.440
[Dy(nc)(oep)] (8) 1.400[b] 1.177 0.230 � 0.185 � 1.443
[Y(nc)(oep)] (9) 1.426[b] 1.220 0.255 � 0.162 � 1.411
[Ho(nc)(oep)] (10) 1.391[b] 1.178 0.192 � 0.218 � 1.459
[Er(nc)(oep)] (11) 1.401 1.190 0.208 � 0.207 � 1.440
[Tm(nc)(oep)] (12) 1.407 1.195 0.190 � 0.201 � 1.421
[Yb(nc)(oep)] (13) 1.426[b] 1.218 0.197 � 0.220 � 1.451
[Lu(nc)(oep)] (14) 1.506[b] 1.293 0.255 � 0.152 � 1.372[b]


[Nd2(nc)(oep)2] (15) 1.528[b] 1.164 0.665 0.300 � 0.896[b] � 1.405
[Eu2(nc)(oep)2] (16) 1.563[b] 1.149 0.582 0.184 � 0.906 � 1.391


[a] Recorded with [Bu4N][PF6] as electrolyte in CH2Cl2 (0.1 moldm�3) at ambient temperature. Potentials were obtained by cyclic voltammetry with a scan
rate of 100 mVs�1, and are expressed as half-wave potentials (E1/2) in V relative to SCE unless otherwise stated. [b] By differential pulse voltammetry.
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position of the lowest-energy absorption arising from a
HOMO±LUMO transition of these anionic complexes can
be determined from the general relationship which has been
proposed for conjugated � systems [Eq. (1)].[50] The theoret-


E1/2 (oxd)�E1/2 (red)�h�� 0.01 eV (1)


ical values are close to the experimental data obtained by
adding hydrazine hydrate to solutions of 1 ± 14 in CHCl3/
MeOH (1:1, v/v) (Table 5).[51] There is a linear relationship
between the blue shift of this near-IR absorption and the size


of the metal center with a gradient of approximately
�7 nmpm�1 (see Figure S2 in the Supporting information).
A similar trend was observed for [MIII(pc)(tpp)]� (M�Y, La,
Pr, Nd, Eu, Gd, Er, Lu), in which the lowest-energy Q-band
appears at a shorter-wavelength position (746 ± 850 nm).[12b]


The absorption spectra of the double-deckers
[MIII(nc)(oep)]� are similar to those of the triple-deckers
[MIII


2(nc)(oep)2], which can be regarded as having two
[MIII(nc)(oep)]� moieties sharing a common nc ligand.[12a]


Accordingly, the unusual near-IR band for the triple-deckers
15 (1021 nm) and 16 (1101 nm) can also be attributed to a
HOMO±LUMO transition, or the lowest-energy Q�(0, 0)-
band as described above. The assignment is supported by the
good agreement between the observed �max and that estimated
from the first oxidation and reduction potentials of 15 and 16
(Table 5). In addition, the absorption positions of these two
complexes (16 (1101 nm)� 15 (1021 nm)) are also in line with
the trend observed for the anionic double-deckers (Figure S2,
Supporting information).
The double-deckers 1, 5, and 9 in dichlorobenzene, which


contained [Bu4N][ClO4] (0.1 moldm�3) as supporting electro-
lyte, were further investigated by spectroelectrochemical


methods, employing a typical thin-layer cell for in situ UV±
visible spectroscopic measurements. Their electrochemical
behavior in dichlorobenzene was similar to that in CH2Cl2,
but with an additional reduction couple.[52] For example, the
spectral changes during the first reduction and oxidation of
the EuIII double-decker 5 are displayed in Figure 9, with the


Figure 9. Absorption spectral changes during a) the first electro-reduction
and c) the first electro-oxidation of [EuIII(nc)(oep)] (5) in dichlorobenzene
containing 0.1 moldm�3 [Bu4N][ClO4]; b) absorption spectrum of neutral
[EuIII(nc)(oep)] in CHCl3, for comparison.


absorption spectrum of the neutral complex for comparison.
The absorption data for the neutral, singly electro-reduced,
and singly electro-oxidized species of the three complexes are
summarized in Table 6. Isobestic points are obtained during
each electron transfer (Figure 9), showing the lack of spectral
intermediates on the thin-layer spectroelectrochemical time-
scale. The spectrum for the electro-reduced [EuIII(nc)(oep)]�


is virtually identical to that obtained by chemical reduction by
hydrazine hydrate (Table S1, Supporting information). Dur-


Table 5. Comparison between the calculated and experimental values for the
lowest-energy absorption band for [MIII(nc)(oep)]� (M�Y, La ±Lu except Ce
and Pm), 15, and 16.


E1/2 (oxd)�E1/2 (red) [V][a] �max [nm]
calculated[b] observed[c]


[La(nc)(oep)]� 1.389 899 844
[Pr(nc)(oep)]� 1.345 929 868
[Nd(nc)(oep)]� 1.342 931 878
[Sm(nc)(oep)]� 1.305 957 905
[Eu(nc)(oep)]� 1.286 972 910
[Gd(nc)(oep)]� 1.286 972 920
[Tb(nc)(oep)]� 1.279 977 929
[Dy(nc)(oep)]� 1.258 994 938
[Y(nc)(oep)]� 1.249 1001 944
[Ho(nc)(oep)]� 1.241 1007 948
[Er(nc)(oep)]� 1.233 1014 952
[Tm(nc)(oep)]� 1.220 1025 973
[Yb(nc)(oep)]� 1.231 1015 976
[Lu(nc)(oep)]� 1.220 1025 978
[Nd2(nc)(oep)2] (15) 1.196 1045 1021[d]


[Eu2(nc)(oep)2] (16) 1.090 1148 1101[d]


[a] For the double-decker anions, E1/2 (red1) and E1/2 (red2) are taken from
Table 4. For the two triple-deckers, the values of E1/2 (oxd1) and E1/2 (red1) are
used. [b] Calculated according to Equation (1). [c] Measured by adding
hydrazine hydrate to CHCl3/MeOH (1:1, v/v) solutions of the corresponding
neutral double-decker complexes, unless otherwise stated. [d] Measured in
CHCl3.


Table 6. UV/Vis and near-IR spectroscopic data for the neutral,[a] singly
electro-reduced,[b] and singly electro-oxidized[b] species of 1, 5, and 9.


�max [nm]


[La(nc)(oep)]� 330 409 486 634 834
[Eu(nc)(oep)]� 330 404 486 611 654 894
[Y(nc)(oep)]� 334 407 483 612 664 926
[La(nc)(oep)] (1) 327 404 554 612 712 745 1091 1816
[Eu(nc)(oep)] (5) 326 401 539 601 684 757 1196 1542
[Y(nc)(oep)] (9) 327 399 530 596 658 772 1308
[La(nc)(oep)]� 338 385 633 773 1400
[Eu(nc)(oep)]� 334 370 607 723 1095
[Y(nc)(oep)]� 328 363 594 710 1021


[a] Recorded in CHCl3. [b] Recorded in dichlorobenzene containing
0.1 moldm�3 [Bu4N][ClO4].
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ing reduction, the oep B-band increases in intensity and shifts
slightly to the red, while the nc B-band remains relatively
unchanged (Figure 9a); this indicates that the semi-occupied
HOMO may have more oep than nc character. In addition,
the diagnostic radical bands at 539 and 1196 nm and the
intramolecular ring-to-ring charge transfer band at 1542 nm
vanish, while three new bands at 486, 654, and 894 nm that
emerge are typical of double-deckers having two dianionic
ligands such as [MIII(pc)(tpp)]� (M�Y, La, Pr, Nd, Eu, Gd,
Er, Lu),[12] [MIII(pc)(tpyp)]� (M�Eu, Gd),[32a] and [MIV(pc)-
(por)] (M�Zr, Hf, Th, U; por� oep, tpp).[16]


Figure 9c illustrates the changes that occur upon oxidation
of [EuIII(nc)(oep)] to [EuIII(nc)(oep)]� . The nc B-band
increases in intensity and is slightly red-shifted, while the
reverse trend is observed for the oep B-band giving a blue-
shifted signal at 370 nm. The larger spectral changes for the
latter may also indicate that the semi-occupied HOMO has a
greater contribution from oep than from nc. Whereas there
are no significant changes in the visible region, the lowest-
energy near-IR absorption is substantially blue-shifted from
1542 to 1095 nm upon oxidation. Similar results have been
observed for [MIII(pc)(tpp)] (M�Y, La, Pr, Nd, Eu, Gd, Er,
Lu)[12b] and [MIV(por)2]� (M�Zr, Hf; por� oep, tpp),[53] of
which the charge transfer band is blue-shifted by 205 ± 352 and
274 ± 290 nm upon oxidation to the corresponding mono- and
dications, respectively. All these observations suggest that
each of these species has a di-�-radical character.
The spectroelectrochemical properties of the LaIII and YIII


analogues are similar to those of 5. The spectral changes are
compared in Figure S4 (Supporting information). One of the
major differences occurs in the position of the lowest-energy
transition, which depends on the size of the metal center. The
band shifts slightly to the blue for the anions [MIII(nc)(oep)]� ,
but is substantially red-shifted for the cations [MIII(nc)(oep)]�


when the ionic radius increases from YIII to LaIII.


Conclusion


We have developed a straightforward and simple method-
ology to prepare a new series of rare earth sandwich
complexes with mixed nc and oep ligands. These rare
heteroleptic complexes have been fully characterized by a
wide range of spectroscopic and electrochemical methods.
The molecular structures of four double-deckers and one
triple-decker, which represent the first structures reported for
nc-containing sandwich complexes, have also been deter-
mined. According to the spectroscopic and electrochemical
studies, all the complexes exhibit significant � ±� interactions.
For the double-deckers 1 ± 14, the hole or the unpaired
electron is delocalized over both macrocyclic ligands.


Experimental Section


Purification of solvents, preparation of precursors, spectroscopic measure-
ments, and electrochemical studies have been described in detail else-
where.[19, 23] The Rf values were measured using CHCl3/hexane (4:1, v/v)
(for all the double-deckers) or toluene (for the two triple-deckers) as
eluent. EPR spectra were recorded in CH2Cl2 at ambient temperature on a


Bruker EMX EPR spectrometer equipped with an ER041XG microwave
bridge (X-band). The field was calibrated using 1,1-diphenyl-2-picrylhy-
drazyl. The reaction yield, Rf value, spectroscopic (MS, IR, and EPR), and
analytical data of all the double-deckers are given in the Supporting
information.


Preparation of 1 ± 14 : A mixture of [M(acac)3] ¥ nH2O (0.10 mmol), H2(oep)
(27 mg, 0.05 mmol), naphthalonitrile (72 mg, 0.40 mmol), and 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU; 0.05 mL, 0.33 mmol) in n-octanol (4 mL)
was refluxed overnight (�18 h) under nitrogen to give a dark green
solution. The solvent was removed under reduced pressure, and the residue
was purified by chromatography on a silica gel column with CH2Cl2/hexane
(1:1, v/v) as eluent. Part of the unreacted metal-free porphyrin was
collected as the first fraction. The column was then eluted successively with
CH2Cl2, CHCl3, and MeOH in CHCl3 (3%) to give the desired double-
decker, which was contaminated with a small amount of H2(oep) as shown
by UV/Vis spectroscopy. The crude product was further purified by
repetition of the same chromatographic procedure, followed by recrystal-
lization from a mixture of CHCl3 and MeOH to afford dark blue
microcrystals.


Preparation of 15 and 16 : A mixture of [MIII(nc)(oep)] [M�Nd (3), Eu (5)]
(16 �mol), H2(oep) (14 mg, 26 �mol), and [M(acac)3] ¥nH2O (M�Nd, Eu)
(0.05 mmol) in 1,2,4-trichlorobenzene (TCB; 4 mL) was refluxed under
nitrogen for 18 h to give a greenish blue solution. The solvent was removed
under reduced pressure, and the residue was subjected to chromatography
on a silica gel column with CH2Cl2/hexane (1:1, v/v) as eluent to remove the
unreacted [MIII(nc)(oep)] and H2(oep). The column was then eluted with
toluene to develop a green band containing [MIII


2(nc)(oep)2], which was
purified by repeated chromatography followed by recrystallization from a
mixture of CHCl3 and MeOH.


[Nd2(nc)(oep)2] (15): Yield 15 mg (46%); Rf� 0.78; 1H NMR (300 MHz,
[D5]pyridine): �� 7.53 (br s, 8H; meso-H or nc-H), 7.29 (br s, 8H; meso-H
or nc-H), 5.91 (br s, 8H;meso-H or nc-H), 3.79 (br s, 8H;meso-H or nc-H),
2.60 ± 2.72 (m, 16H; CH2), 1.20 ± 1.40 (m, 16H; CH2), 0.78 ± 0.96 (m, 48H;
CH3); MS (MALDI-TOF): m/z : 2064 [M]� ; elemental analysis calcd (%)
for C121H113Cl3N16Nd2 (15 ¥ CHCl3) (2186.2): C 66.48, H 5.21, N 10.25;
found: C 66.63, H 5.47, N 9.90.


[Eu2(nc)(oep)2] (16): Yield 21 mg (63%); Rf� 0.84; 1H NMR (300 MHz,
[D5]pyridine): �� 13.52 (br s, 8H; nc-H�), 13.16 (br s, 8H; meso-H), 10.66 ±
10.74 (m, 8H; nc-H�), 9.20 ± 9.30 (m, 8H; nc-H�), 4.70 ± 4.82 (m, 16H; CH2),
3.12 ± 3.28 (m, 16H; CH2), 1.14 ± 1.28 (m, 48H; CH3); MS (MALDI-TOF):
m/z : 2081 [M]� ; elemental analysis calcd (%) for C122.5H114.5Cl7.5Eu2N16 (16 ¥
2.5CHCl3) (2380.7): C 61.80, H 4.85, N 9.41; found: C 61.94, H 4.97, N 8.95.


X-ray crystallographic analyses of 4, 6, 9, 14, and 15 : Crystal data and
details of data collection and structure refinement are given in Table 7.
Data were collected on a Bruker SMART CCD diffractometer with an
MoK� sealed tube (�� 0.71073 ä) at 293 K, and by using a 	 scan mode
with an increment of 0.3�. Preliminary unit cell parameters were obtained
from 45 frames. Final unit cell parameters were derived by global
refinements of reflections obtained from integration of all the frame data.
The collected frames were integrated by using the preliminary cell-
orientation matrix. SMART software was used for collecting frames of
data, indexing reflections, and determination of lattice constants; SAINT-
PLUS for integration of intensity of reflections and scaling;[54] SADABS for
absorption correction;[55] and SHELXL for space group and structure
determination, refinements, graphics, and structure reporting.[56] Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-165147 ± 165151. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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S-Position Isomers of BEDT-TTF and EDT-TTF: Synthesis and Influence of
Outer Sulfur Atoms on the Electrochemical Properties and Crystallographic
Network of Related Organic Metals
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Dedicated to Prof. Guy Duguay on his retirement.


Abstract: The synthesis and character-
ization of new modified tetrathiafulva-
lenes (TTF), the S-position isomers of
BEDT-TTF and EDT-TTF, are de-
scribed. The synthetic strategy present-
ed in this work is based on an efficient
and unprecedented two-step sequence
for the conversion of a vicinal bis(hy-
droxymethyl) functionality into a disul-
fide ring. Different routes are discussed
in terms of efficiency for the synthesis of
the symmetric S-position isomer of


BEDT-TTF and that of EDT-TTF. Their
electrochemical properties are com-
bined with data obtained from UV/Vis
spectroscopy and orbital calculations,
and the electronic influence of periph-
eral sulfur atoms on the neutral and


oxidized species is discussed. The intro-
duction of these outer sulfur atoms at
the periphery of the TTF core gives rise
to specific intermolecular S ¥ ¥ ¥ S interac-
tions in the corresponding organic ma-
terials. Crystallographic studies of radi-
cal cation salts synthesized upon electro-
crystallization clearly showed that the
network obtained is dictated by the
outer sulfur atoms, which are responsi-
ble for a characteristic and unprecedent-
ed ™windmill∫ array.


Keywords: BEDT-TTF isomers ¥
crystal engineering ¥ organic materi-
als ¥ sulfur heterocycles ¥ tetrathia-
fulvalene


Introduction


Considerable interest is currently being devoted to tetrathia-
fulvalene (TTF) derivatives as highly promising �-electron
donors and versatile systems presenting applications in many
areas,[1] as well as to the elaboration of organic materials that
display unusual electrical properties.[2] Consequently, rapid
progress has been observed in this field thanks to various
chemical modifications of the TTF framework.[3] Neverthe-
less, the excessive one-dimensional character of organic
metals in the TTF series is responsible for limitations in their
transport properties (Peierls distortions). The enhancement
of the dimensionality is thus considered an important goal for
stabilizing the metallic state at low temperatures and, in some
cases, to give rise to superconductivity.


One of the most successful strategies for improving the
electroconductive properties of related materials relies on the
introduction of sulfur atoms at the periphery of the TTF
skeleton. In particular, the well known sulfur-rich �-donor
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or ET) has
produced two-dimensional conductors and a large number of
superconducting radical cation salts[4] endowed with the
highest critical temperatures (Tc) in that series. In their solid
state structures, strong sulfur ± sulfur intermolecular interac-
tions play an essential role in the well-defined two-dimen-
sional character.[5]


We were interested in chemical modification of ET in order
to modify the two-dimensional molecular network, thus
developing a novel array of molecular conductors. From this
viewpoint, we have concentrated our efforts on modifying the
positions of the peripheral sulfur atoms, with the aim of
establishing specific S ¥ ¥ ¥ S contacts in the molecular arrange-
ment of related materials. Such intermolecular interactions
have also been proposed for �-donors that have peripheral
sulfur atoms,[6] such as bis(ethylenethio)TTF (BET-TTF).
Furthermore, the ability to form two-dimensional organic
(super)conductors is not limited to the radical cation salts of
symmetric TTF derivatives: dissymmetric donors are also
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very attractive because of their tendency to crystallize into
centrosymmetric dimers, thus favoring the so-called two-
dimensional �-phase network,[7] considered to be the passport
to the generation of superconducting mixed valence salts in
the TTF series.


Recently, we have been interested in the unprecedented
dissymmetric[8] and symmetric[9] outer S-position isomers of
BEDT-TTF. We now report the syntheses of DIET (Dissym-
metric Isomer of ET, 1) and SIET (Symmetric Isomer of ET, 2)
as well as their spectroscopic characterizations, electrochem-
ical and orbital properties. We have also extended our
synthetic approach to the development of the corresponding
S-position isomers of EDT-TTF and DMTEDT-TTF: com-
pounds 3 (named IEDT-TTF, for Isomer of EDT-TTF) and 4,
respectively (Scheme 1). This new disulfide functionality in
the TTF series, common to targets 1 ± 4, appears to be of
particular interest in understanding the nature of resulting
intermolecular interactions in the crystal engineering of the
molecular materials.


Results and Discussion


Definition of the strategy : The most appropriate retrosyn-
thetic analysis to reach disulfide compounds consists of two
successive functional modifications with the thioester group
as an intermediate (Scheme 2a). By using this strategy, two
different routes can be envisaged: i) the transformation of 2,3-
bis(hydroxymethyl)TTFs 5a ± c, first developed by our
group[10] for the synthesis of dissymmetric targets, or, specif-
ically for the synthesis of SIET, tetrakis(hydroxymethyl)TTF
5d,[11] and ii) the disconnection of the TTF central double
bond, leading to 2-thioxo-4,5-bis(hydroxymethyl)-1,3-dithiole
6[11b] as starting material (Scheme 2b).
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Scheme 1. Target molecules as S-position isomers of BEDT-TTF, EDT-
TTF, and DMTEDT-TTF.


Synthesis of DIET and the S-position isomer of DMTEDT-
TTF (4): Historically, we have focused our attention on
the synthesis of the dissymmetric targets 1 and 4 (Scheme 3).[8]


Compounds 5a and 5b were prepared by following
our previously reported synthetic strategy.[10] The tri-
methylphosphite-mediated cross-coupling of the two corre-
sponding 2-(thi)oxo-1,3-dithiole moieties 7 and 8 afforded
2,3-bis(methyloxycarbonyl)TTFs 9a and 9b, respectively, in
good yields. Further reduction of the ester functions was
cleanly achieved by use of sodium borohydride/zinc chloride
in THF under reflux to give 2,3-bis(hydroxymethyl)TTFs 5a
and 5b.


We then investigated the generation of a good leaving
group from the 2,3-bis(hydroxymethyl)TTF, in order to
activate the nucleophilic substitution for conversion of the
alcohol function into a thioester.[12] This problem was
efficiently solved by using the Mitsunobu reaction.[13] The
diethyl azodicarboxylate/triphenylphosphine (DEAD/PPh3)
complex reacted with 2,3-bis(hydroxymethyl)TTF (5), which
allowed the activation of the alcohol function. Substitution
could then occur in the presence of an acidic reagent, such as
thioacetic acid. Following the experimental conditions pre-
viously reported for this type of reaction,[14] a mixture of
dialcohol 5a and thioacetic acid in THF was added dropwise
to the DEAD/PPh3 complex in THF at 0 �C to give the
bis(thioester)TTF 10a in 58% yield. However, application of
this Mitsunobu reaction to the 2,3-bis(hydroxymethyl)-6,7-
(ethylenedithio)TTF (5b) was unsuccessful because of the
well-known sensitivity of the ethylenedithio bridge to bases
and nucleophiles.[15] To avoid this undesired reaction we
considered another means of activating the hydroxymethyl
group that involved N,N-dimethylformamide dineopentyl-
acetal.[16] The analogous diethylacetal reagent was applied
successfully to 5a and 5b and was finally preferred because of
the easier subsequent purification of the bis(thioester)TTFs
10a and 10b, which were obtained in 58% and 60% yields,
respectively. The one-pot reaction was carried out by using an


Abstract in French: Les isomõres de position des atomes de
soufre pÿriphÿriques du ´fameuxª BEDT-TTF ont ÿtÿ syn-
thÿtisÿs et ont ÿtÿ nommÿs DIET et SIET, respectivement, pour
isomõres dissymÿtrique et symÿtrique de BEDT-TTF. La
mÿthodologie de synthõse du pont disulfure terminal a ÿtÿ
ÿtendue, plus spÿcifiquement pour prÿparer l×isomõre de EDT-
TTF. Ainsi, la stratÿgie synthÿtique dÿveloppÿe fait en particu-
lier appel ‡ une rÿaction originale d×activation des fonctions
alcools des bis(hydroxymÿthyl)TTF suivie d×un accõs rapide au
pont disulfure cyclique. Les propriÿtÿs ÿlectrochimiques sont
ÿgalement prÿsentÿes, complÿtÿes par les calculs thÿoriques et
propriÿtÿs optiques des donneurs ‡ l×ÿtat neutre ou oxydÿ.
L×influence de la position des atomes de soufre pÿriphÿriques
est clairement ÿtablie en comparant les structures cristallogra-
phiques des diffÿrents sels de cations radicaux de st˙chiomÿtrie
ÿquivalente issus de ces donneurs-� isomõres de position.
Ainsi, le ro√le du pont disulfure dans l×organisation structurale
s×avõre dÿterminant dans la plupart des cas, et responsable d×un
arrangement tout ‡ fait original, dit ´en moulin ‡ ventª, au sein
duquel l×anion est localisÿ au centre de la cavitÿ et les donneurs
adoptant une organisation perpendiculaire les uns par rapport
aux autres.
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excess of both activating reagent and thioacetic acid, and by
following the proposed mechanism (Scheme 3).


In order to reach the target disulfides, we initially prepared
the dithiols[17] in 91% and 96% yields by reduction of 10a and
10b with DIBAl-H, respectively.[8] Further oxidation with
DEAD,[18] iodine, or 2,2�-dithiobis(benzothiazole)[19] resulted
in 1 and 4. However, this strategy suffered from the modest
yields (30 ± 50%) of this last step. Furthermore, we found that
reduction of the bis(thioester)TTF, followed by oxidation to
disulfide could be carried out with satisfactory yields in a one-
pot reaction. Reduction was accomplished with sodium
borohydride in the presence of lithium chloride in THF under
reflux, and subsequent treatment with an aqueous solution of
ammonium chloride efficiently afforded compounds 1 and
4.[20] The S-position isomer of DMTEDT-TTF was easily
purified by chromatography on silica gel and recrystallized
from CH2Cl2/petroleum ether (93% yield). Single crystals of
this disulfide compound 4 were obtained and studied by X-ray


diffraction.[8] DIET (1), on the
other hand, showed poor solubil-
ity in CH2Cl2, estimated as ten
times lower than that of BEDT-
TTF itself. Consequently, com-
pound 1 was first obtained as an
analytically pure sample by filtra-
tion (88%). In order to obtain
crystals of the high purity neces-
sary to accomplish further electro-
crystallization experiments, we
performed the purification using
a short column of Florisil, with
CS2 as the eluent. Nevertheless,
the best purification appeared to
be by Soxhlet extraction with CS2


for several days, affording pure
orange microcrystals of DIET.


Synthesis of SIET: For the target SIET (2), we first considered
the classical symmetric coupling reactions from correspond-
ing 2-(thi)oxo-1,3-dithioles 13 (Scheme 4).[9] Initially, for the
synthesis of 11, our efforts were concentrated on the reactions
previously applied in the TTF series for the preparation of 1
and 4. After many experiments, the best results were obtained
when the Mitsunobu reaction was used for 6a and the
activation with N,N-dimethylformamide diethyl acetal for 6b.
In both cases, compounds 11a and 11b were accompanied by
undesired by-products and yields remained unsatisfactory
(32% and 52%, respectively). The alternative route consisted
of performing an easier nucleophilic substitution on analo-
gous 4,5-bis(bromomethyl)-2-(thi)oxo-1,3-dithioles. Thus, diol
6a was readily converted into 12a by using phosphorus
tribromide, in 94% yield.[9, 21] Parallel to our work, the
synthesis of 12a was also achieved in 70% yield by use of
CBr4/PPh3 in a similar reaction.[22] Our strategy was then
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b) NaBH4/ZnCl2, �, THF (5a : 83%, 5b : 70%, 5c : 61%); c) Method A: DEAD/PPh3, CH3COSH, THF (10a : 58%, 10c : 51%) or Method B:
Me2NCH(OEt)2, CH3COSH, �, CH2Cl2 (10a : 59%, 10b : 60%); d) NaBH4/LiCl, �, THF then NH4Cl/H2O (1: 88%, 4 : 93%, 3 : 28%).
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applied to the preparation of 12b in 62% yield, but the easiest
route to this compound remained the bromination of 4,5-
dimethyl-2-oxo-1,3-dithiole by using N-bromosuccinimide
(NBS).[23] After subsequent treatment of 12a or 12b with
thioacetic acid (or potassium thioacetate), this route proved
to be applicable on a large scale, compounds 11a and 11b
being produced in excellent yields in both cases. Two different
reactions were developed to obtain disulfide 13. The previous
method with sodium borohydride/lithium chloride followed
by aqueous ammonium chloride solution treatment was
applied successfully to give 13a in 78% yield. We extended
the development of the cleavage of the dithioester groups by
considering their methanolysis. Thus, treatment of 11b with
sodiummethoxide and subsequent treatment with iodine gave
disulfide 13b in 85% yield.


Unfortunately, attempts to achieve the trialkylphosphite-
mediated coupling reactions from 11a and/or 11b failed, as
did the dicobalt octacarbonyl method[24] from 11a. In the case
of precursor 11a, trimethylphosphite coupling afforded the
corresponding oxo derivative 11b[25] in 70% yield and TTF 14
in only 5% yield. Concerning the coupling reaction from 13,
we noted the particular instability of the disulfide function
under such drastic experimental conditions. Many hypotheses
might explain this behavior: i) a possible retro-Diels ±Alder
reaction, resulting in the corresponding dienes upon heat-
ing.[26] Indeed, this is argued for by the presence in the mass
spectra of peaks related to the dimethylidene[2H]-2-(thi)oxo-
1,3-dithiole(s) from 13a and 13b, dimethylidene[2H]TTF
from 1, 3, and 4, and also tetramethylidene[4H]TTF from 2,
ii) the known reaction of trialkylphosphite with disulfides to
afford corresponding sulfides,[27] iii) the scission of the sul-
fur�sulfur bond, which is favored under electrophilic, basic, or
nucleophilic conditions.[27] This behavior was recently con-


firmed by Becher et al., who failed in the last step of their
attempt to reach molecule 4 by another strategy.[28]


After these different failures in the coupling of 2-(thi)oxo-
1,3-dithioles 11, we considered an alternative route to reach
the symmetric TTF 14. Starting from 11a, the 1,3-dithiolium
cation salt 15 was first produced by methylation with methyl
triflate in quantitative yield. Reduction to 16 with sodium
borohydride in propan-2-ol/acetonitrile at 0 �C (91% yield)
was followed by dethiomethylation with fluoroboric acid in
acetic anhydride to produce 1,3-dithiolium tetrafluoroborate
17 in quantitative yield. This was immediately treated with an
excess of triethylamine in acetonitrile to give TTF 14 through
carbenoid coupling in 62% yield. Transformation of 14 into
the target S-position isomer of BEDT-TTF (2) was carried out
with reagents described above for the similar conversions of
10a and 10b to 1 or 4, but the yields were improved to 63% by
treatment with a methoxide solution in methanol/N,N-di-
methylformamide. The SIET compound was estimated to be
three times less soluble in CH2Cl2 than BEDT-TTF itself, so it
could be efficiently purified by silica-gel column chromatog-
raphy with CS2 as the eluent. Thus, this route provides clean
and efficient access to the new symmetric S-position isomer 2
of BEDT-TTF.


Of course, we also studied the conversion of tetrakis(hy-
droxymethyl)TTF 5d into TTF 14. Because of its great
insolubility, the tetraalcohol was suspended in THF and
reacted progressively under reflux with an excess of N,N-
dimethylformamide, diethyl acetal, and thioacetic acid to
afford 14 in 63% yield after purification by column chroma-
tography on silica gel.


Synthesis of the S-position isomer of EDT-TTF : Our previous
success with the trimethylphosphite cross-coupling of an
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equimolecular mixture of corresponding 1,3-dithioles was
encouraging for a generalization of this strategy. When
applied to 7c and 8, the reaction effectively produced a
mixture of the three possible TTFs: two symmetric ones and
the expected dissymmetric product 9c. Unfortunately, the
dissymmetric TTF was obtained in this case only in a
moderate 20% yield.[10c] Nevertheless, after reduction with
NaBH4/ZnCl2 to afford the 2,3-bis(hydroxymethyl)TTF 5c in
61% yield, we were able to apply the Mitsunobu procedure to
prepare 10c in 51% yield. This strategy was preferred to the
acetal activation because of the easier purification of 10c
(Scheme 3). To avoid this unsatisfying reaction, we used the
classical carbenoid coupling reaction[29] from the correspond-
ing 1,3-dithiolium fluoroborate salts to produce symmetric or
dissymmetric TTF derivatives (Scheme 5).[30] Such reactions


were carried out with both 1,3-dithiolium salts 17 and 18[29] in
the presence of triethylamine and led to reproducible results
when the experimental conditions described herein were
followed. Thus, TTF (23%), dissymmetric compound 10c
(44%), and tetrakis(thioester)TTF 14 (18%) were succes-
sively separated by chromatography on silica gel. On the
other hand, we also tried to take advantage of an approach,
first developed by Cava[31] and recently applied to the
synthesis of EDT-TTF,[32] involving a ™pseudo-Wittig∫ con-
densation of 1,3-dithiole-2-triphenylphosphonium salts as
ylide precursors, with 1,3-dithiolium salts as electrophiles. In
the case of the reaction involving 18 and 19 (obtained in 98%
yield by treatment of 17 with triphenylphosphine) in the
presence of triethylamine, the dissymmetric TTF 10c was
produced in 28% yield, accompanied by TTF (49%) and the
symmetric compound 14 (8%). As demonstrated previous-
ly,[33] the instability of a starting triphenylphosphonium salt in
the presence of a base produced an equilibrium between 19
and 17; this resulted in non-negligible amounts of symmetric
TTF. This observation was confirmed by the subsequent
reaction between 17 and 20, which afforded TTF (10%),
compound 14 (17%), and compound 10c (63%); this result
corresponding to the most efficient preparation of this
precursor of the S-position isomer of EDT-TTF.


The final step was performed by using sodium borohydride
and lithium chloride in THF under reflux, followed by


treatment with an aqueous solution of ammonium chloride.
The resulting yield of disulfide 3 was dramatically lowered
during the purification stage, however, no doubt because of its
low stability during silica-gel or Florisil column chromatog-
raphy (Scheme 3).


Electrochemical and spectroscopic properties; theoretical
calculations : The cyclic voltammograms of ET, DIET, and
SIET in CH2Cl2, and of EDT-TTF and IEDT-TTF in CH2Cl2/
CH3CN showed two reversible one-electron processes; this
indicated successive generation of stable radical cations and
dications at apparent redox potentials E1


app and E2
app (Table 1).


The influence of the outer sulfur atoms on the redox
potentials was particularly apparent on the second redox
system and very weak on the first one. Indeed, the different


electronic (inductive and
mesomeric) effects of outer
sulfur atoms should be dis-
cussed.


To go into more detail, the-
oretical calculations at the ab
initio density functional level
with the Gaussian 98 pack-
age[34] were performed in order
to investigate the influence of
the sulfur atoms on the molec-
ular structure and the electron-
ic properties of ET, DIET, and
SIET. Becke×s three-parameter
gradient-corrected functional
(B3LYP)[35] with a polarized
6 ± 31G* basis was used for a
full geometry optimization of


the three isomers ET, DIET, and SIET in the neutral, radical
cation, and dication states.


Neutral molecules : No significant differences were shown for
the first oxidation peaks of neutral SIET, DIET, or BEDT-
TTF (Figure 1). Indeed, molecular orbital analysis of the
three isomers showed that the biggest HOMO coefficients
were mainly located on the central TTF core (the S2C�CS2


fragment)[36] and that the energy values for the three HOMOs
were very close (BEDT-TTF: �4.77 eV; DIET: �4.85 eV;
SIET: �4.92 eV). Because of the very small contribution of
the atomic orbital coefficients of the ethylenedithio group
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Table 1. Cyclic voltammetry data for ET, DIET, and SIET[a] for EDT-TTF
and IEDT-TTF.[b]


Compound E1
app [mV] E2


app [mV] E1
app �E2


app [mV]


ET 520 910 390
DIET 510 935 425
SIET 505 975 470
EDT-TTF 475 910 435
IEDT-TTF 485 945 460


[a] c� 10�4 molL�1 in 0.5 molL�1 TBAHP, CH2Cl2; Pt electrode, ref. Ag/
AgCl, scan rate 100 mVs�1, 298 K. [b] c� 1.4� 10�3 molL�1 in 0.2 molL�1


TBAHP, CH2Cl2/CH3CN (9:1); Pt electrode, ref. Ag/AgCl, scan rate
100 mVs�1, 298 K. CH3CN was added to avoid adsorption phenomena at
the electrode.
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Figure 1. Comparison of BEDT-TTF, DIET, and SIET deconvoluted cyclic
voltammograms.


sulfur atoms (S�) in the HOMOs of ET and DIET (0.1
coefficient), no significant mesomeric effect from the S-
substituents should be expected (Figure 2).[37] No contribution
at all was found for the outer sulfur atoms (S��) of the disulfide
bridges of DIET and SIET.


Figure 2. HOMO orbitals of ET (�4.77 eV; top), DIET (�4.85 eV;
middle), and SIET (�4.92 eV; bottom) in the neutral state.


Consequently, only the electron-withdrawing inductive
character of the sulfur atoms should be taken into account


to explain the small differences observed for the three
isomers, the sulfur atoms being further out in SIET than in
BEDT-TTF. As previously shown by theoretical calculations
on tetrathiafulvalene derivatives in the neutral state, the
mesomeric effect of the sulfur atoms (S�) had no significant
influence on their electron-donating ability.[38]


The electronic properties were then studied to complete the
molecular-orbital analysis for these molecules. The UV/Vis
data showed that the experimental absorption wavelengths
for the three neutral molecules were fairly close in value
(Table 2). Calculations were performed by using the new
implementation of TD-DFT excitation energies,[39] and gave
excitation energies that presented the same trend and showed
good numerical agreement for the three neutral isomers
(Table 2). As expected, the differences in the HOMO±
LUMO gap estimated from electronic spectra for the neutral
state did not significantly differ for ET, DIET, and SIET (the
difference did not exceed 0.01 eV).


The optical properties of the radical cations and dications of
ET, DIET, and SIET were also investigated by UV/Vis and
near-IR spectroscopy, by addition of increasing amounts of
NOBF4 in CH2Cl2. Chemical oxidation resulted in the rapid
disappearance of the neutral TTF derivative and in the
development of new bands characteristic of the radical cation
and then of the dication (Table 2). As expected, the electronic
transitions of radical cation and dication were quasi-propor-
tional to E2


app for each compound (Figure 3).


Figure 3. Variation of the energy of cation radicals and dications of ET,
DIET, and SIET.


Radical cations : The most important effect relating to the
introduction of disulfide bridge(s) became apparent with the
second redox potentials, which shifted to more positive values
(Figure 1), an effect that was also apparent for IEDT-TTF


Table 2. Experimental and calculated optical data for ET, DIET, SIET and their corresponding oxidized states.[a]


Compound Neutral state Radical cation state Dication state
experimental TD-DFT lowest experimental TD-DFT lowest experimental TD-DFT lowest
[nm] excitation energy [nm] [nm] excitation energy [nm] [nm] excitation energy [nm]


ET 322[b]/346[b]/458 420 (98� 100) 461[b]/577/975 1028 (98�� 100�) 718 840 (97� 98)
DIET 311[b]/338[b]/466 463 (98� 99) 424[b]/563/846 885 (98�� 100�) 559 691 (95� 98)
SIET 314[b]/327[b]/474 480 (98� 99) 446[b]/553/637 620 (98�� 100�) 406 462 (93� 98)


[a] addition of NOBF4 to 10�4 molL�1 in CH2Cl2 at room temperature. [b] maxima in the vibronic structure. The molecular orbitals involved in each
transitions studied are indicated in brackets. Molecular orbitals 98 correspond to the HOMO for the neutral state, 98� and 98� to the HOMO and LUMO,
respectively, for the radical cation state, and 97 to the HOMO for the dication state.
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with respect to EDT-TTF (Table 1). Theoretical calculations
with the unrestricted-B3LYP functional were then performed
in order to study the differences in the optimized geometry
and the molecular structure of the three radical cations. The
optimized geometry found for the three isomers was perfectly
planar, and a significant contribution of the �-sulfur atoms
(S�) from the ethylenedithio group appeared in the HOMO
orbital in both ET.� andDIET.� , as well as the combination of
�-atomic orbitals of the TTF core (Figure 4).


Figure 4. HOMO orbitals of radical cations ET.� (�8.39 eV; top), DIET.�


(�8.67 eV; middle), and SIET.� (�9.02 eV; bottom).


These changes could be explained by the existence of a
mesomeric effect of the sulfur atoms, which stabilizes the
radical cation. As expected, the outer sulfur atoms of SIET.�


did not show any contribution at all to the HOMO of the
radical cation, since they could never participate in a
mesomeric effect. The values obtained for the HOMO±
LUMO gap followed the same trend as the UV/Vis data,
showing a larger gap for SIET.� (1.45 eV), than for DIET.�


(1.35 eV) and for ET.� (1.26 eV). The lower excitation
energies were also computed by the TD-DFT method; the
values obtained matched the spectroscopic results and the
previously calculated HOMO±LUMO gaps (Table 2). More-
over, these theoretical calculations confirmed that this broad
and lowest energy band, observed at room temperature, must
be assigned, as in the case of ET,[40] to the radical cation rather
than to the corresponding �-dimer.[41]


Dications : Theoretical calculations carried out on the dication
states of BEDT-TTF, DIET, and SIET provided evidence in
this case of the existence of opposite electronic effects from
the outer sulfur atoms. Full optimization of geometry carried
out on ET2� showed that the 1,3-dithiolium rings deviated by
only 0.01� from planarity, in good agreement with the


crystallographic structure of the dication salts BEDT-TTF ¥
(ClO4)2 or BEDT-TTF ¥ (BF4)2, in which no particular devia-
tion between the two rings was observed.[42] In contrast,
DIET2� and SIET2� presented distortions from planarity of
15.46� and 26.79�, respectively (Figure 5).


Figure 5. HOMO orbitals of dications ET2� (�12.24 eV; top), DIET2�


(�12.08 eV; middle), and SIET2� (�12.52 eV; bottom).


This structural peculiarity was unambiguously demonstrat-
ed with the DIET ¥CuBr4 dication salt, which was obtained by
chemical oxidation. In the crystallographic structure, this
DIET2� was characterized by an important distortion from
planarity of 46� between the two dithiolium rings (Figure 6).


Figure 6. Crystal structure of DIET ¥CuBr4: top: view of the structural
layout; bottom: view of DIET2�, showing the distortion of 46� between the
dithiolium rings.


Molecular-orbital analysis performed on the optimized
geometries gave a very different picture of the HOMO
orbitals of the three dication isomers and completed the
previous observations (Figure 5). The large contribution of
the �-sulfur orbitals (S�) from the ethylenedithio group (0.4
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coefficient), as well as the �-orbitals of the outer carbon of the
TTF core (0.2 coefficient) and a slight contribution of the �-
orbitals of the central carbon atoms in the TTF core (0.1
coefficient) show the strong �-character of this HOMO. This
suggested a relevant argument for the existence of a
mesomeric electron-donating effect from the outer sulfur
atoms (S�) of the ethylenedithio groups in ET2�. This
mesomeric effect should induce planarity of ET2� and
stabilization of the dicationic state, thus explaining the lower
measured second oxidation potential. In contrast, the main
coefficients in this HOMO orbital belong only to the outer
sulfur atoms in DIET2� and the four sulfur atoms in SIET2�


(Figure 5). This important change in the electronic structure
regarding the HOMO orbitals could be associated with an
inductive electron-withdrawing effect of the outer sulfur
atoms (S��) of the disulfide bridge(s) in DIET2� and SIET2�


that would remove the electronic density away from the TTF
core. It should be noted that the contribution of the sulfur
atoms (S�) of the ethylenedithio group in DIET2� is only slight
in orbital 96 (HOMO �1), but very important in orbital 95
(HOMO �2).


The lowest excitation energies obtained by the TD-DFT
method are in agreement with the measured UV/Vis absorp-
tion bands (Table 2). For the ET2� dication, the HOMO
orbital still has a strong �-character and therefore the lowest
transition corresponds to the HOMO±LUMO transition,
implying molecular orbitals 97 to 98. In contrast, the
electronic structures for DIET2� and SIET2� are altered
completely, and the higher orbitals become � in character. The
molecular orbitals involved in � ±�* transitions in DIET2�


and SIET2� are lower lying in energy (molecular orbital 95
(HOMO �2) and molecular orbital 93 (HOMO �5),
respectively). Consequently, the � ±�* transitions for these
two dications appear higher in energy. This might also suggest
that the presence of outer sulfur atoms (S��) is responsible for
the increasing �-character of the HOMO orbitals.


The important torsion angle in the geometry of DIET2� and
SIET2� may be related to increasing �-character in the C�C
central bond between the two 1,3-dithiolium moieties. This is
supported by the optimized central bond lengths, computed as
1.41 ä for ET2�, 1.43 ä for DIET2�, and 1.44 ä for SIET2�.
Consequently, the increase in the torsion of the central bond
and the loss of �-character are in good agreement with the
hypsochromic shift found experimentally (Table 2).


Organic materials : Radical cation salts of different stoichiom-
etries, including mixed valence salts, derived from S-position
isomers of 1, 2, and 4 were prepared by electrocrystalliza-
tion.[43, 44] To investigate the role of outer sulfur atoms in the
intermolecular contacts between �-donors, we chose three
significant examples to compare the crystallographic net-
works of two radical cation salts of identical stoichiometry
that differed only in the positions of the outer sulfur atoms on
the bridge: i) DIET ¥ClO4 ¥ 1³2C6H5Cl and BEDT-TTF ¥ClO4,
ii) 4 ¥ClO4 and DMTEDT-TTF ¥ClO4, and iii) SIET3 ¥ (ClO4)2
and (BEDT-TTF)3 ¥ (ClO4)2.


DIET ¥ClO4 ¥ 1³2C6H5Cl and BEDT-TTF ¥ClO4 : In the DIET ¥
ClO4 ¥ 1³2C6H5Cl salt, as is usual in BEDT-TTF salts, a layered


structure with alternating planes containing anions and
solvent molecules and planes of donors, is observed (Fig-
ure 7). Both molecules are packed in columns and form head-
to-tail, centrosymmetric dimers with short distances (3.40 and


Figure 7. Projection onto the (ab) plane of the crystal structure of DIET ¥
ClO4 ¥ 1³2C6H5Cl. S ¥ ¥ ¥ S contacts smaller than the sum of the van der Waals
radii are represented by dashed lines.


3.45 ä), showing significant molecular overlap. However,
because of the strong tilting of dimers from the stacking axis
(67�), weak S ¥ ¥ ¥ S interdimer interactions are present
(3.85 ä). The interesting feature in the structure of DIET ¥
ClO4 ¥ 1³2C6H5Cl salt results from the side-by-side S ¥ ¥ ¥ S
interactions along the a axis that are composed of: a) S ¥ ¥ ¥ S
contacts between sulfur atoms of the disulfide bridges of
neighboring donors, and b) S ¥ ¥ ¥S contacts from sulfur atoms
of the ethylenedithio group and sulfur atoms of the TTF core,
these occur together. These interactions involving all the
outer sulfur atoms seem to be partly responsible for the
observed network in which a shift of dimers inside columns
and a shift of neighboring columns are in evidence.


In the structure of the �-BEDT-TTF ¥ClO4 salt,[45] in which
the formal charge on BEDT-TTF is also �1, intermolecular
S ¥ ¥ ¥ S contacts between all the outer-ring sulfur atoms (d�
3.479(4) ä) are encountered with a staggered side-by-side
mode of interaction. However, these strong S ¥ ¥ ¥ S contacts do
not imply a shift of donors in the regular stacks, in which a
face-to-face mode occurs, but with no significant intermolec-
ular interaction. As a consequence, the shift of neighboring
columns appears more important in the structure of �-BEDT-
TTF ¥ClO4 than that observed in the structure of DIET ¥
ClO4 ¥ 1³2C6H5Cl.


In conclusion, this particular organization of DIET donors
in the radical cation salt is due to the concomitant presence of
both disulfide and ethylenedithio bridges, columns of donors
being shifted in order to engage outer sulfur atoms of the
disulfide bridge and sulfur atoms of the ethylenedithio group
in van der Waals interactions.


4 ¥ClO4 and DMTEDT-TTF ¥ClO4 : In the salt 4 ¥ClO4, donor
molecules are stacked along the a axis in a head-to-tail
manner, their mean molecular plane being perpendicular to
the a axis. Inside columns, donors are dimerized, with intra-
and interdimer distances of 3.44 and 3.59 ä, respectively. The
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principal characteristic of the crystallographic network is the
tetragonal arrangement of donors in a ™windmill∫ pattern and
the localization of anions in the cavity created inside the
™windmill∫ (Figure 8).[8, 44a] To our knowledge, such an array
has been only described in TTF(Z) (with Z�Cl, Br, or I and
�� 0.77, 0.76, or 0.77, respectively)[46] and in the (TM-
TPDS)2AsF6 salt.[47] In the 4 ¥ClO4 salt, this typical perpen-
dicular organization in the bc plane results from significant
S ¥ ¥ ¥ S contacts (3.51 and 3.55 ä) between sulfur atoms of the
donor disulfide bridge and sulfur atoms of the TTF core of
neighboring donors.


Figure 8. The original ™windmill∫ network of donors 4 and disordered
ClO4 anions in the projection onto the (bc) plane of the crystal structure of
the salt 4 ¥ClO4.


The crystallographic network of the not previously de-
scribed DMTEDT-TTF ¥ClO4 is characterized by dimerized
columns separated by perchlorate anions (Figure 9). Columns
are composed of face-to-face centrosymmetric dimers of
DMTEDT-TTF, in which a strong S ¥ ¥ ¥S �-orbital overlap is
observed. In contrast, the intradimer molecular overlap is
missing, a result of the tilting of donors with regard to the


Figure 9. Projection onto the (bc) plane of the crystal structure of
DMTEDT-TTF ¥ClO4.


stacking axis. Consequently, the structure of DMTEDT-TTF ¥
ClO4 may be compared to an ionic-type structure, in which
(DMTEDT-TTF)22� dimer units are surrounded by perchlo-
rate anions.


The structure of DMTEDT-TTF ¥ClO4, surprisingly unlike
the layered structures often encountered in EDT-TTF-de-
rived salts, also appears very different from the structure of 4 ¥
ClO4. In the latter, the fundamental role of the outer sulfur
atoms of the donor is underlined by the establishment of the
™windmill∫ array.


SIET3 ¥ (ClO4)2 and (BEDT-TTF)3 ¥ (ClO4)2 : The association
of the symmetric S-position isomer SIETwith the ClO4


� anion
affords a radical cation salt with the same [3:2] stoichiometry
as that formed from BEDT-TTF [(BEDT-TTF)3 ¥ (ClO4)2].[48]


In the semiconductor SIET3 ¥ (ClO4)2 (�RT� 10�2 Scm�1),
donors are organized in centrosymmetric trimers, which are
stacked along the a axis. Interplanar short distances (3.33 ä)
and some short S ¥ ¥ ¥S contacts inside a trimer provided
evidence of strong interactions between donors. Nevertheless,
the weak intertrimer molecular overlap (shorter distances of
3.745 ä) is certainly responsible for the observed semicon-
ductor behavior of this mixed-valence salt. The network is
organized in trimerized stacks and the organic columns are
oriented in the lattice so as to engage outer sulfur atoms of
both disulfide bridges in van der Waals contacts. Consequent-
ly, this salt derived from the donor SIET also displays the
characteristic ™windmill∫ array (Figure 10); this association
mode of the network being unambiguously associated with
the presence of the terminal disulfide bridges, the arrange-
ment differing from the general alternation of donor layers
that characterizes BEDT-TTF salts.


The (BEDT-TTF)3 ¥ (ClO4)2 salt[48] displays a layered struc-
ture, as encountered in most BEDT-TTF salts with alternating


Figure 10. Projection onto the (bc) plane of the crystal structure of
(SIET)3 ¥ (ClO4)2, characterized by the ™windmill∫ array. S ¥ ¥ ¥ S contacts
smaller than the sum of van derWaals radii are represented by dashed lines.
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organic sheets and anion layers. In the donor array, strong
transverse side-by-side S ¥ ¥ ¥S interactions occur, while no
intermolecular contact along the stacking axis is evidenced.
Consequently, the metallic state of (BEDT-TTF)3 ¥ (ClO4)2
became unstable, and a metal-insulator came into being at
170 K.


Conclusion


Efficient and original synthetic methodologies for obtaining
different S-position isomers of BEDT-TTF and EDT-TTF,
introducing outer disulfide ring(s) on the TTF core, are
described. Their �-donor ability makes them good candidates
for the preparation of organic metals. Firstly, the electronic
effect of the peripheral sulfur atoms× positions were clearly
demonstrated by a correlation between electrochemical and
spectroscopic studies, completed with theoretical calculations
on neutral and oxidized states. Secondly, the role of the
terminal disulfide bridge(s) in the association mode of the
network was established. Despite the poor contribution of
outer sulfur atoms of the disulfide bridge in the HOMO, most
of the electrogenerated radical cation salts display interesting
structural features, with evidence of S ¥ ¥ ¥ S contacts that are
responsible for the crystallographic organization of donors,
especially in the case of the characteristic ™windmill∫ organ-
ization. While most of the resulting materials exhibit semi-
conductor behavior, electro-oxidations in the presence of
various anions are currently under investigation. The role of
peripheral sulfur atoms in the solid state network having been
demonstrated, other radical cation salts with two-dimensional
or even three-dimensional structural organizations are to be
expected in the future from this new promising series of �-
donors.


Experimental Section


General procedures : The following chemicals were obtained commercially
and were used without any purification. Dry solvents were obtained by
distillation over suitable desiccants (THF and toluene from Na/benzophe-
none, CH2Cl2 from P2O5, CH3CN from CaH2). Thin-layer chromatography
(TLC) was performed on aluminium sheets coated with 60F254 silica gel
(Merck 5554). Column chromatography was carried out on 60 silica gel
(Merck 9385, 230 ± 400 mesh) or Florisil (Acros, 100 ± 200 mesh). Melting
points were determined by using a microscope with a Kofler hot stage and
are uncorrected. 1H and 13C NMR spectra were recorded on a Brucker
AC200 (200 MHz) spectrometer. Chemical shifts are reported as � values
in ppm downfield from internal TMS. In 13C NMR spectra, only character-
istic peaks are reported. Mass spectra were recorded on a HP5889A
spectrometer at 70 eV. IR spectra were recorded with a Brucker
IFS45WHR spectrometer. Elemental microanalyses were performed by
the Central Service of Microanalysis of the CNRS (Vernaison, France).
Cyclic voltammetry was performed in a three-electrode cell equipped with
a platinum millielectrode of 7.85� 10�3 cm2 area and a platinum wire
counter electrode. An Ag/AgCl electrode checked against the ferrocene/
ferricinium couple before and after each experiment was used as reference.
The electrolytic media involved CH2Cl2 (HPLC grade) and 5� 10�1 molL�1


tetrabutylammonium hexafluorophosphate (TBAHP–Fluka puriss qual-
ity). All experiments were carried out in solutions previously degassed by
argon bubbling at 298� 0.5 K. Electrochemical experiments were carried
out with an EGGPAR273A potentiostat with positive feedback compen-
sation. On the basis of repetitive measurements, absolute errors on


potentials were found to be around �5 mV. UV/Vis and near-IR experi-
ments were performed with a Perkin ±Elmer Lambda19 NIR spectrom-
eter.


2,3-Bis(acetylthiomethyl)-6,7-bis(methylsulfanyl)tetrathiafulvalene (10a):
Diethyl azodicarboxylate (0.64 mL, 4 mmol) was added dropwise at 0 �C
under argon to a solution of triphenylphosphine (1.05 g, 4 mmol) in
anhydrous THF (5 mL). After this mixture had been stirred at 0 �C for
15 min, a solution of 2,3-bis(hydroxymethyl)TTF (5a, 0.356 g, 1 mmol) and
thioacetic acid (0.29 mL, 4 mmol) in THF (15 mL) was added dropwise.
The dark solution was stirred at 0 �C for 1 h and then at room temperature
for 1 h. The reaction mixture was dissolved in CH2Cl2 (150 mL) and washed
with water (3� 60 mL). The organic phase was dried (MgSO4) and
concentrated, and the residue was purified by flash column chromatog-
raphy (silica gel, petroleum ether/CH2Cl2 1:1). Recrystallization (CH2Cl2/
petroleum ether) gave orange crystals of the bis(thiolester)TTF 10a. Yield:
0.274 g, 58%; m.p. 104 ± 106 �C; 1H NMR (200 MHz, CDCl3): �� 3.95 (s,
4H; CH2S), 2.40 (s, 6H; SCH3), 2.38 (s, 6H; COCH3); 13C NMR (50 MHz,
CDCl3): �� 194.20 (2C; C�O), 30.32 (2C; COCH3), 26.54 (2C; C-CH2-S),
19.16 (2C; SCH3); IR (KBr): �� � 1683 and 1698 cm�1 (C�O); MS (70 eV,
EI): m/z (%): 472 (62) [M] .� , 322 (95), 307 (15), 249 (23), 97 (30), 83 (35),
69 (44), 57 (51), 55 (56), 43 (100); elemental analysis calcd (%) for
C14H16S8O2 (472.76): C 35.57, H 3.41, S 54.25; found C 35.69, H 3.35, S 54.07.


2,3-Bis(acetylthiomethyl)-6,7-(ethylenedisulfanyl)tetrathiafulvalene
(10b): N,N-Dimethylformamide diethyl acetal (1.4 mL, 8 mmol) and
thioacetic acid (0.58 mL, 8 mmol) were added to a solution of 2,3-
bis(hydroxymethyl)TTF (5b, 0.354 g, 1 mmol) in anhydrous CH2Cl2
(70 mL). The solution was stirred at reflux for 48 h under nitrogen. The
reaction mixture was diluted with CH2Cl2 (100 mL), washed with water
(2� 100 mL), dried (MgSO4), and concentrated. The residue was purified
by flash column chromatography (silica gel, petroleum ether/EtOAc 4:1) to
afford yellow-ochre crystals after recrystallization (petroleum ether/
EtOAc). Yield: 0.280 g, 60%; m.p. 124 ± 126 �C; 1H NMR (200 MHz,
CDCl3): �� 3.94 (s, 4H; -CH2S-CO), 3.27 (s, 4H; SCH2CH2S), 2.37 (s, 6H;
COCH3); 13C NMR (50 MHz, CDCl3): �� 194.24 (2C; C�O), 30.32 (2C;
COCH3), 30.26 (SCH2CH2S), 26.47 (2C; C-CH2-S); MS (70 eV, EI): m/z
(%): 470 (51) [M] .� , 442 (17), 322 (17), 320 (44), 292 (16), 88 (21), 43 (100);
elemental analysis calcd (%) for C14H14S8O2 (470.78): C 35.71, H 3.00, S
54.49; found C 35.81, H 2.93, S 54.29.


2,3-(2,3-Dithiabutane-1,4-diyl)-6,7-(ethylenedisulfanyl)tetrathiafulvalene
(1): A solution of the bis(thioester)TTF 10b (71 mg, 0.15 mmol) in dry
THF (10 mL) was added dropwise at 0 �C under nitrogen to a suspension of
sodium borohydride (38 mg, 1 mmol) and anhydrous lithium chloride
(5 mg, 0.1 mmol) in dry THF (10 mL). The reaction mixture was allowed to
reach room temperature and was then stirred at reflux for 1 h. The solution
was cooled to 0 �C and quenched with ice-water (5 mL) and a saturated
solution of ammonium chloride (10 mL). The reaction mixture was stirred
overnight at room temperature to precipitate compound 1. The orange
crystals were filtered, washed several times with dry methanol, and dried
under vacuum to afford analytically pure DIET (1, 51 mg, 88%). Further
purification could be achieved by Soxhlet extraction with CS2 for several
days. M.p. 236 ± 238 �C; 1H NMR (200 MHz, CS2 � CDCl3): �� 3.45 (s, 4H;
CH2SSCH2), 3.27 (s, 4H; SCH2CH2S); MS (70 eV, EI): m/z (%): 384 (15)
[M] .� , 322 (32), 320 (100), 294 (17), 292 (64), 216 (15), 172 (47), 88 (45), 76
(57), 64 (22), 52 (33); elemental analysis calcd (%) for C10H8S8 (384.692): C
31.22, H 2.10, S 66.68; found C 30.98, H 2.09, S 66.09.


2,3-(2,3-Dithiabutane-1,4-diyl)-6,7-bis(methylsulfanyl)tetrathiafulvalene
(4): This compound was prepared by the same experimental procedure that
afforded 1, with NaBH4/LiCl. At the end of the reaction, after hydrolysis
and extraction with EtOAc, the residue was purified by column chroma-
tography (silica gel, petroleum ether/CH2Cl2 1:1) to afford orange-red
crystals. Yield: 93%; m.p. 173 ± 174 �C; 1H NMR (200 MHz, CDCl3): ��
3.48 (s, 4H; CH2SSCH2), 2.42 (s, 6H; SCH3); 13C NMR (50 MHz, CDCl3):
�� 30.42 (2C; CH2SSCH2), 19.20 (2C; SCH3); MS (70 eV, EI): m/z (%):
386 (16) [M] .� , 324 (29), 322 (100), 307 (29), 274 (16), 172 (21), 118 (13), 103
(12), 91 (14), 88 (14); elemental analysis calcd (%) for C10H10S8 (386.708): C
31.06, H 2.61, S 66.34; found C 31.16, H 2.52, S 65.85.


4,5-Bis(bromomethyl)-2-thioxo-1,3-dithiole (12a): PBr3 (0.31 mL,
3.25 mmol) was added dropwise to a solution of the diol 6a (450 mg,
2.32 mmol) dissolved in anhydrous THF (5 mL) and anhydrous CCl4
(10 mL). The resulting light solution and orange precipitate were stirred
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under argon at room temperature for 5 h. The reaction mixture was treated
with aqueous HCl (3�, 15 mL), washed twice with aqueous NaHCO3 (1��
15 mL) and once with brine (15 mL), dried (MgSO4), and evaporated. The
residue was purified by flash chromatography (silica gel, CH2Cl2) to afford
12a as a yellow powder, which was a slight irritant and unstable after
several weeks in the fridge. Yield: 690 mg, 93%; m.p. 126 �C (CH2Cl2);
1H NMR (200 MHz, CDCl3): �� 4.33 (s, CH2); 13C NMR (50 MHz, CDCl3):
�� 208.0 (1C; C�S), 139.4 (2C; C�C), 20.2 (2C; CH2); IR (KBr): �� � 1064
(C�S); 593 cm�1 (C�Br); MS (70 eV, EI): m/z (%): 322/320/318 [M] .� (29/
48/24), 241/239 (100/85), 165/163 (34/35), 84 (96), 58 (82); elemental
analysis calcd (%) for C5H4S3Br2 (320.075): C 18.76, H 1.26, S 30.05, Br
49.93; found C 18.92, H 1.25, S 28.75, Br 50.03.


4,5-Bis(acetylthiomethyl)-2-thioxo-1,3-dithiole (11a): a) Thioacetic acid
(1.13 mL, 16.1 mmol) and pyridine (1.32 mL, 16.1 mmol) were added
under nitrogen at room temperature to a solution of 12a (2.34 g, 7.31 mmol)
in anhydrous THF (80 mL); this resulted in a brown precipitate. The
mixture was stirred for 2 h 30 min and heated under refluxed for an
additional hour. After removal of the precipitate by filtration, the solvent
was evaporated and purification by column chromatography (silica gel,
petroleum ether/CH2Cl2 1:1, then CH2Cl2) afforded compound 11a as
yellow crystals (2.14 g, 94%) after recrystallization from EtOAc/petroleum
ether.


b) Potassium thioacetate (3.55 g, 31.2 mmol) was added to a solution of 12a
(4.53 g, 14.16 mmol) in anhydrous THF (180 mL) under nitrogen. After this
had been heated under reflux for 90 min, the precipitate was removed by
filtration. The solvent was evaporated, and purification by column
chromatography (silica gel, petroleum ether/CH2Cl2 1:1, then CH2Cl2)
afforded 11a as yellow crystals after recrystallization from EtOAc/
petroleum ether. Yield: 4.00 g, 91%; m.p. 74 �C ; 1H NMR (200 MHz,
CDCl3): �� 4.08 (s, 4H; CH2), 2.40 (s, 6H; CH3); 13C NMR (50 MHz,
CDCl3): �� 210.4 (1C; C�S), 193.6 (2C; C�O), 138.5 (2C; C�C), 30.2 (2C;
CH3), 25.6 (2C; CH2); IR (KBr): �� � 1699 (C�O), 1686 (C�O), 1070 cm�1


(C�S); MS (70 eV, EI):m/z (%): 310 [M] .� (23), 234 (28), 193 (33), 59 (19),
43 (100); elemental analysis calcd for C9H10O2S5 (310.477): C 34.82, H 3.25,
S 51.63; found C 34.90, H 3.16, S 51.66.


4,5-Bis(acetylthiomethyl)-2-oxo-1,3-dithiole (11b): a) A solution of 12b[23]


(1.65 g, 5.43 mmol) in anhydrous THF (60 mL) was added to a well-stirred
solution of thioacetic acid (0.84 mL, 12 mmol) and pyridine (1 mL,
12 mmol) in anhydrous THF (60 mL). The mixture was heated under
reflux under nitrogen. Awhite precipitate was observed, and heating under
reflux was continued for 3 h. The mixture was allowed to cool to room
temperature, and the precipitate was removed by filtration. The solvent was
evaporated, and purification by column chromatography on silica gel
(CH2Cl2) afforded compound 11b as beige crystals (1.57 g, 98%).


b) A solution of 12b (140 mg, 0.46 mmol) in anhydrous THF (7.5 mL) was
added to a well-stirred solution of potassium thioacetate (116 mg, 1 mmol)
in anhydrous THF (7.5 mL), the mixture was heated under reflux under
nitrogen. A white precipitate quickly formed, and the resulting brown
solution then became darker and darker while heated under reflux for 15 h.
After cooling, the solvent was evaporated, and purification by column
chromatography on silica gel (petroleum ether/CH2Cl2 1:1, then CH2Cl2)
afforded compound 11b. Yield: (120 mg, 89%; m.p. 76 ± 77 �C; 1H NMR
(200 MHz, CDCl3): �� 4.12 (s, 4H; CH2), 2.39 (s, 6H; CH3); 13C NMR
(50 MHz, CDCl3): �� 193.8 (2C; C�O), 189.8 (1C; C�O), 127.0 (2C;
C�C), 30.2 (2C; CH3), 26.3 (2C; CH2); IR (KBr): �� � 1682 (C�O),
1619 cm�1 (C�O); MS (70 eV, EI): m/z (%): 294 [M] .� (4), 218 (32), 175
(20), 43 (100); elemental analysis calcd for C9H10O3S4 (294.416): C 36.72, H
3.42, S 43.56; found C 36.63, H 3.33, S 43.42.


4,5-(2,3-Dithiabutane-1,4-diyl)-2-thioxo-1,3-dithiole (13a): A solution of
11a (155 mg, 0.5 mmol) in anhydrous THF (30 mL) was added to a solution
of sodium borohydride (127 mg, 3.2 mmol) and anhydrous lithium chloride
(16.5 mg, 0.39 mmol) in anhydrous THF (10 mL) under nitrogen. After
being heated under reflux for 3 h, the solution was cooled to 0 �C and then
quenched with a saturated solution of ammonium chloride (20 mL). The
reaction mixture was stirred overnight at room temperature. After
extraction with EtOAc, the residue was purified by column chromatog-
raphy (silica gel, CH2Cl2) to afford yellow crystals. Yield: 87 mg, 78%; m.p.
151 ± 152 �C (CH2Cl2); 1H NMR (CDCl3): �� 3.68 (s, CH2); MS (EI): 224
[M] .� (100), 160 (60), 96 (11), 84 (24), 69 (13), 58 (30).


4,5-(2,3-Dithiabutane-1,4-diyl)-2-oxo-1,3-dithiole (13b): A solution of
MeONa/MeOH prepared from sodium (25 mg, 1.1 mmol) in anhydrous
MeOH (2 mL) under nitrogen at room temperature was added to a solution
of 11b (150 mg, 0.51 mmol) in anhydrous MeOH (2 mL). The solution was
stirred for 5 min and treated with a solution of iodine (66 mg, 0.26 mmol) in
anhydrous Et2O (2 mL). After an additional 5 min of stirring, the mixture
was treated with an NH4Cl solution (15 mL). The organic layer was
extracted twice with EtOAc (10 mL), washed with a Na2S2O3 solution
(20 mL) and water (20 mL), dried (MgSO4), and evaporated. Purification
by filtration on silica gel (petroleum ether/EtOAc 1:1) afforded the
disulfide 13b as an orange oil. Yield: 90 mg, 85%; 1H NMR (CDCl3): ��
3.64 (s, CH2); 13C NMR (CDCl3): �� 187.1 (1C; C�O), 129.7 (2C; C�C),
29.2 (2C; CH2); IR (KBr): �� � 1685 (C�O), 1646 cm�1 (C�C); MS (EI):m/z
(%): 208 [M] .� (100), 144 (61), 116 (48), 70 (17), 58 (32).


2,3,6,7-Tetrakis(acetylthiomethyl)tetrathiafulvalene (14): a) Coupling
from the dithiolium salt 17: Triethylamine (2.4 mL, 17.4 mmol) was added
at room temperature to a solution of the dithiolium salt 17 (3.19 g,
8.71 mmol) in anhydrous CH3CN (15 mL) under argon. The resulting
colorless solution and brown precipitate were stirred for 1 h. After addition
of water (50 mL) and stirring for an additional 1 h, the precipitate was
filtered off and washed with water. Purification by a filtration on Florisil
(CH2Cl2) afforded TTF 14 as orange fibers (1.50 g, 62%) after recrystal-
lization from THF/petroleum ether.


b) Substitution of the tetrakis(hydroxymethyl)TTF (5d): N,N-Dimethylform-
amide diethyl acetal (0.82 mL, 4.8 mmol) and thioacetic acid (0.34 mL,
4.8 mmol) were successively added to a solution of tetrakis(hydroxy-
methyl)TTF 5d[11b] (97 mg, 0.30 mmol) in anhydrous THF (25 mL). The
reaction mixture was heated under reflux for 48 h under argon. After
dilution with CH2Cl2 (50 mL), the solution was washed with water (3�
30 mL), dried (MgSO4), and evaporated. The residue was filtered on
Florisil (CH2Cl2/EtOAc 4:1), and recrystallization from EtOAc/petroleum
ether gave TTF 14. Yield: 104 mg, 63%; m.p. 217 �C (THF/petroleum
ether); 1H NMR (200 MHz, CDCl3): �� 3.92 (s, 8H; CH2), 2.37 (s, 12H;
CH3); 13C NMR (50 MHz, CDCl3): �� 194.6 (4C; C�O), 128.9 (4C; C�C),
108.1 (2C; central C�C), 30.2 (4C; CH3), 26.1 (4C; CH2); IR (KBr): �� �
1688 cm�1 (C�O); MS (70 eV, EI): m/z (%): 556 [M] .� (22), 406 (43), 288
(21), 43 (100); elemental analysis calcd for C18H20O4S8 (556.834): C 38.83, H
3.62, S 46.06; found C 38.80, H 3.57, S 45.55.


2,3,6,7-Bis(2,3-dithiabutane-1,4-diyl)tetrathiafulvalene (2): A solution of
MeONa/MeOH, prepared from sodium (54 mg, 2.38 mmol) in anhydrous
MeOH (4 mL) under argon, was added at room temperature to a
suspension of compound 14 (300 mg, 0.54 mmol) in anhydrous MeOH/
DMF (44 mL, 10:1) and the mixture was heated to 40 �C for 1 h. The orange
suspension changed to a red precipitate, which was filtered off and washed
with CH2Cl2 and EtOAc. Purification by filtration on silica gel (CS2)
afforded SIET (2) as a pink powder. Yield: 130 mg, 63%; m.p. 220 �C;
1H NMR (200 MHz, CDCl3 � CS2): �� 3.45 (s, CH2); 13C NMR (50 MHz,
C6D6 � CS2): �� 123.5 (4C; C�C); 105.6 (2C; central C�C); 31.0 (4C;
CH2); Raman: �� � 1542 (C�C); 511 cm�1 (S�S); MS (70 eV, EI): m/z (%):
384 [M] .� (39), 320 (67), 256 (100), 172 (25), 128 (18), 52 (22); elemental
analysis calcd for C10H8S8 (384.655): C 31.22, H 2.10, S 66.68; found C 31.25,
H 2.06, S 66.59.


4,5-Bis(acetylthiomethyl)-2-methylsulfanyl-1,3-dithiolium trifluorometh-
anesulfonate (15): Methyl trifluoromethanesulfonate (1.22 mL, 11.6 mmol)
was added at room temperature to a solution of thione 11a (3 g, 9.68 mmol)
in anhydrous CH2Cl2 (15 mL) under nitrogen. The resulting dark solution
was stirred for 4 h, anhydrous Et2O (50 mL) was then added, and the
solution was left in the fridge overnight. After removal of the ethereal
liquid, the resulting oil was dried under vacuum to yield the dithiolium salt
15 as brown crystals. Yield: 4.5 g, 98%; m.p. 43 ± 44 �C (Et2O); 1H NMR
(200 MHz, CDCl3): �� 4.47 (s, 4H; CH2), 3.17 (s, 3H; SCH3), 2.44 (s, 6H;
CH3); 13C NMR (50 MHz, CDCl3): �� 203.2 (1C; CSCH3), 194.9 (2C;
C�O), 149.5 (2C; C�C), 29.9 (2C; CH3), 26.1 (2C; CH2), 22.9 (1C; SCH3);
IR (KBr): �� � 1693 cm�1 (C�O); MS (FAB): 325 [M]� ; elemental analysis
calcd for C11H13O5S6F3 (474.58): C 27.84, H 2.76; found C 26.94, H 2.68.


4,5-Bis(acetylthiomethyl)-2-methylsulfanyl-1,3-dithiole (16): Sodium bor-
ohydride (336 mg, 8.44 mmol) was cautiously added to a solution of the
dithiolium salt 15 (4 g, 8.44 mmol) in anhydrous CH3CN (40 mL) and
iPrOH (6 mL) under argon at 0 �C. The mixture was allowed to reach room
temperature and stirred for 4 h. Purification by column chromatography
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(silica gel, petroleum ether/EtOAc 8:2) afforded compound 16 as beige
crystals. Yield: 2.5 g, 91%; m.p. 50 �C (EtOAc); 1H NMR (200 MHz,
CDCl3): �� 5.78 (s, 1H; CH), 4.02 and 3.87 (2d, 2JABsyst.� 14.4 Hz, 4H;
CH2), 2.37 (s, 6H; CH3), 2.23 (s, 3H; SCH3); 13C NMR (50 MHz, CDCl3):
�� 195.2 (2C; C�O), 125.0 (2C; C�C), 56.8 (1C; CH), 30.1 (2C; CH3), 26.5
(2C; CH2), 11.4 (1C; SCH3); IR (KBr): �� � 1687 cm�1 (C�O); MS (70 eV,
EI): m/z (%): 326 [M] .� (12), 279 (100), 237 (61), 195 (31), 161 (37), 129
(54), 43 (83); elemental analysis calcd for C10H14O2S5 (326.52): C 36.78, H
4.32; found C 36.80, H 4.31.


4,5-Bis(acetylthiomethyl)-1,3-dithiolium tetrafluoroborate (17): A solution
of tetrafluoroboric acid in Et2O (54%wt.%, 2.11 mL, 8.4 mmol) was added
at 0 �C to a solution of compound 16 (2.5 g, 7.67 mmol) in acetic anhydride
(15 mL) under argon. The resulting dark solution was stirred for 1 h.
Anhydrous Et2O (120 mL) was then added, and the solution was left in the
fridge overnight. After removal of the ethereal liquid, the resulting oil was
dried under vacuum to yield the dithiolium salt 17 as dark crystals. Yield:
2.79 g, 99%; m.p. 52 �C (Et2O); 1H NMR (200 MHz, CDCl3): �� 11.08 (s,
1H; CH), 4.57 (s, 4H; CH2), 2.43 (s, 6H; CH3); 13C NMR (50 MHz, CDCl3):
�� 195.0 (1C; CH), 175.8 (2C; C�O), 156.4 (2C; C�C), 30.0 (2C; CH3),
25.8 (2C; CH2); IR (KBr): �� � 1694 cm�1 (C�O); MS (FAB): 279 [M]� ;
elemental analysis calcd for C9H11O2S4F4B (366.25): C 29.51, H 3.03; found
C 29.33, H 3.15.


Phosphonium salt 19 : Triphenylphosphine (530 mg, 2 mmol) was added at
room temperature to a solution of the dithiolium salt 17 (730 mg, 2 mmol)
in anhydrous CH3CN (25 mL) under argon, and the mixture was stirred for
3 h. Anhydrous Et2O (150 mL) was then added, and the solution was left
overnight in the fridge. After removal of the ethereal liquid, the resulting
dark oil was dried under vacuum to give the phosphonium salt 19 as a beige
mass. Yield: 1.23 g, 98%; 1H NMR (200 MHz, CDCl3): �� 9.37 (m, 15H;
CH arom.), 7.20 (d, 2J(H,P)� 4.6 Hz, 1H; CH), 3.43 and 3.26 (2d, 2JABsyst.�
14.9 Hz, 4H; CH2), 2.30 (s, 6H; CH3); 13C NMR (50 MHz, CDCl3): ��
193.9 (2C; C�O), 135.4 ± 115.5 (CH arom. and C�C), 40.6 (d, 1J(C,P)�
42 Hz, 1C; CH), 30.3 (2C; CH3), 26.0 (2C; CH2); IR (KBr): �� � 1695 cm�1


(C�O); elemental analysis calcd for C27H26O2S4PF4B (628.52): C 51.59, H
4.17, S 20.41, P 4.93; found C 51.41, H 4.21, S 19.87, P 4.75.


2,3-Bis(acetylthiomethyl)tetrathiafulvalene (10c): a)Method using the
Mitsunobu reaction : Diethyl azodicarboxylate (0.64 mL, 4 mmol) was
added dropwise at 0 �C to a solution of triphenylphosphine (1.05 g, 4 mmol)
in anhydrous THF (9 mL) under argon. After this had stirred at 0 �C for
15 min, a solution of 2,3-bis(hydroxymethyl)TTF (5c, 0.132 g, 0.5 mmol)
and thioacetic acid (0.29 mL, 4 mmol) in anhydrous THF (10 mL) was
added dropwise. The resulting dark solution was stirred at 0 �C for 1 h and
then at room temperature overnight. The reaction mixture was dissolved in
EtOAc (150 mL), washed with brine (3� 30 mL), and dried (MgSO4), and
the solvent was evaporated. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 7:3) to afford the TTF 10c
as yellow-ochre crystals (0.097 mg, 51%) after recrystallization from
EtOAc/hexane.


b)Method using dithiolium salts : Anhydrous triethylamine (12 mL) was
added dropwise over a period of 5 min to a solution of the dithiolium salt
18[29] (0.570 g, 3 mmol) and the dithiolium salt 17 (1.098 g, 3 mmol) in
anhydrous CH3CN (75 mL) at 0 �C. After stirring at 0 �C for 30 min, the
solution was allowed to come up to room temperature over 2.5 h and then
concentrated. The residue was dissolved in EtOAc (50 mL) and toluene
(50 mL) and the solution was concentrated. The compounds were
separated by using chromatography on silica gel [toluene for TTF,
toluene/EtOAc (9:1) for dissymmetric TTF 10c, then toluene/EtOAc
(7:3) for tetrakis(thioester)TTF] and were obtained in the following
amounts: TTF/10c/14 0.142 mg, 23%/0.502 mg, 44%/0.298 mg, 18%; this
represented an overall yield of 85%.


c)Method using dithiolium and phosphonium salts : Triphenylphosphine
(265 mg, 1 mmol) was added under nitrogen to a solution of the dithiolium
salt 18[29] (190 mg, 1 mmol) in anhydrous CH3CN. After this had stirred for
1 h, the dithiolium salt 17 (365 mg, 1 mmol) in anhydrous CH3CN (15 mL)
was added before dropwise addition of anhydrous triethylamine (1 mL).
After the solution had been stirred at room temperature for 30 min it was
concentrated. The residue was purified by column chromatography on
silica gel [petroleum ether/CH2Cl2 (3:7) for TTF, CH2Cl2 for dissymmetric
TTF 10c, then CH2Cl2/EtOAc (9:1) for tetrakis(thioester)TTF] and the
following amounts were obtained: TTF/10c/14 20 mg, 10%/237 mg, 63%/


95 mg, 17%; this represented an overall yield of 90%. M.p. 90 ± 91 �C
(EtOAc/hexane); 1H NMR (200 MHz, CDCl3): �� 6.29 (s, 2H; CH�CH),
3.95 (s, 4H; CH2), 2.38 (s, 6H; CH3); 13C NMR (50 MHz, CDCl3): �� 194.3
(2C; C�O), 128.5 (2C; C�C), 119.1 (2C;�CH), 30.3 (2C; CH3), 26.5 (2C;
CH2); MS (EI): m/z (%): 380 [M] .� (47), 305 (10), 262 (30), 230 (100), 146
(42), 102 (32), 43 (54); elemental analysis calcd for C12H12O2S6 (380.586): C
37.87, H 3.18, S 50.54; found C 37.90, H 3.12, S 50.01.


2,3-(2,3-Dithiabutane-1,4-diyl)tetrathiafulvalene (3): Sodium borohydride
(64 mg, 1.7 mmol) and anhydrous lithium chloride (10 mg, 0.25 mmol) were
added to a solution of the bis(thioester)TTF 10c (95 mg, 0.25 mmol) in
anhydrous THF (20 mL) under nitrogen. The solution was heated under
reflux overnight, then quenched with a saturated ammonium chloride
solution (10 mL). The product was extracted with EtOAc (100 mL),
washed with brine (3� 30 mL), dried (MgSO4), and concentrated. Purifi-
cation by filtration on Florisil (petroleum ether/EtOAc 4:1) afforded
disulfide 3 as orange crystals after recrystallization from EtOAc/petroleum
ether. Yield: 20 mg, 28%; m.p. 174 �C; 1H NMR (200 MHz, CDCl3): ��
6.32 (s, 2H; CH�CH), 3.75 (s, 4H; CH2); 13C NMR (50 MHz, CDCl3): ��
123.1 (2C; C�C); 119.1 (2C; �CH); 118.5 (2C; C�C); 111.8 (2C; central
C�C); 30.4 (2C; CH2); MS (EI): m/z (%): 294 [M] .� (29), 230 (100), 154
(21), 146 (30), 102 (39); elemental analysis calcd for C8H6S6 (294.495): C
32.63, H 2.05, S 65.32; found C 32.69, H 2.01, S 65.27; CV (CH2Cl2/CH3CN
9:1, 1.4� 10�3�, V vs Ag/AgCl) Epa1� 0.484, Epa2� 0.944, Epc1� 0.455,
Epc2� 0.918, compared with EDT-TTF: (CH2Cl2/CH3CN 9:1, 1.4� 10�3�,
V vs Ag/AgCl) Epa1� 0.476, Epa2� 0.907, Epc1� 0.455, Epc2� 0.887.


The following crystal structures have been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition numbers
CCDC 163955 ± 163957:


Salt DIET¥CuBr4 : P21/n, a� 6.639(4), b� 22.113(8), c� 14.015(9) ä, ��
99.93(5)�, V� 2026(3) ä3, Z� 4, �calcd� 2.52 gcm�3, 	(MoK�)� 0.71073 ä,
2059 reflections (2� 
� 20�) were collected at 298 K, 721 with I� 2�(I)
used in refinements, 118 refined parameters, R� 0.059, Rw� 0.066.


(DMTEDT-TTF) ¥ ClO4 : Single crystals of (DMTEDT-TTF) ¥ClO4 (1.1�
0.3� 0.1 mm) were grown at 4 �C on a platinum-wire anode by oxidation of
the donor in a solution of Bu4NClO4 (0.1� in chlorobenzene/EtOH 9:1 at
constant low-current density (2 �Acm�2). Triclinic, P1, a� 8.144(3), b�
10.172(2), c� 11.116(2) ä, �� 83.48(1)�, �� 74.57(2)�, �� 86.92(2)�, V�
881.6(4) ä3, Z� 2, �calcd� 1.831 gcm�3, 	(MoK�)� 0.71073 ä, 5462 reflec-
tions (2� 
� 30�) were collected at 298 K, 3088 with I� 3�(I) used in
refinements, 208 refined parameters, R� 0.061, Rw� 0.095.


(DIET) ¥ ClO4 ¥ 1³2C6H5Cl : Single crystals of (DIET) ¥ClO4 ¥ 1³2C6H5Cl
(0.6� 0.3� 0.1 mm) were grown at 6 �C on a platinum-wire anode by
oxidation of the donor in a solution of Bu4NClO4 (0.1�� in chlorobenzene/
CH3CN (8:2) at constant low-current density (1 �Acm�2). Triclinic, P, a�
9.355(5), b� 10.133(3), c� 11.732(5) ä, �� 105.17(3)�, �� 99.36(4)�, ��
104.92(3)�, V� 1005.1(8) ä3, Z� 2, �calcd� 1.785 gcm�3, 	(MoK�)�
0.71073 ä, 3741 reflections (2� 
� 25�) were collected at 298 K, 1803
with I� 3�(I) used in refinements, 262 refined parameters, R� 0.064, Rw�
0.085.
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Highly Selective Formation of [4�2] and [4�3] Cycloadducts of
Tetrahydroindenes Generated in Situ from a (1-Alkynyl)carbene Tungsten
Complex by the Metalla-1,3,5-hexatriene Route**


He-Ping Wu, Rudolf Aumann,* Roland Frˆhlich, Birgit Wibbeling, and Olga Kataeva[a]


Dedicated to Professor Dieter Hoppe on the occasion of his 60th birthday


Abstract: 1-Amino-3-ethoxytetrahydro-
3aH-indenes 8 can be readily generated
together with pentacarbonyl(pyridine)-
tungsten in a template induced three-
component reaction of [(1-cyclohexenyl)-
ethynyl]carbene tungsten complex 1
with secondary amines 2a ± d and
pyridine. Even though the compounds
8 are thermally quite unstable and
undergo a fast rearrangement to tetra-


hydro-7aH-indenes 7, they can be trap-
ped by formation of (rather strained)
[4�2] cycloadducts 12 with maleimide
11. If 1-amino-3-ethoxytetrahydro-3aH-
indenes 8 are generated in the presence


of electron-poor alkynes 2a and 2b, they
undergo a 1,5-shift to give tetrahydro-
7aH-indenes 7, which in turn afford
[4�2] cycloadducts 4a ±d. Condensation
of 1-tungsta-1,3,5-hexatrienes (3E)-5a ±
d with 1-metalla-1,3-butadienes 14 (M�
Cr, W) give [4�3] cycloadducts 15a ± e
of tetrahydro-7aH-indenes 7 in good
yields with high regio- and stereoselec-
tivity.


Keywords: carbene complexes ¥
chromium ¥ cycloadditions ¥ diene
ligands ¥ triene ligands ¥ tungsten


Introduction


(1-Alkynyl)carbene complexes (CO)5M�C(OEt)C�CR (M�
W, Cr; R� aryl, alkenyl) have been applied as stochiometric
reagents in a number of high-yielding transformations that
have a potential use in organic synthesis.[2] A prominent
example is the formation of cyclopentadienes in an overall
[3�2] fashion[3] by addition of enamines to (1-alkynyl)carbene
complexes; this involves 1-metalla-1,3,5-hexatriene inter-
mediates that rapidly undergo �-cyclization to cyclopenta-
diene complexes.[4, 5] A different approach to the formation of
cyclopentadienes is based on the insertion of alkynes into the
Cr�C bond of 1-chroma-1,3-butadienes to initially give
1-chroma-1,3,5-hexatrienes.[6] This approach has been recent-
ly extended to include reactions of 1-tungsta-1,3-butadienes,
which were found to experience a strong reactivity enhance-
ment under the influence of rhodium or copper catalysts.[1, 7]


Furthermore, a most versatile procedure for the anellation of
cyclopentadiene rings was found; this involves formation of
1-metalla-1,3,5-hexatrienes from [2-(1-cycloalkenyl)ethynyl]-
carbene complexes by addition of protic nucleophiles


NuH,[9, 15] for example, R�(RCO)CH2,[8] R2NH,[9, 10] R2PH,[9]


RCOOH and ROH,[11, 12] RCXSH (X�O, NH, NR),[13] and
RSH.[14] . This last latter approach is suitable for the gen-
eration of highly reactive bicyclic cyclopentadienes that can
be trapped in situ by cycloaddition[6b, 12] and also by rearrange-
ment reactions.[10, 14]


Results and Discussion


[4�2] Cycloadducts of tetrahydro-3aH- and tetrahydro-7aH-
indenes :We report a simple one-pot procedure, by which
tetrahydroindenes are generated from [2-(1-cyclohexenyl)-
ethynyl]carbene complex 1 and applied in situ as substrates
for [4�2] cycloadditions. An overall reaction leading to
tricyclic compounds 4 is outlined in Scheme 1.
It was shown that the addition of one equivalent of a


secondary amine 2a ±d to [2-(1-cyclohexenyl)ethynyl]car-
bene complex 1 at 0 �C affords (3E)-4-amino-1-tungsta-1,3,5-


Scheme 1. Highly selective formation of strained tricyclic norbornadiene
derivatives 4 by a three-component one-pot reaction of (1-alkynyl)carbene
complex 1 (4a : R�Me, R��Ph; 4b : R�Me, R��H; 4c : R� pyrrolidino,
R��Ph).
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hexatrienes 5a ±d, which were fully characterized. They are
stable in the solid state at 0 �C, but in solution they undergo �-
cyclization to tetrahydro-3aH-indene pentacarbonyltungsten
complexes 6[9] (Scheme 2). The exact coordination site of the
pentacarbonyltungsten unit in tetrahydro-3aH-indene com-
pounds 6 has not been solved in detail. So far, it can be stated


from NMR studies of compound 6a that the coordination
mode is substantially different from that of the corresponding
tetrahydropentalene complexes. The latter complexes were
shown to exhibit a carbiminium unit and an angular C�W �


bond, in an attempt to relieve the inherent ring strain of the
tetrahydropentalene system.[9] Tetrahydro-3aH-indenes on
the other hand are less strained and seem to favor a
(dynamically equilibrating) � coordination. Compounds 6
form yellow oils, which–depending on the 4-amino substitu-
ent–may be thermally quite stable. Nevertheless, disengage-
ment of the 1-amino-3-ethoxytetrahydro-3aH-indene 8a from
metal complex 6a was achieved with one equivalent of


pyridine at 60 �C. It should be noted that it is the tetrahydro-
3aH-indenes 8 which are derived from compounds 6 by ligand
disengagement with pyridine, even though these compounds
are quite unstable and easily undergo a 1,5-H shift to form
tetrahydro-7aH-indenes 7.[10] These compounds are quite
stable and can be detected in the NMR spectra as the only
organic product together with pentacarbonyl(pyridine)tungs-
ten, if compounds 6 (or its precursor 5) are treated with
pyridine at 60 �C for 2 hours.
It was anticipated that [4�2] cycloadducts might be derived


both from compounds 7 and 8,[16] depending on the reaction
conditions and the nature of the dienophile. The reaction of
the 1-tungsta-1,3,5-hexatriene (3E)-5a with pyridine in pres-
ence of PhC�CCO2Et (3a) at 60 �C for 2 hours was shown to
afford a 1:1 mixture of tricyclic compound 4a and pentacar-
bonyl(pyridine)tungsten.[17] Since compound 4a is derived
from tetrahydro-7aH-indene 7a, but not from its precursor
tetrahydro-3aH-indene 8a, it can be stated that a [4�2]
addition of 8a to electron-poor alkyne 3 to give adduct 10
would be slower than the isomerization of the 8a to 7a.[6a, 10] In
line with this expectation, compound 4a was formed as the
only product, when a solution of tetrahydro-7aH-indene 7a
was prepared first by thermolysis of compound 5a with
pyridine and subsequently treated with the dienophile 3a. It
should be noted that compounds 4 can also be obtained in a
three-component one-pot procedure from (1-alkynyl)carbene
complex 1 with an astoundingly overall high chemo-, regio-,
and stereoselectively. Competing side reactions such as the
insertion of alkyne 3 into the M�C bond of a metallahexa-
triene 5 have not been observed in this case.
Other than outlined above for the [4�2] cycloaddition of


electron-poor alkynes 3, the thermodynamically quite unsta-
ble tetrahydro-3aH-indenes 8a,d could be captured with the
highly reactive olefinic dienophile N-phenyl-maleimide (11).
Reaction of the metallahexatrienes (3E)-5a,d with dienophile
11 in the presence of pyridine at 60 �C for 2 hours gave a 1:1
mixture of pentacarbonyl(pyridine)tungsten and endo-[4�2]
cycloadducts 12a,d, which are derived from tetrahydro-3aH-
indenes 8a,d (Schemes 2, 3, and 4).
On the other hand, access to compound 13a was shown to


be provided if tetrahydro-7aH-indene 7a was generated as
described above and subsequently treated with dienophile 11
as outlined in Scheme 3. Both the reaction of tetrahydro-3aH-
indenes 8 and tetrahydro-7aH-indenes 7 are highly stereo-
selective with respect to the formation of endo-adducts 12 and
13, respectively.
The high stereoselectivity of the reactions outlined in


Scheme 3 is also exemplified by the fact that a diastereomeri-
cally pure[18] [4�2] cycloadduct 12d was obtained in 81%
yield when the (1-alkynyl)carbene complex 1 was treated with
(2S)-methoxymethylpyrrolidine (2d) in the presence of the
dienophile 11 (Scheme 4). It is assumed that the reaction
involves a highly diastereoselective ring closure by �-cycliza-
tion of intermediate 5d to give a tetrahydro-3aH-indene 8d
(Scheme 2). This assumption is in line with previous studies on
the ring closure of the corresponding tetrahydropentalene
system.[9]


The diastereoselectivity of the [4�2] cycloaddition of
tetrahydroindenes was shown to depend strongly on the type


3 R� 4,9 R2N R� 4 [%] 9 [%]


a Ph a Me2N Ph 75[a] -
b H b Me2N H 79[b] 72[a]


c pyrrolidino Ph 78[a]


5 ± 10 R2N 5 [%][c] 6 [%] 7


a Me2N 91 87 [e]


b pyrrolidino 93 [d] [e]


c morpholino 90 [d] [e]


d (2S)-methoxymethyl-
pyrrolidino


89 [d] [e]


[a] Isolated yields after chromatography on silica gel. [b] Yield based on
integration of 1H NMR signals of the reaction mixture compared to
pentacarbonyl(pyridine)tungsten. [c] Isolated yields after crystallization at
�20 �C. [d] Not characterized. [e] Obtained as a 1:1 mixture with
pentacarbonyl(pyridine)tungsten according to the integration of the
1H NMR spectrum; characterized by NMR spectra in solution, but not
isolated.


Scheme 2. Reaction path to tricyclic [4�2] cycloadducts 4.
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Scheme 4. Formation of a diastereomerically pure [4�2] cycloadduct 12d
induced by (2S)-methoxymethylpyrrolidine [(2S)-MMP].


of dienophile and also on the reaction conditions. In contrast
to the reaction of the 1-tungsta-1,3,5-hexatriene (3E)-5d with
maleimide 11, which afforded a [4�2] cycloadduct of tetrahy-
droindene 8d with high diastereoselectivity (Scheme 4), the
reaction of alkyne 3a was much less selective. It gave a
mixture of epimeric [4�2] cycloadducts 4d and 4d�, which
were derived from the tetrahydroindene isomer 7d
(Schemes 5 and 6). Furthermore, the ratio of compounds 4d
and 4d� was influenced by the reaction conditions (Scheme 5).
Thus, a product ratio of 7:1 was obtained when the tetrahy-
droindene was generated in the presence of the alkyne 3a,
while a product ratio of 4:1 was observed if the tetrahydroin-
dene was generated first and subsequently treated with the
alkyne 3a.
The lower diastereoselectivity of the [4�2] cycloaddition of


the alkyne 3a compared to maleimide 11 seems to parallel the


Scheme 6. Interconversion of tetrahydroindenes (3aR)-8d, (7aS)-7d, and
(7aR)-7d.


relative reactivity of these dienophiles. It should be noted that
the highly reactive olefine dienophile 11 affords a [4�2]
cycloadduct of tetrahydroindene 8d, which is the primary
product of the �-cyclization of the 1-metalla-1,3,5-hexatriene
5d. The less reactive alkyne dienophile 3a does not give a
[4�2] cycloadduct of the tetrahydroindene 8d, but of its
isomers (7aS)-7d and (7aR)-7d. These last compounds are
assumed to be generated by different processes and also with
different rates. It appears that compound (7aS)-7d would be
obtained from the tetrahydroindene 8d either by a fast 1,5-
hydrogen shift and/or by a base-induced fast 1,5-hydrogen
transfer that involves a contact ion pair. On the other hand,
formation of the epimer (7aR)-7d is expected to be a
somewhat slower process, involving a solvent separated ion
pair (Scheme 6). Accordingly, a strong influence of the
reaction conditions on the product ratio of compounds 4d
and 4d� must be encountered. Thermolysis of the 1-tungsta-
1,3,5-hexatriene 5d in the presence of pyridine was found to
give an approximate 4:1 mixture of tetrahydroindenes (7aS)-
7d and (7aR)-7d, according to the NMR spectra. Addition of
this mixture to alkyne 3a afforded a 4:1 ratio of epimers 4d
and 4d�, which appears to reflect the 4:1 ratio of compounds
(7aS)-7d and (7aR)-7d. If the thermolysis of 1-tungsta-1,3,5-
hexatriene 5dwas performed in the presence of the alkyne 3a,
a 7:1 ratio of epimeric [4�2] cycloadducts was obtained; this
indicates that the epimerization of compounds 7d is some-
what slower than the [4�2] cycloaddition to the alkyne 3a.


Structure elucidation : Compounds 5 exhibit dynamic NMR
spectra resulting from hindered rotation of the (�C)�N-,
(�C)�C- and (W�C)�(C�C) single bonds; this has been
previously described in more detail for related systems.[9] The
molecular structure of compound (3E)-5d is confirmed by


crystal structure analysis (Figure 1).
Its W�CC�CC�C backbone exhibits
an all-trans conformation that in-
cludes a slightly elongated ™double
bond∫, W�C4 2.261(4) ä, a consid-
erably shortened ™single bond∫,
C4�C5 1.397(7) ä, another elongat-
ed ™double bond∫, and a short
C6�N7 bond 1.328(6) ä ; these indi-
cates a strongly polarized � system,
which is best described as a carbimi-
nium carbonylmetalate.


2,12,13 R2N 12 [%][a] 13 [%][a]


a Me2N 85 64
d (2S)-methoxymethylpyrrolidino 81[b] ±


[a] Isolated yield obtained by crystallization. [b] See Scheme 4.


Scheme 3. Selective formation of isomeric tetracyclic norbornene deriv-
atives 12 and 13, respectively.


Scheme 5. Formation of a 4:1 mixture of epimeric [4�2] cycloadducts 4d and 4d� induced by (2S)-
methoxymethylpyrrolidine [(2S)-MMP].
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Figure 1. Molecular structure of compound (3E)-5d. Selected bond
lengths [ä] and angles [�]: W�C4 2.261(4), O3�C4 1.345(7), C4�C5
1.397(7), C5�C6 1.404(6), C6�N7 1.328(6), C6�C61 1.512(8), C61�C62
1.304(14); O3-C4-C5 112.8(4), O3-C4-W 128.2(4), C5-C4-W 118.8(4), C4-
C5-C6 130.6(5), N7-C6-C5 120.1(4), N7-C6-C61 115.5(5), C5-C6-C61
123.4(5), C62-C61-C66 123.1(7), C62-C61-C6 118.9(10), C66-C61-C6
117.9(10).


Compounds 4, 12 and 13 were analyzed by COSY, HMQC,
and HMBC NMR experiments. A striking feature is the
strong down-field shift of the carbon signals of the bridge-
head CH units of compounds 4 (e.g., 4a : C1 �� 60.6,[19] C6
�� 76.9; 4b : C1 �� 58.5, C6 �� 80.6; 4c : C1 �� 61.0, C6 ��
79.1), which is attributed to bond distortion within these
highly strained systems.[11] A discrimination between isomers
12a and 13a is based on the cross-peaks in the two-dimen-
sional HMBC spectrum, which result from the interaction of
the protons NCH3 and OCH2CH3 with the carbon skeleton
(e.g. CN(CH3)2 12a : �� 80.6, 13a : �� 150.3; COCH2 12a :
�� 160.2, 13a : �� 92.2), and the characteristic down-field
shift of these carbon signals. The stereochemistry of endo-
adducts 12a and 13a was derived from NOE enhancement of
the signals 2-H, 6-H, and 12-H on irradiation of 2-H or 6-H.
Compound 4c was also characterized by crystal structure


analysis (Figure 2). In line with the unusual carbon shifts
observed in the NMR spectra, the bond angles at the bridge-
head carbon atom C1 (C11-C1-C2 120.5(2)�, C11-C1-C7


Figure 2. Molecular structure of compound 4c. Selected bond lengths [ä]
and bond angles [o]: C1�C11 1.518(3), C1�C6 1.540(3), C1�C2 1.552(3),
C1�C7 1.556(3), C2�C3 1.335(3), C2�C12 1.472(3), C3�C18 1.485(3),
C3�C4 1.557(3), C4�N23 1.453(3), C4�C5 1.538(3), C4�C7 1.565(3),
C5�C6 1.329(3), C6�O28 1.347(2), C7�C8 1.521(3); C11-C1-C6 116.6(2),
C11-C1-C2 120.5(2), C6-C1-C2 104.9(2), C11-C1-C7 114.5(2), C6-C1-C7
98.5(2), C2-C1-C7 98.4(2), C3-C2-C12 128.1(2), C3-C2-C1 106.4(2), C12-
C2-C1 125.3(2), C2-C3-C18 127.1(2), C2-C3-C4 108.1(2), C18-C3-C4
124.1(2), N23-C4-C5 116.1(2), N23-C4-C3 113.9(2), C5-C4-C3 105.7(2),
N23-C4-C7 121.3(2), C5-C4-C7 100.2(2), C3-C4-C7 96.9(2), C6-C5-C4
105.7(2), C5-C6-O28 133.2(2), C5-C6-C1 109.5(2), O28-C6-C1 117.2(2), C8-
C7-C1 113.4(2), C8-C7-C4 121.6(2), C1-C7-C4 92.7(2).


114.5(2)�, C6-C1-C7 98.5(2)�, C2-C1-C7 98.4(2)�) and C7 (C8-
C7-C4 121.6(2)�, C1-C7-C4 92.7(2)�) were found to be
strongly distorted. Furthermore, the C1�C11 single bond
length of 1.518(3) ä is somewhat shortened.


[4�3] Cycloadducts of tetrahydro-3aH- and tetrahydro-7aH-
indenes : 1,3-Dienes have been reported to undergo [4�2] as
well as [4�3] cycloadditions to 1-metalla-1,3-butadienes.[20] In
our case, the latter reaction was utilized for the generation of
strained tricyclic compounds 15 as shown in Scheme 7. It
should be noted in this context that compounds 15 are
generated by condensation of two different metallaolefines: a
1-metalla-1,3,5-hexatriene and a 1-metalla-1,3-butadiene.


Scheme 7. Highly selective formation of tricyclic compounds 15 from (1-
alkynyl)carbene complex 1 and a metalla-1,3-butadiene 14. (For an
explanation of substituents see the table in Scheme 8.)


The scope of the three-component one-pot reactions, as
outlined in Schemes 1 and 3 for the formation of classical
[4�2] cycloadducts of tetrahydroindene 7 and 8, could be
extended to the formation of [4�3] cycloadducts 15a ± e,
which contain unsaturated seven-membered carbocyclic rings.
It was shown, for example, that the reaction of the 1-tungsta-
1,3,5-hexatriene (3E)-5a with the 1-tungsta-1,3-butadiene 14a
in the presence of pyridine afforded the tricyco[5.3.2.01,6]do-
deca-9,11-diene 15a in good isolated yields (Scheme 8). It is


14 M R� 15,16 NR2 R� 15 [%][a] 16 [%][a,b]


a W Ph a NMe2 Ph 74 ±
b Cr Ph b NMe2 2-thienyl 71 ±
c W 2-thienyl c NMe2 styryl 53 ±
d W styryl d morpholino Ph 56 17


e morpholino 2-thienyl 53 16


[a] Isolated yields after chromatography on silica gel. [b] By-product
generated by partial hydrolysis of the corresponding enolethers on silica gel.


Scheme 8. Route to [4�3] cycloadducts of tetrahydroindenes 7 by reaction
of a 1-metalla-1,3,5-hexatriene with a 1-metalla-1,3-butadiene 14.
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evident that compound 15a is derived from tetrahydro-7aH-
indene 7a by reaction with the 1-tungsta-1,3-butadiene 14a.
The key step of this reaction sequence is assumed to involve a
zwitterionic adduct between compounds 7 and the 1-metalla-
1,3-butadiene 14a, which then undergoes a ring-closure
induced by a �,� rearrangement of the M(CO)5 group
(Scheme 8). Compounds 15 can be isolated by chromatog-
raphy on silica gel, allowing that small amounts of ketones 16
are formed by partial hydrolysis.
Compounds 15 and 16 were characterized by COSY,


HMQC, and HMBC NMR experiments. The up-field shift
of the signals C1 and C6 (e.g., 15a : C1 �� 51.1,[19] C6 �� 56.8;
15b : C1 �� 51.5, C6 �� 56.1; 15d : C1 �� 51.1, C6 �� 56.3)
relative to corresponding signals of compounds 4 is attributed
to the release of bond strain within the molecules. The regio-
and stereochemistry of the [4�3] cycloaddition is deduced
from the crystal structure analysis of compound 15d (Fig-
ure 3). The bonds to the bridge-head carbon atom are
somewhat distorted, for example, C6-C7-C12 116.5(2)�, C6-
C7-C1 105.3(2)�, C12-C7-C1 112.7(2)�, C6-C7-C8 99.0(2)�,
C12-C7-C8 114.5(2)�, and slightly shortened, for example,
C4�C5 1.517(4), C6�C7 1.515(4) ä.


Figure 3. Molecular structure of compound 15d. Selected bond lengths
(ä) and angles (o): C1�C2 1.331(4), C1�C7 1.521(4), C2�C3 1.522(4),
C3�C4 1.565(4), C4�C5 1.517(4), C4�C8 1.562(4), C5�C6 1.326(4), C6�C7
1.515(4), C7�C8 1.548(4); C2-C1-C7 121.2(3), C1-C2-C3 122.4(3), C31-C3-
C2 111.0(2), C31-C3-C4 117.0(2), C2-C3-C4 114.2(2), N41-C4-C5 111.8(2),
N41-C4-C8 111.2(2), C5-C4-C8 100.4(2), N41-C4-C3 114.3(2), C5-C4-C3
113.4(2), C8-C4-C3 104.6(2), C6-C5-C4 109.4(2), C5-C6-O16 131.3(3), C5-
C6-C7 111.6(2), O16-C6-C7 116.9(2), C6-C7-C12 116.5(2), C6-C7-C1
105.3(2), C12-C7-C1 112.7(2), C6-C7-C8 99.0(2), C12-C7-C8 114.5(2), C1-
C7-C8 107.5(2), C9-C8-C7 112.4(2), C9-C8-C4 114.1(2), C7-C8-C4 100.3(2).


The high selectivity of the [4�3] cycloaddition (Scheme 8)
needs some comment, since several different patterns for
cycloadditions between 1,3-dienes and 1-metalla-1,3-buta-
dienes have been reported to date. They are influenced by
the metal as well as by substituents of the diene system. It has
been previously established that 1-metalla-1,3-butadienes
(M�Cr, Mo, W) can participate as dienophiles in Diels ±
Alder reactions.[20a] Formal [2�1] cycloadditions to give
vinylcyclopropanes have been also reported and seven-
membered rings were obtained by a tandem cyclopropana-
tion/Cope rearrangement.[21] While reactions of 2-amino-1,3-
butadienes with 1-tungsta-1,3-butadienes were found to
usually afford [4�2] cycloadducts, the corresponding 1-chro-
ma-1,3-butadienes were reported to yield [4�3] cycload-


ducts.[20c,d] In our reaction, no influence of the metal was
observed and both the chromium and the tungsten compound,
14a and 14b, respectively, gave the same [4�3] cycloadduct
15a. So far the reaction behavior of the 1-tungsta-1,3-
butadiene 14a to afford a seven-membered carbocyclic ring
by [4�3] cycloaddition is unprecedented.[20d, 22] In fact it has
been previously reported that the reaction of the 1-tungsta-
1,3-butadiene 14a with enamines would yield cyclopentenes
by [3�2] cycloaddition at the carbene carbon atom.[23]
In order to demonstrate the high chemo-, regio-, and


stereoselectivity of the template-induced three-component
one-pot reaction that lead to compounds 15, we introduced
(2S)-methoxymethylpyrrolidine (2d) and could isolate dia-
stereomerically pure (according to NMR spectra) compound
15 f in 56% isolated yield (Scheme 9).


Scheme 9. Formation of a diastereomerically pure [4�3] cycloadduct 15 f
induced by (2S)-methoxymethylpyrrolidine [(2S)-MMP].


Conclusion


The thermally induced � cyclization of 4-amino-1-tungsta-
1,3,5-hexatrienes (3E)-5a ± d, which are readily available from
the [(1-cyclohexenyl)ethynyl]carbene tungsten complex 1 and
secondary amines 2a ±d, was shown to provide an efficient
access to 1-amino-3-ethoxytetrahydro-3aH-indenes 8. These
last compounds are thermally quite unstable, but they can be
trapped by formation of [4�2] cycloadducts 12 with very
reactive olefinic dienophiles, like the maleimide 11. Thermol-
ysis of compounds (3E)-5a ± d in the presence of electron-
poor alkyne dienophiles 2a,b affords [4�2] cycloadducts 4 of
tetrahydro-7aH-indene 7, which result from the isomerization
of compounds 8. Novel [4�3] cycloaddition products 15 have
been obtained by addition of 1-metalla-1,3-butadienes 14
(M�Cr, W). The reactions are highly chemo-, regio-, and
stereoselective.


Experimental Section


All operations were carried out under an atmosphere of argon. All solvents
were dried and distilled prior to use. All 1H and 13C NMR spectra were
routinely recorded on Bruker ARX300 and AM360 instruments. COSY,
HMQC, HMBC, and NOE experiments were performed on Varian 400 or
600 Hz instruments. IR spectra were recorded on a BIORAD Digilab
Division FTS-45 FT-IR spectrophotometer. Elemental analyses were
determined on a Perkin ±Elmer 240 Elemental Analyzer. Analytical TLC
plates, Merck DC-Alufolien Kieselgel 60F240, were viewed by UV light
(254 nm) and stained by iodine. Rf values refer to TLC tests. Pentacarbon-
yl(3-cyclohexenyl-1-ethoxy-2-propyn-1-ylidene)tungsten (1) was prepared
according to ref. [9]. 2-Ethoxy-1-pentacarbonylmetalla-1,3-butadienes
(M�Cr, W) 14a ± d were prepared according to ref. [24].
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(3E)-4-(Cyclohex-1-enyl)-4-(dimethylamino)-2-ethoxy-1-pentacarbonyl-
tungsta-1,3-butadiene [(3E)-5a], pentacarbonyl[1-(dimethylamino)-3-
ethoxy-4,5,6,7-tetrahydro-3aH-indene]tungsten (6a), and 1-(dimethylami-
no)-3-ethoxy-4,5,6,7-tetrahydro-7aH-indene (7a): Dimethylamine (2a)
(0.50 mmol) in dry diethyl ether (2 mL) was added dropwise to 1
(243 mg, 0.50 mmol) in dry n-pentane (1 mL) in a 2 mL screw-top vessel
while stirring at 0 �C. The reaction was fast, and the point of equivalency
was evident by a color change from brown to yellow. Yellow crystals of
compound (3E)-5a were obtained at �20 �C (241 mg, 91%, Rf� 0.7 in n-
pentane/dichloromethane 2:1, m.p.: 91 �C). Compound (3E)-5a (265 mg,
0.50 mmol) in diethyl ether (2 mL) was rearranged completely to give
compound 6a by heating at 35 �C for 24 h (230 mg, 87%, pale yellow oil).
Addition of pentane (2 mL) to the supernatant afforded a further crop of
compound 6a. The rearrangement of (3E)-5a to 6a was followed by NMR
spectroscopy in CDCl3. Compound 7a was generated from complex 6a and
pyridine in [D6]benzene at 60 �C for 2 h together with pentacarbonyl(pyr-
idine)tungsten as indicated by NMR spectra. Compound 7a was prepared
also in a one-pot procedure from compound (3E)-5a with an equivalent of
pyridine in [D6]benzene at 60 �C for 2 h. Compound 7awas also obtained in
a three-component one-pot procedure starting with compound 1. Com-
pound 7a could not be isolated by chromatography on silica gel, but if the
reaction mixture was dissolved in n-pentane to remove most of pentacar-
bonyl(pyridine)tungsten by crystallization, 7a was conveniently accumu-
lated almost pure in solution.


Data for (3E)-5a : 1H NMR (300 MHz, C6D6, 298 K): �� 6.38 (s, 1H; 3-H),
5.19 (m, 1H; 2�-H), 4.54 (m, 2H; OCH2), 2.20 and 2.10 (s, dynamically


broadened, 3H each; N(CH3)2), 1.76
(m, 4H; 3�-H2, 6�-H2), 1.39 (m, 4H; 4�-
H2, 5�-H2), 1.12 (t, 3H; OCH2CH3);
13C NMR (C6D6): �� 267.7 (Cq; C2),
204.4 and 200.7 (Cq; trans- and cis-CO
ofW(CO)5), 161.1 (Cq; C4), 135.2 (Cq;
C1�), 126.8 (CH; C2�), 120.5 (CH; C3),
76.7 (OCH2), 39.6 (2CH3 dynamically
broadened; N(CH3)2), 27.2 and 24.9


(CH2; C3�, C6�), 22.2 and 21.9 (CH2; C4�, C5�), 15.8 (OCH2CH3); IR
(hexane): �� � 2058.2 (5) 1923.2 cm�1 (100) (C�O); MS (70 eV, 184W): m/z
(%): 531 (1) [M]� , 391 (5) [M� 5CO]� , 207 (100) [M�W(CO)5]� ;
elemental analysis calcd (%) for C18H21NO6W (531.1): C 40.67, H 3.99, N
2.64; found: C 40.60, H 3.43, N 2.83.


Data for 6a : 1H NMR (C6D6): �� 4.52 (s dynamically broadened, 1H;
2-H), 3.64 (m, 2H; diastereotopic OCH2), 3.58 (dd, 3J� 6, 6 Hz, 1H; 3a-H),


3.48 (br s, 6H; NMe2), 2.2 ± 2.0 and
1.7 ± 1.2 (3:5H; diastereotopic 4-H2 to
7-H2), 1.50 (t, 3H; OCH2CH3);
13C NMR (C6D6, 233 K): �� 202.6
and 199.9 (Cq; trans- and cis-CO of
W(CO)5), 194.6 (Cq; C�N), 189.4 (Cq;
�COEt), 97.5 (CH; C2), 72.1 (OCH2),
71.2 (CH; C3a), 45.0 (Cq; C7a), 43.4


and 43.0 (N(CH3)2), 26.5 (CH2; C7), 24.0, 22.4 and 21.9 (CH2; C4 ±C6), 14.4
(OCH2CH3); IR (diffuse reflection): �� � 2050.5 (5), 1943.6 (10), 1891.4
(100) (C�O) 1584.0 cm�1 (20) (NC�C); MS (70 eV, 184W): m/z (%): 531 (1)
[M]� , 391 (5) [M� 5CO]� , 207 (100) [M�W(CO)5]� .
Data for 7a : 1H NMR (C6D6): �� 5.03 (s, 1H; 2-H), 3.87 (m, 2H; OCH2),
2.58 (dd, 3J� 4.8, 11.7 Hz, 1H; 7a-H), 2.43 (s, 6H; N(CH3)2), 3.04 and 2.02


(m, 1:1H; 4-Heq, 4-Hax), 2.18 and 1.07
(m, 1:1H; 7-Heq, 7-Hax), 1.76 and 1.18
(m, 1:1H; 5-Heq, 5-Hax), 1.63 and 1.22
(m, 1:1H; 6-Heq, 6-Hax), 1.20 (t, 3H;
OCH2CH3); 13C NMR (C6D6): ��
160.6 (Cq; C1), 150.1 (Cq; C3), 107.9
(Cq; C3a), 95.0 (CH; C2), 65.3
(OCH2), 47.2 (CH; C7a), 41.1


(2NCH3, dynamically broadened), 32.7 (CH2; C7), 24.6 (CH2; C6), 29.0
(CH2; C4), 26.5 (CH2; C5), 14.3 (OCH2CH3); MS (70 eV): m/z (%): 207
(50) [M]� , 178 (90) [M�Et]� .
Pentacarbonyl(pyridine)tungsten : 1H NMR (C6D6): �� 8.15 (m, 2H), 6.65
(m, 1H), 6.05 (m, 2H); 13C NMR (C6D6): �� 202.4 and 199.3 (Cq; trans- and
cis-CO of W(CO)5), 155.7, 137.0 and 125.4 (2:1:2, CH); IR (hexane): �� �
2072 (10), 1932 cm�1 (100) (C�O).


4-(Cyclohex-1-enyl)-2-ethoxy-4-pyrrolidino-1-pentacarbonyltungsta-1,3-
butadiene [(3E)-5b] and 3-ethoxy-1-pyrrolidino-4,5,6,7-tetrahydro-7aH-
indene (7b): Compound 1 (243 mg, 0.50 mmol) was treated with pyrroli-
dine (2b) (36 mg, 0.50 mmol) as described above to give complex (3E)-5b
(259 mg, 93%, Rf� 0.7 in n-pentane/dichloromethane 2:1, m.p.: 115 �C).
Thermolysis of compound (3E)-5b in the presence of one equivalent of
pyridine at 60 �C for 5 h gave compound 7b.


Data for 5b : 1H NMR (360 MHz, CDCl3, 303 K,): �� 6.23 (s, 1H; 3-H),
5.55 (m, 1H; 2�-H), 4.51 (m, 2H; OCH2), 3.43 (m, 4H; 2 NCH2), 2.10 and
2.03 (m, 2H each; NCH2CH2CH2), 2.12 (m, 4H; 3�-H2, 6�-H2), 1.91 and 1.74
(m, 2H each; 4�-H2, 5�-H2), 1.38 (t, 3H; OCH2CH3); 13C NMR (CDCl3): ��
265.9 (Cq; C2), 204.2 and 200.9 (Cq; trans- and cis-CO of W(CO)5), 158.1
(Cq; C4), 136.3 (Cq; C1�), 125.4 (CH; C2�), 120.5 (CH; C3), 76.3 (OCH2),
49.4 and 49.2 (2NCH2), 26.8 and 24.7 (CH2; C3�, C6�), 25.0 and 24.9
(NCH2CH2CH2), 22.2 and 21.5 (CH2; C4� and C5�), 15.8 (OCH2CH3); IR
(diethyl ether): �� � 2054.0 (5), 1959.8 (5), 1920.2 cm�1 (100) (C�O); MS
(70 eV 184W): m/z (%): 557 (1) [M]� , 417 (5) [M� 5CO]� , 233 (100) [M�
W(CO)5]� ; elemental analysis calcd (%) for C20H23NO6W (557.1): C 43.08,
H 4.16, N 2.51; found: C 43.08, H 4.26, N 2.44.


Data for 7b : 1H NMR (C6D6): �� 4.95 (s, 1H; 2-H), 3.92 (m, 2H;
diastereotopic OCH2), 2.91 (m, 4H; 2NCH2), 2.63 (dd, 3J� 5.0, 11.8 Hz,
1H; 7a-H), 3.07 (m, 1H), 2.31 (m, 1H), 2.06 (m, 1H), 1.76 (m, 2H), 1.27 (m,
1H), 1.15 (m, 2H; 4-H2 ± 7-H2), 1.50 (m, 4H; NCH2CH2CH2), 1.20 (t, 3H;
OCH2CH3); 13C NMR (C6D6): �� 157.8 (Cq; C1), 150.9 (Cq; C3), 107.8 (Cq;
C3a), 91.9 (CH; C2), 65.3 (OCH2), 49.2 (2NCH2), 48.4 (CH; C7a), 31.7
(CH2; C7), 28.5 (CH2; C6), 26.6 (CH2; C5), 25.4 (2CH2; NCH2CH2CH2),
24.5 (CH2; C4), 15.8 (OCH2CH3); MS (70 eV):m/z (%): 233 (50) [M]� , 204
(80) [M�Et]� .
4-(Cyclohex-1-enyl)-2-ethoxy-4-morpholino-1-pentacarbonyltungsta-1,3-
butadiene [(3E)-5c] and 3-ethoxy-1-morpholino-4,5,6,7-tetrahydro-7aH-
indene (7c): Compound 1 (243 mg, 0.50 mmol) was treated with morpho-
line (2c) (43 mg, 0.50 mmol) as described above to give compound (3E)-5c
(258 mg, 90%, Rf� 0.7 in n-pentane/dichloromethane 2:1, m.p.: 95 �C). A
1:1 mixture of complex (3E)-5c with pyridine after heating to 60 �C for 1 h
gave compound 7c.


Data for (3E)-5 c : 1H NMR (C6D6, 273 K): �� 6.50 (s, 1H; 3-H), 5.31 (m,
1H; 2�-H), 4.55 (m, 2H; OCH2), 3.49 (m, 4H; CH2OCH2), 3.06 (m, 4H; 2
NCH2), 1.76 (m, 4H; 3�-H2, 6�-H2), 1.37 (m, 4H; 4�-H2, 5�-H2), 1.12 (t, 3H;
OCH2CH3); 13C NMR (C6D6, 273 K): �� 267.7 (Cq; C2), 204.2 and 200.2
(Cq; trans- and cis-CO of W(CO)5), 158.9 (Cq; C4), 135.0 (Cq; C1�), 125.9
(CH; C2�), 120.2 (CH; C3), 77.1 (CH2OCH2), 76.7 (OCH2), 50.6 (2CH3;
N(CH3)2), 26.4 and 24.6 (CH2; C3�, C6�), 22.6 and 21.8 (CH2; C4�, C5�), 15.7
(OCH2CH3); IR (hexane): �� � 2058.2 (5), 1923.2 cm�1 (100) (C�O); MS
(70 eV, 184W):m/z (%): 573 (1) [M]� , 517 (30) [M� 3CO]� , 249 (100) [M�
W(CO)5]� ; elemental analysis calcd (%) for C20H23NO7W (573.3): C 41.90,
H 4.04, N 2.44; found: C 41.60, H 4.24, N 2.65.


Data for 7c : 1H NMR (C6D6): �� 5.11 (s, 1H; 2-H), 3.86 (m, 2H; OCH2),
3.50 (m, 4H; CH2OCH2), 3.19 (t, 3J� 7.0 Hz, 1H; 7a-H), 2.61 (m, 4H;
2NCH2), 3.05 (m, 1H), 2.52 (m, 1H), 2.02 (m, 2H), 1,70 (m, 2H), 1.40 (m,
1H) 1.10 (m, 1H; 4-H2 ± 7-H2), 1.19 (t, 3H; OCH2CH3); 13C NMR (C6D6):
�� 160.6 (Cq; C1), 149.5 (Cq; C3), 109.7 (Cq; C3a), 97.6 (CH; C2), 66.5
(CH2OCH2), 65.5 (OCH2CH3), 49.7 (2NCH2), 46.5 (CH; C7a), 33.1 and
28.2 (CH2; C7, C6), 26.4 and 24.6 (CH2; C4, C5), 15.7 (OCH2CH3); MS
(70 eV): m/z (%): 249 (50) [M]� , 220 (80) [M�Et]� .
4-(Cyclohex-1-enyl)-2-ethoxy-4-[(2S)-2-(methoxymethyl)pyrrolidino-N]-
1-pentacarbonyltungsta-1,3-butadiene [(3E)-5d], (7aS)- and (7aR)-3-
ethoxy-1-[(2S)-2-(methoxymethyl)pyrrolidino-N)-4,5,6,7-tetrahydro-7aH-
indene (7d and 7d�): (2S)-(�)-2-(Methoxymethyl)pyrrolidine (2d) (58 mg,
0.50 mmol) was treated with 1 (243 mg, 0.50 mmol) as described above to
give compound (3E)-5d (268 mg, 89%, Rf� 0.6 in n-pentane/diethyl ether
3:1, yellow crystals, decomp: 91 �C). Thermolysis of compound (3E)-5d in
the presence of one equivalent of pyridine at 60 �C for 3 h gave a 4:1
mixture of compounds 7d and 7d�.


Data for (3E)-5d : 1H NMR (400 MHz, CDCl3 at 263 K, freshly prepared
sample, minor signals of isomers resulting from hindered rotation of the
C4�N bond are given in square brackets): �� 6.40 [6.20] (s, 1H; 3-H), 5.50
[5.61] (™s∫, 1H; 2�-H), 4.50 [4.48] (m, 2H; diastereotopic 2-OCH2), 4.06
[3.86] (t, 1H; NCH), 3.60 ± 3.30 [3.60 ± 3.30] (m, 4H; diastereotopic 2��-
CH2O, CH2N), 3.27 [3.24] (3H; OCH3), 2.3 ± 1.6 [2.3 ± 1.6] (12H; 3��-H2, 4��-
H2, 3�-H2 ± 6�-H2), 1.40 [1.39] (t, 3H; OCH2CH3); 13C NMR (CDCl3 at
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263 K, signals of four equilibrating stereoisomers are detected. Signals of
the minor isomers are given in square brackets): �� 265.4 [267.2, 265.2,
264.3] (Cq; W�C), 204.3 [204.5] and 199.6 [199.6] (Cq; trans- and cis-CO of
W(CO)5], 157.9 [158.3, 157.3] (Cq dynamically broadened; C4), 135.6
[136.3,135.9, 134.7] (br, Cq; C1�), 123.9 [126.5, 125.6, 125.2] (br, CH; C2�),
120.6 [120.1, 119.7] (br, CH; C3), 76.3 [76.2] (2-OCH2), 73.1 [69.7] (2��-
CH2O], 58.9 [58.5] (OCH3), 58.7 [58.3] (NCH), 49.9 [49.7, 48.7] (br, NCH2),
28.8 [28.6] and 28.6 [28.4] (br, CH2; C3��, C4��), 27.0 [26.9] (CH2; C3�), 24.3
[24.4, 24.2] (CH2; C6�), 22.6 [21.9] and 21.1 [21.0] (CH2; C-4�, C-5�), 15.7
[15.7] (OCH2CH3); IR (hexane): �� � 2055.8 (15), 1959.1 (10), 1922.5 cm�1


(100) (C�O); MS (70 eV, 184W): m/z (%): 601 (10) [M]� , 545 (10) [M�
2CO]� , 517 (30) [M� 3CO]� , 461 (20) [M� 5CO]� , 277 (100) [ligand];
X-ray crystal structure analysis (code AUM323): formula C22H27NO7W,
M� 601.30, yellow crystal 0.20� 0.15� 0.10 mm, a� 9.783(1), b�
10.650(2), c� 11.532(2) ä, �� 99.06(1)�, V� 1186.5(3) ä3, �calcd�
1.683 gcm�3, �� 49.08 cm�1, empirical absorption correction from � scan
data (0.440�T� 0.640), Z� 2, monoclinic, space group P21 (No. 4), ��
0.71073 ä, T� 293 K, 	/2
 scans, 2697 reflections collected (�h, �k, � l),
[(sin
)/�]� 0.62ä�1, 2548 independent (Rint� 0.022) and 2238 observed
reflections [I� 2�(I)], 282 refined parameters,R� 0.020,wR2� 0.048, max/
min residual electron density 0.76/� 0.59 eä�3, Flack parameter �0.00(2);
disorder at C63, C64, and C65, no adequate model for description found;
hydrogens calculated and refined as riding atoms.[25]


Data for 7d {7d�}: 1H NMR (C6D6): �� 5.10 {5.07} (s, 1H; 2-H), 3.89 {3.88}
(m, 2H; OCH2), 3.60 {3.60} (m, 1H; NCH), 3.42 {3.59} (dd, J� 3.5, 9.2 Hz,
2H; OCH2), 3.16 and 2.82 {3.16 and 2.82} (m, 1H each; NCH2), 3.12 {3.10}
(s, 3H; OCH3), 2.69 {2.62} (dd, J� 5.0, 11.6 Hz, 1H; 7a-H), 3.04 {3.04} (m,
1H), 2.29 {2.29} (m, 1H), 2.05 {2.05} (m, 1H), 1.70 {1.70} (m, 5H), 1.45 {1.45}
(m, 1H), 1.20 {1.20} (m, 2H), and 1.10 {1.10} (m, 1H) (4-H2 to 7-H2 and
2CH2 pyrrolidino), 1.18 {1.19} (t, 3H; OCH2CH3); 13C NMR (C6D6): ��
157.4 {157.4} (Cq; C1), 150.6 {150.6} (Cq; C3), 106.4 {106.1} (Cq; C3a), 92.9
{93.1} (CH; C2), 73.7 {73.4} (CH2OCH3), 65.3 {65.3} (3-OCH2), 60.3 {60.0}
(NCH), 58.9 {58.7} (OCH3), 50.4 {49.6} (NCH2), 48.4 {48.9} (CH; C7a), 32.4
{32.2} (CH2; C7), 24.6 {23.6} (CH2; C6), 29.0 {28.3} (CH2; C4), 26.5 {26.3}
(CH2; C5), 15.8 {15.8} (OCH2CH3); MS (70 eV): m/z (%): 267 (50) [M]� .


(1R*,6S*,7S*)-7-Dimethylamino-10-ethoxy-8-ethoxycarbonyl-9-phenyltri-
cyclo[5.2.2.01,6]undeca-8,10-diene (4a): Compound (3E)-5a (133 mg,
0.25 mmol), ethyl phenylpropiolate 3a (43 mg, 0.25 mmol), and pyridine
(20 mg, 0.25 mmol) in toluene (1 mL) in a 2 mL screw-top vessel was stirred
at 60 �C for 2 h to give a 1:1 mixture of compound 4a and pentacarbo-
nyl(pyridine)tungsten (1H NMR spectrum in [D6]benzene). Flash chroma-
tography on silica gel (column 2� 10 cm) with 1:1 dichloromethane/n-
pentane gave a yellow fraction with pentacarbonyl(pyridine)tungsten,
which was discarded. Subsequent elution with diethyl ether/dichloro-
methane/n-pentane (1:1:1) afforded compound 4a (71 mg, 75%, Rf� 0.4 in
diethyl ether/dichloromethane/n-pentane 1:1:1, colorless crystals from
dichloromethane/diethyl ether, m.p.: 83 �C). If compound 7awas generated
by thermolysis of compound (3E)-5a as described above, and subsequently
treated with compound 3a at 20 �C for 4 h, cycloadduct 4a was obtained as
the only organic product.


Data for 4a : 1H NMR (600 MHz, C6D6): �� 7.51, 7.17, and 7.08 (m, 2:2:1H;
o-, m-, p-H C6H5), 5.26 (s, 1H; 11-H), 3.95 (m, 2H; diastereotopic
CO2CH2), 3.54 and 3.46 (m, 1H each; diastereotopic 10-OCH2), 2.77 (dd,


J� 4.3, 11.2 Hz, 1H; 6-H), 2.64 (br s,
6H; N(CH3)2), 2.37 (m, 1Heq) and
1.02 (m, 1Hax) (2-H2), 1.78 (m, 1Hax)
and 1.67 (m, 1Heq) (5-H2), 1.51 (m,
1Heq) and 1.39 (m, 1Hax, 3-H2), 1.51
(m, 1Heq) and 0.90 (m, 1Hax) (4-H2),
1.07 (t, 3H; 10-OCH2CH3) and 0.87 (t,
3H; OCH2CH3); 13C NMR (600 Hz,


C6D6): �� 172.3 (Cq; C10), 161.7 (Cq; C9), 168.0 (Cq; C�O), 150.4 (Cq; C8),
135.4 (Cq; Cipso C6H5), 128.5, 127.9 and 127.6 (2:2:1, o-,m-, p-C; C6H5), 101.0
(CH; C11), 85.3 (Cq; C7), 76.9 (CH; C6), 65.7 (10-OCH2), 60.8 (Cq; C1),
60.0 (OCH2), 41.2 (N(CH3)2), 26.3 (CH2; C5), 24.4 (CH2; C2), 23.7 and 23.6
(CH2; C3, C4), 14.5 and 14.5 (OCH2CH3); IR (KBr): �� � 1711.6 (100),
1626.8 cm�1 (70) ; MS (70 eV): m/z (%): 381 (45) [M]� , 308 (80) [M�Et�
NMe2]� , 206 (100); elemental analysis calcd (%) for C24H31NO3 (381.5): C
75.56, H 8.19, N 3.67; found: C 75.58, H 8.46, N 3.66.


(1R*,6S*,7S*)-7-Dimethylamino-10-ethoxy-8-ethoxycarbonyltricyclo-
[5.2.2.01,6]undeca-8,10-diene (4b) and (1R*,6S*,7S*)-7-dimethylamino-8-


ethoxycarbonyltricyclo-[5.2.2.01,6]undeca-8-ene-10-one (9b): A mixture of
complex (3E)-5a (133 mg, 0.25 mmol), ethyl propiolate 3b (25 mg,
0.25 mmol) and pyridine (20 mg, 0.25 mmol) in C6D6 (1 mL) was treated
at 60 �C for 2 h as described above to give a 3:4 mixture of norbornadiene
4b and pentacarbonyl(pyridine)tungsten (1H NMR analysis). The solvent
was replaced by THF, the mixture was then treated with 3 drops of Hcl
(2�), stirred for 3 h at 20 �C, and neutralized with aqueous KOH.
Extraction with diethyl ether afforded compound 9b (52 mg, 72%, Rf�
0.5 in 1:1 dichloromethane/diethyl ether). An attempt to isolate compound
4b by fast chromatography failed due to the sensitivity of this compound
towards hydrolysis on silica gel.


Data for 4b : 1H NMR (400 MHz, C6D6): �� 7.51 (s, 1H; 9-H), 5.12 (s, 1H;
11-H), 4.05 (m, 2H; diastereotopic OCH2), 3.46 and 3.39 (m, 1H each;
diastereotopic 10-OCH2), 2.58 (dd, 4J� 4.3 Hz, 3J� 11.3 Hz, 1H; 6-H), 2.66
(br s, 6H; N(CH3)2), 2.25 (m, 1H), 1.77 (m, 1H), 1.56 (m, 3H), 1.36 (m, 1H),
1.18 (m, 1H), and 0.93 (m, 1H) (2-H2 to 5-H2), 1.04 and 1.03 (t, 3H each;
OCH2CH3); 13C NMR (400 Hz, C6D6): �� 172.9 (Cq; C10), 166.0 (Cq;
C�O), 155.7 (Cq; C8), 158.4 (CH; C9), 100.6 (CH; C11), 85.0 (Cq; C7), 80.6
(CH; C6), 65.7 (10-OCH2), 60.3 (OCH2), 58.5 (Cq; C1), 41.1 (N(CH3)2), 26.0
(CH2; C5), 24.8 (CH2; C2), 24.1 and 23.8 (CH2; C3, C4), 14.6 (2OCH2CH3);
IR (KBr): �� � 1712.2 (100), 1626.8 cm�1 (70); MS (70 eV):m/z (%): 305 (20)
[M]� , 277 (70) [M�C2H4]� , 232 (30) [M�Et�NMe2]� , 176 (80).
Data for 9b : 1H NMR (C6D6): �� 6.44 (s, 1H; 9-H), 3.99 (m, 2H;
diastereotopic OCH2), 2.28 (dd, J� 4.2, 11.0 Hz, 1H; 6-H), 2.49 (s, 6H;
N(CH3)2), 2.23 (m, 1H) and 2.21 (m, 1H) (10-H2), 2.12 (m, 1H), 1.745 (m,
4H), 1.30 (m, 2H), 1.05 (m, 1H), and 0.80 (m, 1H) [2-H2 to 5-H2], 1.01 (t,
3H; OCH2CH3); 13C NMR (C6D6): �� 209.7 (Cq; C11), 164.8 (Cq;
C(O)OEt), 144.9 (CH; C9), 75.0 (CH; C6), 63.8 and 63.4 (Cq; C1, C7),
60.3 (OCH2), 40.1 (N(CH3)2), 38.7 (CH2; C10), 24.2, 23.8, 23.0 and 22.7
(CH2; C3 ±C5), 14.2 (OCH2CH3); IR (KBr): �� � 1742.5 (30), 1714.3 cm�1


(100); MS (70 eV): m/z (%): 277 (60) [M]� , 249 (80) [M�C2H4]� , 176
(100); elemental analysis calcd (%) for C16H23NO3 (277.4): C 69.29, H 8.36,
N 5.05; found: C 68.81, H 8.21, N 4.90.


(1R*,6S*,7S*)-10-Ethoxy-8-ethoxycarbonyl-9-phenyl-7-pyrrolidinotricy-
clo[5.2.2.01,6]-undeca-8,10-diene (4c): A mixture of 1-tungstahexatriene
(3E)-5b (133 mg, 0.25 mmol), ethyl phenylpropiolate (3a) (43 mg,
0.25 mmol), and pyridine (20 mg, 0.25 mmol) in toluene (1 mL) was
reacted at 60 �C for 5 h as decribed above to give compound 4c (79 mg,
78%, Rf� 0.4 in dichloromethane/diethyl ether/n-pentane 1:1:2, crystals
from diethyl ether/dichloromethane 3:1, m.p.: 87 �C). 1H NMR (C6D6): ��
7.46, 7.18 and 7.09 (m, 2:2:1H; o-,m, p-H C6H5), 5.31 (s, 1H; 11-H), 3.90 (m,
2H; diastereotopic OCH2), 3.55 and 3.51 (mh, 1H each; diastereotopic 10-
OCH2), 3.19 (s, 4H; 2 NCH2), 2.77 (ddd, J� 0.8, 4.4, 11.2 Hz, 1H; 6-H), 1.83
(m, 4H; 2 NCH2CH2CH2), 2.35 (m, 1Heq)and 1.03 (m, 1Hax) (2-H2), 1.78
(m, 1Hax) and 1.67 (m, 1Heq) (5-H2), 1.51 (m, 1Heq) and 1.39 (m, 1Hax) (3-
H2), 1.51 (m, 1Heq) and 0.92 (m, 1Hax) (4-H2), 1.09 (t, 3H; 11-OCH2CH3),
0.83 (t, 3H; OCH2CH3); 13C NMR (C6D6): �� 172.1 (Cq; C11), 163.1 (Cq;
C9), 168.1 (Cq; C�O), 150.4 (Cq; C8), 135.8 (Cq; Cipso C6H5), 128.5, 127.9 and
127.5 (2:2:1, o-, m-, p-C; C6H5), 101.8 (CH; C11), 82.5 (Cq; C7), 79.1 (CH;
C6), 65.6 (10-OCH2), 61.0 (Cq; C1), 59.8 (OCH2), 48.9 (2NCH2), 26.8 (CH2;
C5), 25.4 (NCH2CH2CH2), 24.5 (CH2; C2), 23.9 and 23.7 (CH2; C3, C4),
14.5 and 14.1 (OCH2CH3); IR (KBr): �� � 1707.4 (100), 1592 cm�1 (40); MS
(70 eV): m/z (%): 407 (45) [M]� , 308 (80) [M�CO2Et]� , 232 (100);
elemental analysis calcd (%) for C26H33NO3 (407.6): C 76.62, H 8.16, N 3.44;
found: C 76.47, H 8.31, N 3.36; X-ray crystal structure analysis (code
AUM1559): formula C26H33NO3,M� 407.53, colorless crystal 0.20� 0.15�
0.10 mm, a� 10.760(2), b� 20.672(3), c� 10.179(2) ä, �� 98.98(2)�, V�
2236.4(7) ä3, �calc� 1.210 gcm�3, �� 6.16 cm�1, empirical absorption cor-
rection from �-scan data (0.887�T� 0.941), Z� 4, monoclinic, space
group P21/c (No. 14), �� 1.54178 ä, T� 223 K, 	/2
 scans, 4797 reflections
collected (�h, �k, � l), [(sin
)/�]� 0.62ä�1, 4555 independent (Rint�
0.036) and 2966 observed reflections [I� 2�(I)], 273 refined parameters,
R� 0.049, wR2� 0.115, max/min residual electron density 0.25/
� 0.25 eä�3 ; hydrogens calculated and refined as riding atoms.[25]


(1R,6S,7S)- and (1R,6S,7S)-7-[(2S)-2-(Methoxymethyl)pyrrolidino]-11-
ethoxy-8-ethoxycarbonyl-9-phenyltricyclic[5.2.2.01,6]undeca-8,10-diene
(4d) and (4d�): A mixture of (3E)-5d (150 mg, 0.25 mmol), ethyl phenyl-
propiolate (3a) (43 mg, 0.25 mmol), and pyridine (20 mg, 0.25 mmol) in
toluene (1 mL) was reacted at 60 �C for 5 h as decribed above to give a 7:1
mixture of compounds 4d and 4d� together with pentacarbonyl(pyridine)-
tungsten as indicated by the NMR spectra. A 4:1 mixture of compounds 4d
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and 4d� was obtained, if a solution of compound 7d was generated as
described above and subsequently reacted with the alkyne 3a.


Data for 4d {4d�}: 1H NMR (C6D6): �� 7.47, 7.17, and 7.10 {7.52, 7.25, and 7.1}
(m each, 2:2:1H; Ph), 5.38 {5.40} (s, 1H; 11-H), 4.04 {4.04} (m, 1H; NCH),
3.86 {3.86} (m, 2H; diastereotopic OCH2), 3.52 and 3.43 {3.52 and 3.43} (m
each, 1H each, 10-OCH2), 3.55 and 3.08 {3.18 and 3.08} (m, 1H each;
diasterotopic CH3OCH2), 3.30 {3.25} (s, 3H; OCH3), 3.18 and 3.08 {3.55 and
3.08} (m, 1H each; diastereotopic NCH2), 2.61 {2.75} (dd, 1H; J� 4.5,
10.9 Hz, 6-H), 2.30 {2.30} (m, 1H), 2.05 {2.05} (m, 1H), 1.80 {1.80} (m, 3H),
1.55 {1.55} (m, 6H), and 1.10 {1.10} (m, 1H) (NCH2CH2CH2 and 2-H2 to
5-H2), 1.06 {0.95} (t, 3H; 11-OCH2CH3) and 0.81 {0.87} (t, 3H; OCH2CH3);
13C NMR (C6D6): �� 172.4 {172.3} (Cq; C11), 164.8 {162.0} (Cq; C9), 167.5
{167.4} (Cq; C�O), 150.4 {151.0} (Cq; C8), 133.0 {133.0} (Cq; Cipso C6H5),
128.8, 127.8, and 127.6 {128.8, 127.8, and 127.6} (2:2:1; Ph), 101.6 {101.9}
(CH; C11), 83.2 {83.7} (Cq; C7), 78.5 {78.4} (CH3OCH2), 78.2 {78.3} (CH;
C6), 65.7 {65.7} (10-OCH2), 61.1 {61.2} (Cq; C1), 59.9 {59.9} (OCH2), 59.6
{59.8} (NCH), 58.9 {58.8} (OCH3), 49.8 {50.8} (NCH2), 30.1 {29.9} (CH2;
C3�), 24.7, 24.6, 24.4, 24.1, and 23.7 {25.5, 24.9, 24.0, and 23.8} (CH2; C4�, and
C2 to C5), 14.5 and 14.0 {14.5 and 14.1} (OCH2CH3); IR (KBr), �� � 1707.4
(100), 1592.1 cm�1 (30); MS (70 eV):m/z (%): 451 (70) [M]� , 422 (50) [M�
Et]� .


(1S*,2R*,6S*,7R*,12S*)-N-Phenyl-4-aza-13-dimethylamino-1-ethoxytetra-
cyclo[5.5.2.02,6.07,12]tetradeca-13-ene-3,5-dione (12a) and (1S*,2R*,6S*,
7R*,12S*)-N-phenyl-4-aza-1-dimethylamino-13-ethoxytetracyclo-
[5.5.2.02,6.07,12]tetradeca-13-ene-3,5-dione (13a): 1-Tungsta-1,3,5-hexatriene
(3E)-5a (133 mg, 0.25 mmol), N-phenyl maleimide 11 (81 mg, 0.25 mmol),
and pyridine (20 mg, 0.25 mmol) were reacted as described above at 60 �C
for 2 h to give the [4�2] cycloadduct 12a in smooth reaction according to
the NMR spectrum of the reaction mixture. Compound 12awas isolated by
evaporation of the solvent, washing of the residue with n-pentane/diethyl
ether 4:1 in order to remove pentacarbonyl(pyridine)tungsten and
crystallization from dichloromethane/diethyl ether (61 mg, 64%, m.p.:
135 �C). If the cyclopentadiene 7a was generated as described above and
subsequently reacted with the dienophile 11 at 20 �C, the [4�2] cycloadduct
13a was obtained within a few minutes (81 mg, 85%, Rf� 0.5 in dichloro-
methane/diethyl ether 1:1, crystals from diethyl ether/dichloromethane 3:1,
m.p.: 139 �C).


Data for 12a : 1H NMR (C6D6): �� 7.39, 7.18, and 7.10 (m, 2:2:1H; C6H5),
4.67 (s, 1H; 14-H), 3.32 and 3.35 (m, 1H each; diastereotopic OCH2), 3.23


(d, 3J� 8.2 Hz, 1H; 2-H), 2.61 (d, 1H;
J� 8.4 Hz, 6-H), 2.48 (s, 6H;
2N(CH3)2), 2.45 (m, 1H; 12-H), 2.73
(m, 1H), 2.45 (m, 1H), 1.53 (m, 2H),
1.42 (m, 2H), 1.25 (m, 1H), and 0.87
(m, 1H) (8-H2 to 11-H2), 0.96 (t, 3H;
OCH2CH3); 13C NMR (C6D6): ��
176.2 and 174.6 (Cq C3, C5), 160.2
(Cq; C13), 133.5 (Cq; Cipso C6H5), 128.7
and 126.4 (2:1:2, m-, p-, o-C; C6H5),
95.2 (CH; C14), 80.6 (Cq; C1), 65.0


(OCH2), 62.8 (CH; C12), 55.0 (Cq; C7), 52.9 (CH; C6), 46.0 (CH; C2), 40.3
(N(CH3)2), 27.5 (CH2; C8), 24.2 (CH2; C11), 23.6 and 22.2 (CH2; C9, C10),
14.2 (OCH2CH3); IR (KBr): �� � 1708.7 (100), 1605.9 cm�1 (30); MS
(70 eV): m/z (%): 380 (10) [M]� , 207 (100) [M�C10H7NO2]� ; elemental
analysis calcd (%) for C23H28N2O3 (380.5): C 72.61, H 7.42, N 7.36; found: C
72.41, H 7.37, N 7.11.


Data for 13a : 1H NMR (600 Hz, C6D6): �� 7.34, 7.23, and 7.10 (m each,
2:2:1H; C6H5), 4.59 (s, 1H; 14-H), 3.84 and 3.72 (m, 1H each;
diastereotopic OCH2), 3.28 (d, J� 8.3 Hz, 1H; 2-H), 2.77 (d, 3J� 8.4 Hz,
1H; 6-H), 2.43 (br s, 6H; 2 N(CH3)2), 1.62 (m, 1H; 12-H), 2.67 (m, 1Heq)
and 1.16 (m, 1Hax) (8-H2), 1.60 (m, 1Hax) and 1.48 (m, 1Heq) (11-H2), 1.39


(m, 1Heq) and 1.28 (m, 1Hax) (9-H2),
1.48 (m, 1Heq) and 0.86 (m, 1Hax) (10-
H2), 1.27 (t, 3H; OCH2CH3); 13C NMR
(600 Hz, C6D6): �� 175.8 and 175.5
(Cq; C3, C5), 150.3 (Cq; C13), 133.3
(Cq; Cipso C6H5), 128.8, 128.1, and 127.0
(2:1:2, CH; C6H5), 97.8 (CH; C14),
92.2 (Cq; C1), 67.6 (CH; C12), 61.0
(OCH2), 55.6 (Cq; C7), 53.8 (CH; C6),
50.8 (CH; C2), 41.0 (N(CH3)2), 32.4


(CH2; C8), 24.4 (CH2; C11), 23.5 and 22.9 (CH2; C9, C10), 16.1
(OCH2CH3); IR (KBr): �� � 1708.7 (100), 1591.9 cm�1 (30); MS (70 eV):
m/z (%): 380 (10) [M]� , 207 (100) [M�C10H7NO2]� ; elemental analysis
calcd (%) for C23H28N2O3 (380.5): C 72.61, H 7.42, N 7.36; found: C 72.52, H
7.09, N 7.31.


(1S,2R,6S,7R,12S)-N-Phenyl-4-aza-13-[(2S)-2-(methoxymethyl)pyrrolidi-
no)]-1-ethoxytetracyclo[5.5.2.02,6.07,12]tetradeca-13-en-3,5-dione (12d):
Compound (3E)-5d (150 mg, 0.25 mmol), N-phenyl maleimide 11 (43 mg,
0.25 mmol), and pyridine (20 mg, 0.25 mmol) in [D6]benzene (1 mL) at
60 �C for 2 h was smoothly transformed into a 1:1 mixture of compound 12d
and pentacarbonyl(pyridine)tungsten (NMR spectrum). Fast chromatog-
raphy on silica gel (column 2� 10 cm) with dichloromethane/diethyl ether/
n-pentane 1:1:1 gave (yellow) pentacarbonyl(pyridine)tungsten and the
cycloadduct 12d (91 mg, 81%, Rf� 0.3 in dichloromethane/diethyl ether/n-
pentane 1:1:1, yellowish crystals from diethyl ether/dichloromethane 3:1,
m.p.: 131 �C). 1H NMR (400 Hz, C6D6): �� 7.36, 7.14 and 7.03 (m, 2:2:1H;
o-, m- and p-H C6H5), 4.64 (s, 1H; 14-H), 3.79 and 3.84 (m, 1H each;
diastereotopic OCH2CH3), 3.45 (m, 1H; NCH), 3.45 and 3.15 (m, 1H each;
diastereotopic CH2OMe), 3.36 and 3.15 (m, 1H each; diastereotopic
NCH2), 3.17 (d, J� 8.4 Hz, 1H; 2-H), 3.04 (s, 3H; OCH3), 2.64 (d, J�
8.4 Hz, 1H; 6-H), 2.76 (m, 1Heq) and 1.21 (m, 1Hax) (8-H2), 1.59 (m, 2Hax)
and 1.46 (m, 1Heq) (11-H2), 1.53 (m, 1H; 12-H), 1.48 (m, 1Heq) and 1.29 (m,
1Hax) (9-H2), 1.44 (m, 1Heq) and 0.96 (m, 1Hax) (10-H2), 1.56 and 1.49 (3�-
H2, 4�-H2), 1.28 (t, 3H; OCH2CH3); 13C NMR (400 Hz, C6D6): �� 176.0 and
175.3 (Cq; C3, C5), 147.3 (Cq; C13), 133.4 (Cq; Cipso C6H5), 128.8, 127.9, and
126.8 (2:1:2, m-, p-, o-C; C6H5), 93.3 (CH; C14), 92.2 (Cq; C1), 71.6
(CH3OCH2), 67.0 (CH; C12), 61.0 (2C; OCH2, NCH), 58.7 (OCH3), 55.9
(Cq; C7), 54.0 (CH; C6), 50.8 (CH; C2), 48.7 (NCH2), 32.1 (CH2; C8), 28.6
(CH2; C3�), 24.7 and 24.6 (CH2; C11, C4�), 23.7 and 23.1 (CH2; C9, C10),
16.2 (OCH2CH3); IR (KBr): �� � 1709.1 (100), 1591.2 cm�1 (30); MS
(70 eV): m/z (%): 450 (10) [M]� , 277 (100) [M�C10H7NO2]� ; [�]20D � 57�
(in CH2Cl2); elemental analysis calcd (%) for C27H34N2O4 (450.6): C 71.97,
H 7.61, N 6.22; found: C 71.72, H 7.45, N 6.09.


(1R*,6S*,7R*,8S*)-7-Dimethylamino-10,11-diethoxy-8-phenyltricyclo-
[5.3.2.01,6]dodeca-9,11-diene (15a): 1-Tungsta-1,3,5-hexatriene (3E)-5a
(133 mg, 0.25 mmol), (3E)-4-phenyl-1-tungsta-1,3-butadiene (14a)
(121 mg, 0.25 mmol) and pyridine (20 mg, 0.25 mmol) were reacted as
described above in toluene (1 mL) in a 2 mL screw-top vessel at 60 �C for
3 h. Flash chromatography on silica gel (column 2� 10 cm) with dichloro-
methane/n-pentane (1:1) afforded a yellow band with pentacarbonyl(pyr-
idine)tungsten, which was discarded. Subsequent elution with diethyl ether/
dichloromethane/n-pentane (1:1:1) gave compound 15a (67 mg, 74%, Rf�
0.7 in diethyl ether/dichloromethane/n-pentane 1:1:1, colorless crystals,
m.p.: 61 �C). Reaction of compound (3E)-5a with (3E)-4-phenyl-1-chroma-
1,3-butadiene 14b as described above produced compound 15a in 72%
isolated yield. Cyclopentadiene 7a, prepared as described above, was
treated with complex 14a at 20 �C for 5 h to also generate compound 15a.
Isolation of compound 15a by fast chromatography on silica gel (ca.
20 min) was possible, but involved substantial loss of yield by hydrolysis to
give compound 16a.


Data for 15a : 1H NMR (400 MHz, C6D6): �� 7.40, 7.28, and 7.17 (m,
2:2:1H; C6H5), 4.27 (d, J� 3.2 Hz, 1H; 9-H), 4.11 (s, 1H; 12-H), 4.06 (d,
J� 3.2 Hz, 1H; 8-H), 3.58 and 3.53 (m, 1H each; diastereotopic 10-OCH2),
3.43 and 3.40 (m, 1H each; diastereotopic
11-OCH2), 2.43 (br s, 6H; N(CH3)2), 2.33
(dd, J� 5.1, 11.2 Hz, 1H; 6-H), 2.64 and 1.53
(m, 1H each; 2-H2), 1.68 and 1.33 (m, 1H
each; 3-H2), 1.62 (m, 2H; 5-H2), 1.64 and
1.12 (m, 1H each; 4-H2), 1.07 and 1.06 (t, 3H
each; OCH2CH3); 13C NMR (400 Hz, C6D6):
�� 164.7 (Cq; C10), 162.5 (Cq; C11), 143.8
(Cq; Cipso C6H5), 130.2, 127.6, and 126.4
(2:2:1, o-, m-, p-C; C6H5), 98.0 (CH; 9-H), 93.6 (CH; C12), 73.4 (Cq; C7),
64.9 (10-OCH2), 62.3 (11-OCH2), 56.8 (CH; C6), 51.1 (Cq; C1), 45.6 (CH;
C8), 39.1 (CH3 dynamically broadened; N(CH3)2), 26.5 (CH2; C5), 25.0
(CH2; C4), 24.2 (CH2; C2), 23.3 (CH2; C3), 14.5 (10- and 11-OCH2CH3);
MS (70 eV): m/z (%): 367 (5) [M]� , 238 (30) [M�C2H9]� , 131 (100);
elemental analysis calcd (%) for C24H33NO2 (367.5): C 78.43, H 9.05, N 3.81;
found: C 78.22, H 8.89, N 3.78.


(1R*,6S*,7R*,8S*)-7-Dimethylamino-10,11-diethoxy-8-(2-thienyl)-tricyclo-
[5.3.2.01,6]-dodeca-9,11-diene (15b): A one-pot three-component reaction
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of compound (3E)-5a (133 mg, 0.25 mmol), (3E)-4-(2-thienyl)-1-tungsta-
1,3-butadiene (14c) (122 mg, 0.25 mmol), and pyridine (20 mg, 0.25 mmol)
in toluene (1 mL) as described above gave compound 15b (66 mg, 71%,
Rf� 0.7 in diethyl ether/dichloromethane/n-pentane 1:1:1, colorless oil).
1H NMR (C6D6): �� 7.04 and 6.90 (dd, 1H each; 3-H, 5-H, 2-thienyl), 6.97
(m, 1H; 4-H, 2-thienyl), 4.37 (d, J� 2.8 Hz, 1H; 9-H), 4.30 (d, J� 2.8 Hz,
1H; 8-H), 4.18 (s, 1H; 12-H), 3.58 and 3.53 (m, 1H each; diastereotopic 10-
OCH2), 3.45 and 3.42 (m, 1H each; diastereotopic 11-OCH2), 2.50 (br s,
6H; N(CH3)2), 2.27 (dd, J� 4.6, 10.4 Hz, 1H; 6-H), 2.60 (m, 1H), 1.63 (m,
4H), 1.48 (m, 1H), 1.27 (m, 1H), and 1.12 (m, 1H) (2-H2 ± 5-H2), 1.07 and
1.02 (t, 3H each; OCH2CH3 each); 13C NMR (C6D6): �� 165.8 (Cq; C10),
163.0 (Cq; C12), 147.0 (Cq; C2, 2-thienyl), 125.5, 124.8, and 124.3 (Cq; C3,
C4, and C5, 2-thienyl), 97.2 (CH; 9-H), 94.2 (CH; C12), 73.2 (Cq; C7), 65.1
(10-OCH2), 62.6 (11-OCH2), 56.1 (CH; C6), 51.5 (Cq; C1), 41.9 (CH; C8),
39.1 (2CH3 dynamically broadened; N(CH3)2), 26.8 (CH2; C5), 24.9 (CH2;
C4), 24.0 (CH2; C2), 23.3 (CH2; C3), 14.4 (10-, 11-OCH2CH3); MS (70 eV):
m/z (%): 373 (15) [M]� , 344 (100) [M�Et]� ; elemental analysis calcd (%)
for C22H31NO2S (373.6): C 70.74, H 8.36, N 3.75; found: C 70.62, H 8.20, N
3.79.


(1R*,6S*,7R*,8S*)-7-Dimethylamino-10,11-diethoxy-8-[(1E)-phenylethenyl]-
tricyclo[5.3.2.01,6]dodeca-9,11-diene (15c): Reaction of compound (3E)-5a
(133 mg, 0.25 mmol) with 14d (127 mg, 0.25 mmol) and pyridine (20 mg,
0.25 mmol) in toluene (1 mL) as described above gave compound 15c
(50 mg, 53%, Rf� 0.7 in diethyl ether/dichloromethane/n-pentane
1:1:1,colorless oil). 1H NMR (400 MHz, C6D6/CS2 1:1): �� 7.23, 7.14, and
7.02 (m, 2:2:1H; C6H5), 6.37 (d, J� 15.9 Hz, 1H; 2�-H), 6.26 (dd, J� 7.8,
15.9 Hz, 1H; 1�-H), 4.25 (s, 1H; 12-H), 3.99 (d, J� 2.8 Hz, 1H; 9-H), 3.54
(dd, J� 2.8, 7.8 Hz, 1H; 8-H), 3.62 and 3.60 (m, 1H each; diastereotopic 10-
OCH2), 3.48 and 3.45 (m, 1H each; diastereotopic 11-OCH2), 2.45 (br s,
6H; N(CH3)2), 2.11 (ddd, J� 1.0, 4.9, 11.0 Hz, 1H; 6-H), 2.29 and 1.54 (m,
1H each; 2-H2), 1.70 and 1.34 (m, 1H each; 3-H2), 1.71 and 1.65 (m, 2H;
5-H2), 1.69 and 1.11 (m, 1H each; 4-H2), 1.14 and 1.13 (t, 3H each;
OCH2CH3); 13C NMR (400 Hz, C6D6): �� 165.5 (Cq; C10), 162.8 (Cq; C11),
138.9 (Cq; Cipso C6H5), 132.6 (CH; C1�), 131.3 (CH; C2�), 128.8, 126.8, and
126.4 (2:1:2, CH; C6H5), 95.4 (CH; 9-H), 92.8 (CH; C11), 72.4 (Cq; C7), 64.9
(10-OCH2), 62.5 (11-OCH2), 55.5 (CH; C6), 51.1 (Cq; C1), 43.1 (CH; C8),
39.9 (2CH3 dynamically broadened; N(CH3)2), 26.5 (CH2; C9), 25.3 (CH2;
C4), 24.2 (CH2; C2), 23.5 (CH2; C3), 14.8 and 14.7 (10-, 12-OCH2CH3); MS
(70 eV): m/z (%): 393 (15) [M]� , 364 (100) [M�Et]� ; elemental analysis
calcd (%) for C26H35NO2 (380.5): C 79.35, H 8.96, N 3.56; found: C 79.25, H
9.30, N 3.26.


(1R*,6S*,7R*,8S*)-10,11-Diethoxy-7-morpholino-8-phenyltricyclo-
[5.3.2.01,6]dodeca-9,11-diene (15d) and (1R*,6S*,7R*,8S*)-11-ethoxy-7-
morpholino-8-phenyltricyclo-[5.3.2.01,6]dodeca-11-en-10-one (16d): A
one-pot three-component reaction of compound (3E)-5c (143 mg,
0.25 mmol), 14a (121 mg, 0.25 mmol) and pyridine (20 mg, 0.25 mmol) in
toluene (1 mL) as described above gave compound 15d (55 mg, 56%, Rf�
0.7 in diethyl ether/dichloromethane/n-pentane 1:2:4, colorless crystals
from dichloromethane/diethyl ether, m.p.: 134 �C). A small fraction that
contained compound 16d (16 mg, 17%, Rf� 0.6 in 1:2:4 diethyl ether/
dichloromethane/n-pentane 1:2:4, colorless crystals, m.p.: 156 �C) was also
obtained.


Data for 15d : 1H NMR (400 MHz, C6D6): �� 7.40, 7.27, and 7.18 (m,
2:2:1H; C6H5), 4.23 (d, J� 2.2 Hz, 1H; 9-H), 4.04 (s, 1H; 12-H), 4.00 (d,
J� 2.2 Hz, 1H; 8-H), 3.62 and 3.53 (m, 1H each; diastereotopic 10-OCH2),
3.52 (br s, 4H; CH2OCH2), 3.38 (m, 2H; diastereotopic 11-OCH2), 2.78 and
2.51 (br s, 2H each; NCH2), 2.27 (dd, J� 6.4 and 10.8 Hz, 1H; 6-H), 2.65
and 1.53 (m, 1H each; 2-H2), 1.68 and 1.32 (m, 1H each; 3-H2), 1.57 (m, 2H;
5-H2), 1.60 and 1.04 (m, 1H each; 4-H2), 1.09 and 1.06 (t, 3H each;
OCH2CH3 each); 13C NMR (400 Hz, C6D6): �� 165.0 (Cq; C10), 162.2 (Cq;
C12), 143.1 (Cq; Cipso C6H5), 130.5, 127.7, and 126.6 (2:2:1, CH each; C6H5),
98.3 (CH; 9-H), 92.3 (CH; C12), 73.4 (Cq; C7), 68.1 (CH2OCH2 dynamically
broadened), 65.0 (10-OCH2), 62.5 (11-OCH2), 56.3 (CH; C6), 51.1 (Cq; C1),
47.0 (dynamically broadened 2NCH2), 45.9 (CH; C8), 26.5 (CH2; C5), 25.0
(CH2; C4), 24.2 (CH2; C2), 23.3 (CH2; C3), 14.5 (10-, 11-OCH2CH3); MS
(70 eV):m/z (%): 409 (10) [M]� , 380 (100) [M�C2H5]� ; elemental analysis
calcd (%) for C26H35NO3 (409.6): C 76.25, H 8.61, N 3.42; found: C 76.62, H
8.53, N 3.31; X-ray crystal structure analysis (code AUM1615): formula
C26H35NO3, M� 409.55, light yellow crystal 0.30� 0.07� 0.03 mm, a�
9.031(1), b� 10.395(1), c� 23.580(1) ä, �� 96.07(1)�, V� 2201.2(3) ä3,
�calcd� 1.236 gcm�3, �� 0.80 cm�1, absorption correction from SORTAV


(0.977�T� 0.998), Z� 4, monoclinic, space group P21/R (No. 14), ��
0.71073 ä, T� 198 K, 	 and � scans, 14298 reflections collected (�h,
�k, � l), [(sin
)/�]� 0.59 ä�1, 3882 independent (Rint� 0.101) and 2254
observed reflections [I� 2�(I)], 274 refined parameters, R� 0.058, wR2�
0.097, max/min residual electron density 0.19/� 0.21) eä�3, hydrogens
calculated and refined as riding atoms.[25]


Data for 16d : 1H NMR (400 MHz, C6D6): �� 7.17 (m, 5H; o-, m-, p-H
C6H5), 4.77 (s, 1H; 12-H), 3.50 (m, 2H; diastereotopic OCH2), 3.48 and 3.32
(br s, 2H each; CH2OCH2), 3.20 (dd,
J� 3.2, 10.9 Hz, 1H; 8-H), 2.78 (dd,
J� 10.3, 16.9 Hz, 1H) and 2.56 (dd,
J� 6.5, 17.0, 1H) (9-H2), 2.72 and 2.22
(br s, 2H each; NCH2), 1.90 (dd, J�
5.5, 10.8 Hz, 1H; 6-H), 2.35 and 1.80
(m, 1H each; 2-H2), 1.61 and 1.20 (m,
1H each; 3-H2), 1.61 and 1.47 (m, 1H
each; 5-H2), 1.52 and 0.95 (m, 1H each; 4-H2), 1.06 (t, 3H; OCH2CH3);
13C NMR (400 Hz, C6D6): �� 206.4 (Cq; C10), 160.29 (Cq; C12), 143.8 (Cq;
Cipso C6H5), 128.8, 128.6, and 127.1 (2:2:1, CH each; C6H5), 96.7 (CH; C12),
73.2 (Cq; C7), 67.3 (dynamically broadened CH2OCH2), 65.4 (11-OCH2),
61.7 (Cq; C1), 55.5 (CH; C6), 48.7 (CH; C8), 46.0 (CH2; C9), 45.6
(dynamically broadened 2NCH2), 26.8 (CH2; C5), 25.6 (CH2; C4), 23.5
(CH2; C2), 23.0 (CH2; C3), 14.3 (OCH2CH3); IR (KBr): �� � 1707.9 (100),
1631.5 cm�1 (40); MS (70 eV):m/z (%): 381 (20) [M]� , 248 (100); elemental
analysis calcd (%) for C24H31NO3 (381.5): C 75.56, H 8.19, N 3.67; found: C
75.48, H 8.12, N 3.52.


(1R*,6S*,7R*,8S*)-10,11-Diethoxy-7-morpholino-8-(2-thienyl)-tricyclo-
[5.3.2.01,6]dodeca-9,11-diene (15e) and (1R*,6S*,7R*,8S*)-11-ethoxy-7-
morpholino-8-(2-thienyl)-tricyclo[5.3.2.01,6]dodeca-11-en-10-one (16e):
The one-pot three-component reaction of compound (3E)-5c (143 mg,
0.25 mmol) and 14c (122 mg, 0.25 mmol) with pyridine (20 mg, 0.25 mmol)
in toluene (1 mL) as described above gave compound 15e (51 mg, 53%,
Rf� 0.7 in diethyl ether/dichloromethane/n-pentane 1:2:6, colorless crys-
tals from dichloromethane/diethyl ether, m � p � : 112 �C). Even fast
chromatography on silica gel with n-pentane/dichloromethane/diethyl
ether (8:4:1) leads to partial hydrolysis to give ketone 16e (16 mg, 17%,
Rf� 0.5 in diethyl ether/dichloromethane/n-pentane 1:2:6, colorless crystal,
m.p.: 131 �C) was obtained.


Data for 15e : 1H NMR (C6D6): �� 7.00 (m, 2H) and 6.87 (dd, 1H) (3�-, 4�-,
5�-H), 4.28 (dd, J� 2.3 Hz, 1H; 9-H), 4.24 (dd, J� 2.3 Hz, 1H; 8-H), 4.15 (s,
1H; 12-H), 3.66 and 3.57 (m, 1H each; diastereotopic 10-OCH2), 3.61 (br s,
4H; CH2OCH2), 3.42 and 3.38 (m, 2H; diastereotopic 11-OCH2), 2.80 and
2.60 (br s, 2H each; NCH2), 2.21 (dd, J� 4.8, 9.2 Hz, 1H; 6-H), 2.60 (m,
1H), 1.62 (m, 4H), 1.48 (m, 1H), 1.24 (m, 1H), and 0.98 (m, 1H) (2-H2 to
5-H2), 1.07 and 1.06 (t, 3H each; OCH2CH3); 13C NMR (C6D6): �� 166.4
(Cq; C10), 163.0 (Cq; C12), 147.0 (Cq; C2�), 128.6, 126.4, and 124.0 (CH each;
C3�-, C4�-, C5�), 97.9 (CH; 9-H), 93.0 (CH; C12), 73.1 (Cq; C7), 67.9
(dynamically broadenedCH2OCH2), 65.0 (10-OCH2), 62.6 (11-OCH2), 55.8
(CH; C6), 51.0 (Cq; C1), 47.8 (dynamically broadened 2NCH2), 41.9 (CH;
C8), 26.8 (CH2; C5), 24.9 (CH2; C4), 24.1 (CH2; C2), 23.2 (CH2; C3), 14.3
(10-, 11-OCH2CH3); MS (70 eV): m/z (%): 415 (10) [M]� , 386 (100) [M�
C2H5]� ; elemental analysis calcd (%) for C24H33NO3S (415.6): C 69.36, H
8.00, N 3.37; found: C 69.25, H 8.23, N 3.31.


Data for 16e : 1H NMR (C6D6): �� 6.87 and 6.65 (dd, 1H each; 3�-, 5�-H),
6.71 (m, 1H; 4�-H), 4.87 (s, 1H; 12-H), 3.59 (m, 2H; diastereotopic 11-
OCH2), 3.52 (dd, J� 7.0, 9.9 Hz, 1H; 8-H), 3.45 (br, 4H; sCH2OCH2), 2.82
(dd, J� 9.8, 16.6 Hz, 1H) and 2.62 (dd, J� 6.8, 16.7, 1H) (9-H2), 2.62 and
2.20 (br s, 2H each; NCH2), 1.87 (dd, J� 4.3, 9.6 Hz, 1H; 6-H), 2.38 (m,
1H), 1.83 (m, 1H), 1.58 (m, 4H), 1.21 (m, 1H), and 0.95 (m, 1H) (2-H2 to
5-H2), 1.04 (t, 3H; 11-OCH2CH3); 13C NMR (C6D6): �� 205.4 (Cq; C10),
161.0 (Cq; C12), 146.9 (Cq; C2�), 126.1, 125.8, and 123.7 (CH; C3�, C4�, C5�),
96.7 (CH; C11), 72.9 (Cq; C7), 68.4 and 67.4 (dynamically broadened
CH2OCH2), 65.5 (11-OCH2), 61.6 (Cq; C1), 54.2 (CH; C6), 49.0 and 45.3
(dynamically broadened NCH2), 47.3 (CH; C8), 44.0 (CH2; C9), 25.5 (CH2;
C5), 24.4 (CH2; C4), 23.0 (CH2; C2), 22.5 (CH2; C3), 14.3 (11-OCH2CH3);
IR (KBr): �� � 1709.1 (100), 1630.1 cm�1 (30); MS (70 eV):m/z (%): 387 (10)
[M]� , 248 (100); elemental analysis calcd (%) for C22H29NO3S (387.5): C
68.18, H 7.54, N 3.61; found: C 68.42, H 7.63, N 3.31.


(1R,6S,7R,8S)-10,11-Diethoxy-7-[(2S)-2-(methoxymethyl)pyrrolidino]-8-
phenyltricyclo[5.3.2.01,6]dodeca-9,11-diene (15 f): Reaction of compound
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(3E)-5d (150 mg, 0.25 mmol), (3E)-14a (121 mg, 0.25 mmol), and pyridine
(20 mg, 0.25 mmol) in [D6]benzene (1 mL) at 60 �C for 2 h and fast
chromatography as described above gave yellow pentacarbonyl(pyridine)-
tungsten and the cycloadduct 15 f (61 mg, 56%, Rf� 0.7 in diethyl ether/
dichloromethane/n-pentane 1:1:4, colorless crystals from dichloromethane/
diethyl ether, m.p.: 97 �C). 1H NMR (400 MHz, CDCl3): �� 7.16 (m, 5H;
C6H5), 4.21 (d, J� 2.2 Hz, 1H; 9-H), 4.18 (d, J� 2.2 Hz, 1H; 8-H), 4.02 (s,
1H; 12-H), 3.85 (m, 2H; diastereotopic 10-OCH2), 3.67 and 3.61 (m, 1H
each; diastereotopic 11-OCH2), 3.35 and 2.70 (m, 1H each; diastereotopic
CH3OCH2), 3.18 (dd, J� 2.6, 9.1 Hz, 1H) and 2.72 (dd, J� 2.4, 9.4 Hz, 1H)
(diastereotopic NCH2), 3.16 (s, 3H; MeO), 2.34 (m, 1H; NCH), 2.10 (dd,
J� 4.9, 11.1 Hz, 1H; 6-H), 2.19 and 1.26 (m, 1H each; 2-H2), 1.72 and 1.60
(m, 2H each; 3�-H2, 4�-H2), 1.59 and 1.08 (m, 1H each; 3-H2), 1.47 and 1.30
(m, 1H each; 5-H2), 1.63 and 1.06 (m, 1H each; 4-H2), 1.35 and 1.27 (t, 3H
each; OCH2CH3); 13C NMR (400 Hz, CDCl3): �� 164.4 (Cq; C10), 162.1
(Cq; C11), 142.3 (Cq,; Cipso C6H5), 129.1, 127.3; and 126.2 (2:2:1, o-,m-, p-C;
C6H5), 97.4 (CH; C9), 93.7 (CH; C12), 77.5 (CH3OCH2), 70.3 (Cq; C1), 64.8
(10-OCH2), 62.4 (11-OCH2), 58.7 (OCH3), 57.0 (NCH), 55.6 (CH; C6), 50.1
(Cq; C1), 45,2 (NCH2), 42.6 (CH; C8), 29.0 (CH2; C3�), 25.4 (CH2; C5), 24.5
(CH2; C4), 23.6 and 23.5 (CH2; C2, C4�), 22.8 (CH2; C3), 14.4 and 14.5
(OCH2CH3); MS (70 eV): m/z (%): 437 (10) [M]� , 408 (30) [M�Et]� ;
[�]20D � 58� (in CH2Cl2); elemental analysis calcd (%) for C28H39NO3 (437.6):
C 76.85, H 8.92, N 3.20; found: C 76.89, H 9.19, N 3.09.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-164075 ±
164077. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Selective Encapsulation of Chloride Ions within Novel Cage Host Complexes
in the Presence of Equimolar Amounts of Chloride and Bromide Ions


Kazuhiko Ichikawa,*[a] Mitunori Izumi,[b] Daiju Goto,[a] and Naohito Ito[a]


Abstract: Four macrotricyclic cage
hosts which feature four positive binding
sites oriented toward the center of the
intramolecular cavity are presented as
promising candidates for anion recep-
tors and they have been expected to play
a important role in the selective encap-
sulation of the halide ion Cl� or Br�. The
complementarity between a macrotricy-
clic quaternary ammonium ion and Cl�


was achieved by fine-tuning of the four
ammonium nitrogen atoms and the


endocyclic methylene groups. The cage
hosts [R4N4(C5H10)4(C6H12)2]4� (abbrevi-
ated as [556]) showed perfect encapsu-
lation of all chloride ions in acetonitrile
at 0� r� ([Cl�]o/[[556]]o)� 1 within the
sensitivity of the 1H NMR spectra in
combination with a rather slow chemical


exchange of the Cl� ion in an encapsu-
lation/decapsulation equilibrium with
[556]. Further, the selective encapsula-
tion of all the chloride ions into [556]
cage occurs unambiguously at r� 1 in
the presence of equimolar amounts of
Br�. The structural complementarity of
the newly designed [556] host prevails
over the Hofmeister-series restraints
determined by differences in Gibbs free
energy of halide anion solvation.


Keywords: cage compounds ¥ Hof-
meister sequence ¥ macrotricycles ¥
receptors ¥ selectivity


Introduction


One of the most important developments in the design of
halide anion receptors[1±4] aims at the perfect discrimination of
a specific halide among a mixture of different halides. Anion
encapsulation into cage hosts occurs after complete desolva-
tion of the anion.[5±7] When the recognition event between the
cage host and an encapsulated anion is the more attractive
interaction, this recognition will prevail over any other
restraints (e.g. the Hofmeister series which were determined
by differences in Gibbs free energy of halide anion hydration/
solvation). The chloride anion is both ubiquitous in the
biosphere and critical for a large number of biological
processes. The availability of a Cl�-selective carrier could be
of prime utility in clinical problems and monitoring tasks. The
preparations of a number of halide-binding receptor have
been described,[5±10] but such efforts to date have not been
very focused on the characterization of their function in
solution as well as on the development of clinically usable Cl�-
transport agents and environmentally usable Cl�-selective
carriers.


The exclusive cage host should be able to encapsulate
desolvated chloride anion only in the presence of solvated I�,
Br�, Cl�, and F� ions in (non)aqueous solution. The thermo-
dynamic and kinetic stability of X�-encapsulating cage host
can be controlled by a deep minimum in intermolecular
energy between the host and a central anion as well as a
reasonably high energy barrier of the decapsulation process.
Thus, the selective encapsulation recognition of the cage host
toward a particular anion needs to prevail over any con-
straints imposed by the Hofmeister series, since the stability of
halide anion-encapsulating host complexes depends also on
various other factors such as solvent, temperature, and ionic
strength. Here, the solvated halide ion stability in water media
is well known to follow the order F��Cl��Br�� I� and in
organic media I��Br��Cl��F�. The affinity of alkylam-
monium ion NR4


� toward each X� or the stability of the ion
pairs NR4


� ¥X� in water increases in the sequence I�, Br�, Cl�,
and F�. The differences in the standard molar Gibbs free
energy �G0,hyd(X�) of X� hydration are �468.1 (F�), �340.7
(Cl�), �304.9 (Br�), and �274.9 kJmol�1 (I�).[11] Thus, the
more negative magnitude for �G0,hyd(Cl�) is responsible for
the lower stability of the Cl�-including supermolecule com-
pared with the Br�-encapsulating cage host in water. For
instance, Br�-encapsulating macrotricyclic quaternary ammo-
nium ion Br�� [(CH3)4N4(C5H10)2(C6H12)4]4� has a much
larger population in the presence of Cl� in water[12] ; it is
difficult to design a cage host which encapsulates only Cl� in
the presence of Br� because of the small difference of only
0.3 ä in their ionic diameters.
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The selective encapsulation of a specific anion into a cage
host may be controlled by the binding energy and structural
complementarity between cage host and the encapsulated
anion, in combination with the anion desolvation. The
molecular design based on the above concept may be able
to discriminate the slight difference between Cl� and Br� and
to prevail over the constraints which resulted from the anion
desolvation.


We studied the four macrotricyclic cage hosts, with the
characteristic feature of having four positive binding sites
oriented toward the center of the intramolecular cavity, may
play a key role in achieving a good selectivity for Cl� or
Br�.[5b, 12] The optimal complementarity of the cage host with
Cl� must be achieved by systematic fine-tuning of the
combination of three cyclic chains of methylene groups. The
macrotricyclic quaternary ammonium ions RMQA4� may be
classified as [R4N4(C5H10)5(C6H12)]4� (i.e. , [556D]RMQA4�),
[R4N4(C5H10)4(C6H12)2]4� (i.e., [556]RMQA4�), and (R4N4-
(C5H10)3(C6H12)3]4� (i.e., [566D]RMQA4�), and [R4N4-
(C5HIO)2(C6H12)4]4� (i.e., [566]RMQA4�), where R stands for
the exo-group and the numbers in parentheses, 556 and 566,
correspond to the hydrocarbon cycle consisting of three
chains of 5, 5, and 6 (or 5, 6, and 6) methylene groups
connected by three nitrogen atoms. Here, D in parentheses
means that RMQA� has different triangular planes;
[556D]RMQA4� consists of two (555) faces and two (556)
faces; [566D]RMQA4� one (555) face and three (566) faces.[5b]


This work reports on the clear discrimination of chloride
ions by cage host [556]MeMQA4� (abbreviated as [556])
which can encapsulate one chloride ion and while discrim-
inating almost completely against bromide ions in the
presence of Br� ions.


Results and Discussion


The critical adjustment of intramolecular cavity size was
carried out by choosing the different triangular planes
through the syntheses of a couple of RMQA4� ions. In the
solid state, the crystal structure of Cl�� [566D]BnMQA4�


(Bn: benzyl group as exo-group)[5b] or Br�� [566]BnMQA4�[12]


shows unambiguous encapsulation of one chloride or one
bromide into the cavity. However, at the solid/liquid interface
of NaCl(001) plane in contact with water, the process of
encapsulating chloride ions (from the monoatomic layer at
the NaCl/water interface) established an ordered array of
cage hosts [566D]MeMQA4� (abbreviated as [566D]).[13]


In solution, [566]MeMQA4� (Me: methyl group, abbrevi-
ated as [566]) shows a higher selectivity for Br� in water
containaing both Cl� and Br� ; the stability constants are
110��1 for Cl� and 990��1 for Br�.[12] 1H NMR spectroscopic
data (Figure 3 in ref. [12]) revealed that the [566] cavity is too
large to retain a preference for Cl�� [566] in the presence of
the larger Br� in water. On the other hand, the selectivity of
[566D] toward halide ions in aqueous solution has been
studied by 1H NMR measurements, since it is not yet clear,
whether the cage host [566D] prefers to encapsulate the
smaller Cl� or the larger Br� in water. The addition of Cl� or
Br� led to a downfield shift of the 1H NMR peaks of
endocyclic �- and �-protons (Figure 1). The new peaks were
assigned to the �- and �-protons of the Cl�/Br� encapulated
complexes Cl�/Br�� [566D]. However, the peak intensities
hardly increase with increasing r (� [X�]0/[566D]0): Cl� or Br�


was able to be encapsulated into less than 7% [566D]0 in
water at 1� r� 2. No selectivity of [566D] toward Cl� or Br�


in the presence of equimolar Cl� and Br� was shown in
Figure 1, inset c) and e): the 1H NMR shifts are located


Figure 1. Selectivity of [566D] toward chloride ion in the presence of
equimolar Cl� and Br� in water at 30 �C, r (� [X]0/[566D]0)� 2 and 5m�
[566D] from the 1H NMR spectra of a) [566D], b) a)�Cl�, c) b)�Br�,
d) a)�Br�, and e) d)�Cl�. Ionic strength is equal to 0.1� KNO3. �, �: �-
CH2; �, �: exo-CH3; �, �: �-CH2; �, �: �-CH2, where the open symbols are
for the free hosts and the filled symbols for the Cl�-encapsulated [556D].
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between the shifts for the respective Cl� and Br� solutions.
Both [556D] and [556] have been newly designed and
synthesized, since the [566D] and [566] receptors were
unsuitable without any higher affinity for Cl�.


The addition of Cl� to an aqueous [556D] solution showed
no 1H NMR peak that would correspond to Cl�� [556D]
because its distorted cavity may be too small for Cl�


encapsulation. However, upon fluoride addition to aqueous
[556D] solution at r� 1 the observed 19F NMR data showed
two signals at �� 0 and about �20 which were attributed to
the hydrated (i.e., free) and encapsulated fluoride. Now, the
cage host [556] is the center of attention, since its spherical
cavity must be slightly larger than that of [556D]. The chloride
anion titration showed the deformed profile associated with
downfield shift in 1H NMR spectra in acetonitrile at 0�
r (� [Cl�]0/[556]0) � 1, as shown in Figure 2b) ± d). The
deformed and broad peaks are due to the slow chemical
exchange between the Cl� encapsulation/decapsulation into/
from [556]. The assignment of 1H NMR spectra of free [556]
(Figure 2a)) was determined as follows: �-H1 and 2 at �� 3.25
show a typical triplet coupling and they face to the outside of
intramolecular cavity; while �-H3/5 and �-H4/6 at �� 3.17
face perfectly or partially toward the inside, respectively.
Here, the geometry among the protons of the three �-CH2


protons next to each nitrogen atom (Figure 3) was estimated
by the crystal structures of I�� [666], Br�� [566], and Cl��
[566D].[5b, 12, 14] The downfield shift of Cl�� [556] was ob-
served in 1H NMR spectra at r� 1, but not for the free [556]
cage host (Figure 2).


Figure 2. r (� [Cl�]0/[[556]]0) dependence of the 1H NMR spectra in
CD3CN at 30 �C and 5m� [556]: a) r� 0, b) 0.3, c) 0.6, d) 0.8, and e) 1;
* means the protons of DHO. For symbols, see Figure 1.


A simulation of the observed 1H NMR profile based on
encapsulation after desolvation of Cl� resulted in a good fit
between the observed and calculated spectra (Figure 2 and 4).
After the almost perfect encapsulation of all chloride ions at
r� 1, the four �-protons �-H3 ± 6 at �� 3.17 and r� 0
separated into two �-protons (H3/5) at �� 3.7 and another
two �-protons (H4/6) at �� 3.5 for r� 1. Protons H1/2 at ��
3.25 and r� 0 showed the smallest downfield shift to �� 3.45


Figure 3. Typical geometry of six protons of �-methylene groups around
each nitrogen atom: the geometry was given by X-ray crystalline molecular
structure of the cage compounds as mentioned in text.


Figure 4. Kinetic simulation of r dependence of 1H NMR spectra observed
for the �-methylene groups and exo-methyl group: a) r� 0, b) 0.3, c) 0.6,
d) 0.8 and e) 1. For symbols, see Figure 1.


at r� 1. The r dependence of the population PA or PB of Cl��
[556] (�A) or free [556] (�B), which was obtained from the
above-mentioned simulation of the observed 1H NMR profile,
gave a high stability constant of the complex with Cl�


encapsulated by [556] being at least more than 104��1. The
stability constant of Cl�� [556] is much larger than that of
Br�� [556], �340��1 estimated from the simulation of the
observed 1H NMR profile for the �-protons (Figure 5d)). The
equilibrium between A and B at 0� r� 1 gave the relation-
ship �A


�1PA� �B
�1PB, where �A or �B stands for the life time of


A or B. The parameter �0 (��APB� �BPA) at 30 �C between
r� 0.3 and 0.8 (Figure 2) was calculated as follows: �0� 20 ms
and �0(�A� �B)� 4, where �A and �B stand for the chemical
shift values of �-H3/5 of A and B. The chemical exchange
process between Cl�� [556] and free [556] is not slow, but not
fast either. In conclusion, the complex with Cl� encapsulated
by [556] is characterized by the thermodynamically high and
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kinetically low stability in acetonitrile. A new series of anion
receptors combining ferrocene and pyrrole moieties showed a
high affinity for Cl� compared with Br� in acetonitrile (i.e. , for
macrocyclic receptor Kst(Cl�)/Kst(Br�)� 11 and Kst(Cl�)�
9030��1; for acyclic analogue Kst(Cl�)/Kst(Br�)� 19 and
Kst(Cl�)� 1260). But these receptors are previously selective
for F� over the other halides Cl� and Br� (i.e., Kst(F�)�
105).[6a]


The almost perfect selectivity of [556] toward Cl� in the
presence of Cl� and Br� in acetonitrile has been revealed by
1H NMR measurements (Figure 5). Figure 5c) and
e) demonstrate that the cage host [556] has a higher affinity
for Cl� in the presence of both Cl� and Br� ; Br�� [556] was
not detected by 1H NMR measurements using equimolar Cl�


and Br� solution at each r� 1. The observed 1H NMR data
showing UV-spectra-type changes may be explained by the
bimolecular interchange reaction between Cl� and Br�, Br��
[556]�Cl�(solv)�Cl�� [556]�Br�(solv). A drastic change
was observed in 1H NMR spectra (Figure 5), since the
thermodynamic stability is very different between the re-
spective chloride or bromide inclusion complexes of [556]. No
change in the 1H NMR spectra was observed after the
addition of equimolar F� into a [556] solution, although the
smaller F� can be encapsulated into [556].


Figure 5. Selectivity of [556] toward chloride ion in the presence of
equimolar Cl� and Br� in CD3CN at 30 �C, r� 1 and 5m� [556] from the
1H NMR spectra of a) [556], b) a)�Cl�, c) b)�Br�, d) a)�Br� and
e) d)�Cl�. For symbols, see Figure 1.


The addition of I� cannot change any 1H NMR spectra of
the [556] solution containing equimolar F�, Cl�, and Br�, since
the cavity of [556] is smaller than [566] by �0.5 ä and the
addition of I� to the acetonitrile solution containing [566] and
equimolar amounts of Cl� and Br� ions shows no significant
change in the 1H NMR profile, as shown in Figure 6c) and d).
The [566] prefers to encapsulate Br� in the presence of Cl� in
acetonitrile as well as in water (Figure 6c) in this work and
Figure 4 in ref. [12]). In conclusion, [556] and [566] can
discriminate between Cl� and Br� in the presence of any other
halide ions, respectively. In aqueous [556] solution, no change
in 1H NMR chemical shifts was observed after the addition


Figure 6. Selectivity of [566] toward bromide ion in the presence of Cl�


and I� in CD3CN at 30 �C, r� 2 and 5m� [566] from the 1H NMR spectra of
a) [566], b) a)�Cl�, c) b)�Br� and d) c)�I�. For symbols, see Figure 1.


Cl�, since the Gibbs free energy barrier �G* for Cl� inclusion
into an intramolecular cavity of [556] may be much higher
because of the Cl� diameter which is closer to the (556) face
size than to the (566) face size and the larger stability of
hydrated Cl� compared with the solvated Cl� in acetonitrile.


The newly designed [556] has prevailed over the constraints
which result from the sequence of the standard molar Gibbs
energy changes �G0,solv(X�) of �298.2 kJmol�1 (Cl�) �


� 277.0 (Br�)�� 255.9 (I�) for X� solvation in acetonitrile.
The electrostatic interaction between encapsulated Cl� and
four ammonium ions in the cage host [556] and the CH2 (of
endomethylene groups) ¥ ¥ ¥Cl� hydrogen-bonding interac-
tion[15, 16] may provide the efficient complementarity for
molecular recognition. The almost perfect selectivity of
[556] toward Cl� as well as the much larger stability constant
of Cl�� [556] have been realized in the presence of other
halide anions (Figure 2 and 5). Here, the hydrogen bonding of
CH2 ¥ ¥ ¥Cl� has been confirmed by the fact that the distances
between �-H3/5 and X�, and the bond angles �C�-H3/5 X�


are equal to �2.5 ± 3.0 ä and �140 ± 180� for Cl�� [556];
�2.6 ± 3.1 ä and �130 ± 170� for Cl�� [566D];[5b] and �2.8 ±
3.3 ä and �130 ± 170� for Br�� [566].[12]


The encapsulation of halide ions into [556] or [566] have
been investigated by molecular mechanics calculations
(MM2).[17, 18] The steric energy �E of the system consisting
of [556]/[566] and X�, referring to free [556]/[566] and free X�,
was calculated at every 0.2 ä for the distances between X�


and N� located at the other side of a center of the (556)/(566)
face, through which X� penetrates into its cavity. The two
minima �E versus the above-mentioned distance correspond
to the two states in which X� is encapsulated into the
intramolecular cavity of [556]/[566] and in which it is only
slightly encapsulated. A maximum shows an activated state
associated with energy barrier ��E*, which is equal to the
difference, �E* (a maximum of �E in the activated state)
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��E0 (a minimum of �E in the encapsulated state). The
lower ��E* indicates the kinetically unstable X�-inclusion
complexes, such as F�� [556]/[566]: the much higher ��E*
obtained for I� corresponded to no observation of I�-inclusion
complex. The negative minimum �E0 in the encapsulated
state and the positive maximum �E* magnitude in the
activated state are more substantial and indispensable for the
complexation and selectivity of [556] toward Cl� or [566]
toward Br�. Thus, the cage receptor [556] will be utilized as
Cl�-selective carrier in the presence of any halide ions in
aqueous acetonitrile by generating the potential response
using bilayer membrane[19] or ion-selective electrodes of
liquid membrane.[20]


Experimental Section


Synthesis : The synthetic route of [556] and [556D] involves the three
successive cyclization to prepare the construction of macrotricyclic amine
using modified conventional methods.


[556] was identified by 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 1.59 ±
1.83 (m, 40H; �-, �-CH2), 3.14 (s, 12H; CH3), 3.32 ± 3.43 (m, 24H; �-CH2);
elemental analysis calcd (%) for [556]4BF4


� ¥H2O (C36H78N4B4F16O): C
46.48, H 8.45, N 6.02; found: C 46.17, H 8.16, N 5.90.


[556D] was identified by 1H NMR: �� 1.57 ± 1.69 (m, 14H; �-CH2), 1.78 ±
1.86 (m, 24H; �-CH2), 3.12 (s, 12H; CH3), 3.32 ± 3.35 (br, 24H; �-CH2);
elemental analysis calcd (%) for [556D]4BF4


� (C35H74N4B4F16): C 46.96, H
8.33, N 6.25; found: C 46.89, H 8.38, N 6.29.


The water (ca. 3% v/v) in acetonitrile was supplied by the addition of
aqueous KF, KCl, KBr, and KI for the 1H NMR measurements. The
observed downfield shift of DHO, denoted by * in Figure 2, 5 and 6, may
show the MX-concentration dependence.


Simulation : In the simulation (gNMR Analysis Package provided by
Cherwell Scientific Limited) of the observed 1H NMR spectra, the
geometry of the six protons of �-CH2 around each nitrogen atom before
inclusion was assumed to be equal to the Cl�-encapsulated host. The
exchange rate between two sites Cl�� [556] and free [556] occurs in
solution, associated with the Cl� encapsulation and decapsulation. The
coupling constant of �-CH2 with of �-CH2 was set to to 7 Hz and ��1/2 to 1 Hz
and the coupling of �-CH2 with nitrogen nucleus was neglected. For exo-
methyl group, �� 3.0 and ��1/2� 2.3 Hz at r� 0; �� 2.9 and ��1/2� 1.9 Hz at
r� 1.


Calculations : Molecular mechanics calculation was accomplished with the
molecular mechanics packages provided by the Tektronix CAChe System,
Version 3.7. The initial structures of X�� [556] and X�� [566] were given
by X-ray structure of Br�� [566]BnMQA4� and modified by the replace-
ment of -CH2C6H5(Bn) to -CH3 (Me) as exo-groups. The lowest energy
structures of the system consisting of [556]/[566] and X� were optimized for
3.0 ä to 15.0 ä at intervals of 0.12 ä. In this calculation no contribution
from water or acetonitrile as solvent was included.
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Tetraphenylbenziporphyrin–A Ligand for Organometallic Chemistry


Marcin SteŒpien¬ and Lechos¯aw Latos-Graz«yn¬ ski*[a]


Abstract: 6,11,16,21-Tetraphenylbenzi-
porphyrin (TPBPH)H, an analogue of
tetraphenylporphyrin with one of the
pyrrole groups replaced by a benzene
ring, is formed in good yield in the
condensation of the appropriate precur-
sor with pyrrole and benzaldehyde.
(TPBPH)H gives organometallic com-
plexes with palladium(��) and platin-


um(��), [(TPBP)PdII] and [(TPBP)PtII] ,
in which the metal ion is bound in the
macrocyclic cavity by three pyrrolic
nitrogen atoms and a carbon atom of


the benzene ring. In the reaction with
silver(�) acetate benziporphyrin does not
yield a stable complex but undergoes
selective acetoxylation at the internal
carbon atom. (TPBPH)H is reversibly
reduced to 6-benziphlorin and reacts
with a water or methanol molecule to
give 6-hydroxy- or 6-methoxy-6-benzi-
phlorin, respectively.


Keywords: porphyrinoids ¥ macro-
cyclic ligands ¥ NMR spectroscopy ¥
platinum ¥ palladium


Introduction


Modifications of the porphyrin core involving the introduc-
tion of a CH unit in place of one of the nitrogen atoms have
led to the preparation of a series of monocarbaporphyrinoids
that may have interesting properties both in terms of their
aromatic character and their potential ability to bind metal
ions.[1±4] Such a replacement preserves three regular pyrrole
moieties, while the CNNN core becomes the denominator of
monocarbaporphyrinoid structure.[5, 6] These macrocycles
bear functional resemblance to certain polydentate ligands,
which, by virtue of a favorably oriented carbon donor,
afforded rare organometallic compounds of transition ele-
ments, often stabilizing untypical oxidation states or unusual
coordination geometries.[7±10] The structure of carbaporphy-
rinoids suggests their prospective use as nontrivial ligands and
consequently their coordination properties have aroused
particular interest. Thus the inverted porphyrin (2-aza-21-
carba-5,10,15,20-tetraarylporphyrin) and its methylated de-
rivatives revealed a remarkable tendency to stabilize peculiar
organometallic compounds containing nickel(�), paramagnetic
nickel(��) (including a high-spin species with two Ni�C bonds),
nickel(���), copper(��), palladium(��), and silver(���).[1, 11±16]


8,19-Dimethyl-9,13,14,18-tetraethylbenziporphyrin was
synthesized previously,[3, 13] and it was demonstrated that a


hydroxy substituent, suitably placed to form 2-hydroxybenzi-
porphyrin, offers access to the aromatic oxybenziporphyrin
through an enol ± keto tautomerization.[4, 13]


In light of these we have synthesized 6,11,16,21-tetraphe-
nylbenziporphyrin (1). Formally this macrocycle has been


constructed by replacement of one of the pyrrole rings of
5,10,15,20-tetraphenylporphyrin (TPPH2) with a benzene
moiety. To indicate the chemical difference between the 22-
C and 24-N protons we will use the symbol (TPBPH)H for 1.
6,11,16,21-Tetraphenylbenziporphyrin has a relationship to


8,9,13,14,18,19-hexaalkylbenziporphyrin similar to that of
tetraarylporphyrins to octaalkylporphyrins since identical
substituents at �- andmeso-positions are present in both pairs.


Results and Discussion


Tetraphenylbenziporphyrin 1 has been synthesized
(Scheme 1) in a condensation of pyrrole, benzaldehyde, and
1,3-bis(phenylhydroxymethyl)benzene (2), which was ob-
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Scheme 1. Synthesis of 1.


tained in the reaction of phenylmagnesium bromide with
isophtalaldehyde. The procedure follows the methodology
previously utilized for the synthesis of heteroporphyrins.[5]


After chromatographic workup the compound was obtained
in 15% yield. The electronic spectrum of 1 and its dication
[1-H2]2� is shown in Figure 1.


Figure 1. The electronic spectra of 1 (––, green), [1-H2]2� ( ¥¥ ¥ ¥, brownish
yellow), 7 ( ¥¥ - -, orange-brown), and 8 (- - - -, green) in CH2Cl2 (298 K).


For topological reasons the molecule 1 cannot retain the
macrocyclic aromaticity typical of porphyrins. The 1H NMR
spectrum of 1 presents the resonances at positions consistent
with a nonaromatic structure. Thus the aromatic ring current
is absent, as clearly illustrated by the downfield shift of the 24-


NH resonance (�� 10.30) (Trace A, Figure 2). Scalar coupling
detected between 24-NH and 13,14-H pyrrole protons is
consistent with the prevalence of the symmetrical tautomer 1.
Treatment of (TPBPH)H with two equivalents of silver


acetate produced 21-acetoxy-6,11,16,21-tetraphenylbenzipor-
phyrin (3). This oxidative acetoxylation proceeds cleanly and
selectively under mild conditions according to reaction (1).


1� 2Ag(OAc) �� 3 � 2Ag�AcOH (1)


The structure of 3 was determined in an X-ray diffraction
study (Figure 3).[14] The six-membered ring is sharply tipped
out of the N(23)-N(24)-N(25) plane, making room for the
6,21-phenyl groups, which are almost coplanar with the
macrocycyle. The � bonds within the tripyrrane subunit are
largely localized in the manner indicated by valence structure
3. On the other hand, the bond lengths in the six-membered
ring are almost equal and benzene-like. The C(21)�C(1) and
C(5)�C(6) distances (1.476(2) ä and 1.474(2) ä) approach
the single-bond limit for C(sp2)�C(sp2). These structural
features confirm that the benzene ring incorporated in the
framework of 3 completely blocks macrocyclic delocalization
while retaining unperturbed [6]annulene aromaticity. In the
crystal acetoxybenziporphyrin acts as an acceptor of one
molecule of water, which is coordinated through two hydro-
gen bonds to N(23) and N(25). The water molecule is situated
above the macrocyclic plane on the opposite side to the
acetoxy substituent.
The 1H NMR spectrum of 3 (see Experimental Section)


closely resembles that of 1. Presumably the remarkable
differentiation of the 8,19-H and 9,18-H resonances seen for
1 and 3 is related to the location of 8,19-H in the deshielding
instead of shielding zone of the neighboring meso phenyl
groups.
Benziporphyrin 1 reacts with sodium borohydride to


produce 6,11,16,21-tetraphenyl-6-benziphlorin (4, one of the


Abstract in Polish: 6,11,16,21-Tetrafenylobenziporfiryna
TPBP, analog tetrafenyloporfiryny, w kto¬rym jeden z piers¬cie-
ni pirolowych zastaŒpiony jest benzenowym, powstaje z dobraŒ
wydajnos¬ciaŒ w kondensacji odpowiedniego prekursora z
pirolem i benzaldehydem. TPBP tworzy metaloorganiczne
po¯aÀczenia z palladem(��) i platynaŒ(��), (TPBP)PdII i
(TPBP)PtII, w kto¬rych jon metalu zwiaŒzany jest we wneŒce
makrocyklicznej poprzez trzy pirolowe atomy azotu i atom
weŒgla piers¬cienia benzenowego. W reakcji z octanem srebra(�)
benziporfiryna nie tworzy trwa¯ego kompleksu, natomiast
ulega selektywnej acetoksylacji na wewneŒtrznym atomie weŒgla.
TPBP ulega odwracalnej redukcji do 6-benzifloryny a takz«e
przy¯aŒ,cza czaŒsteczkeŒ wody baŒdz¬ metanolu dajaŒc odpowiednio
6-hydroksy- i 6-metoksy-6-benzifloryneŒ.







Tetraphenylbenziporphyrin 5113±5117
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Figure 3. Crystal structure of 3 (thermal ellipsoids at 50% probability
level). O atoms are shown in black, N atoms in gray, and selected H atoms
are represented by small circles.


three possible tautomers),
which structurally resembles
porphyrin-derived phlorins
and is analogous to an alkyl-
substituted benziphlorin re-
ported previously.[3] The reac-
tion is selective as the satura-
tion at the 6-position was solely
observed. The 1H NMR spec-
trum reflects symmetry lower-
ing of 4 in comparison to 1. The
three pyrrolic AB patterns, two
inner NH signals, and 6-H res-
onance can easily be identified.
The C(6) carbon atom of 4
produces a resonance at ��
51.5, which is consistent with a
tetrahedral geometry. The reac-
tion with NaBH4 can be consid-
ered a special case of the typical
reactivity of 1 with respect to
nucleophiles. For example, the
reaction of 1 with water or
methanol yields 6-hydroxy-
6,11,16,21-tetraphenyl-6-benzi-
phlorin (5) and 6-methoxy-
6,11,16,21-tetraphenyl-6-benzi-
phlorin (6), respectively. This
reactivity resembles the nucle-
ophilic meso-addition of hy-
dride or hydroxide to
[(TPP)AuIIICl] (TPP� tetra-
phenylporphyrin) to yield
phlorin or hydroxyphlorin com-
plexes.[15] Addition of gaseous


HCl to 5 or 6 resulted in water or alcohol elimination,
respectively, and quantitative recovery of 1. The easy acces-
sibility of phlorins 4 ± 6 is related to the loss of aromaticity
suffered by 1.
Insertion of palladium(��) or platinum(��) into 1 yields


[(TPBP)PdII] 7 (orange-brown) and [(TPBP)PtII] 8 (green),


whose electronic spectra differ essentially from that of 1
(Figure 1). The most notable feature of 7 and 8 is the
coordination through the unprotonated C(22) carbon atom of
the benzene ring as inferred from the disappearance of the 22-


Figure 2. 1H NMR spectra (500 MHz, CDCl3) of A) 1, B) 7, C) 8. D) The 195Pt-edited spectrum of 8, which
exposes the patterns of Pt satellites. Resonance assignments (obtained from COSYand NOESYmaps) follow the
numbering scheme given for 1 in Scheme 1.
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H resonance in the 1H NMR spectra (Figure 2, Traces B and
C). A chemical shift of �� 145.5 (�� 139.3), typical for sp2
hybridization, has been detected for the coordinated C(22)
atom in the 13C NMR spectra of 7 (8). In addition the 1H-15N
HMBC spectrum of 8 gave the assignments of three pyrrole
nitrogen atoms at ���226 (23,25-N) and ���216 (24-N),
that is upfield with respect to the signal for [(TPP)PtII] (��
�252 vs. MeNO2). The 195Pt resonance of 8 (�� 560) is shifted
upfield relative to that of [(TPP)PtII] (�� 1235[16]) reflecting
the presence of a different donor in the coordination core.
Owing to the coordination of a metal ion the pyrrole and


benzene resonances of 7 and 8 are downfield shifted with
respect to their positions for the free base 1. In 7 or 8 the metal
ion is located in the CNNN plane, which forces a coplanar
position of the benzene ring. The effectively orthogonal
position of the meso-phenyl groups removes the source of
shift differentiation for 8,19-H and 9,18-H resonances seen for
1 and 3. The 1H NMR spectrum of 8 displays four-bond 1H±
195Pt scalar couplings to pyrrole �-protons and, consistent with
the formation of a Pt-C(22) bond, to 2,4-benzene protons
(Figure 2, Trace D).
In conclusion, the nonaromatic tetraphenylbenziporphyrin


1 may serve as a valuable ligand for organometallic inves-
tigations of benzene reactivity by efficiently protecting the
metal ± carbon � bond through the encapsulation of the metal
center in the CNNN coordination core.


Experimental Section


1: 1,3-Bis(phenylhydroxymethyl)benzene (2 ; 290 mg, 1 mmol), pyrrole
(208 �L, 3 mmol), and benzaldehyde (204 �L, 2 mmol) were added to dry
CH2Cl2 (900 mL) under nitrogen. Et2O ¥BF3 (100 �L) was then added and
the reaction mixture was protected from light and stirred for 2 h. 2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 750 mg, 3 mmol) was sub-
sequently added and the mixture evaporated under reduced pressure. The
residue was subjected to chromatography (grade II basic alumina, CH2Cl2).
The desired product eluted as a green band following a trace of H2TPP.
Recrystallization from CH2Cl2/hexane yielded deep blue crystals. The
filtrates contained sizable amounts of hydroxybenziphlorin 5, which was
dehydrated to give a second batch of the product. Total yield 93 mg (15%).
1H NMR (298 K): �� 10.29 (s; 24-NH); 7.37 ± 7.46 (m; 6,11,16,21-Ph); 7.33,
7.29, 6.99 (ABC2: 4JA,C� 1.7 Hz, 3JB,C� 7.8 Hz; 22-H, 3-H, 2,4-H); 7.19, 6.52
(AB: 3J� 4.8 Hz; 8,19-H, 9,18-H), 6.74 (s; 13,14-H); 13C NMR (partial
data, 298 K): �� 172.0, 156.6 (7,20,10,17-C); 147.7 (12,15-C); 144.5 (6,21-
C); 138.1 (1,5-C); 136.6 (8,19-C); 133.4 (2,4-C); 130.5 (9,18-C); 129.8
(13,14-C); 128.8 (3-C); 109.4 (22-C); UV/Vis (CH2Cl2): �max (log �)� 319
(4.53), 411 (4.89), 723 nm (4.09); HRMS (ESI):m/z : 626.2646 (626.2591 for
C46H31N3 � H�); elemental analysis (%) calcd for C46H31N3: C 88.32, H
4.96, N 6.72; found (sample dried at 150 �C for 24 h): C 88.08, H 4.82, N 6.98.


6,21-Diphenyl-11,16-bis(4-nitrophenyl)benziporphyrin (1-NO2): Com-
pound 1-NO2 was obtained analogously to 1, by using 4-nitrobenzaldehyde
(302 mg, 2 mmol) instead of benzaldehyde. Yield 126 mg (17%). 1H NMR
(298 K): �� 10.30 (s; 24-NH); 8.31, 7.64 (AA�BB�: 3JA,B� 9.7 Hz; 11,16-m-
Ph, 11,16-o-Ph); 7.40 ± 7.50 (m; 6,21-Ph); 7.33, 7.31, 7.01 (ABC2: 3JA,C�
7.7 Hz, 4JB,C� 1.7 Hz; 3-H, 22-H, 2,4-H); 7.27, 6.46 (AB: 3J� 4.8 Hz; 8,19-
H, 9,18-H), 6.76 (s; 13,14-H); HRMS (ESI): m/z : 716.2302 (716.2292 for
C46H29N5O4 � H�).


2 : Isophthalaldehyde (1 g, 7.46 mmol) was dissolved in dry degassed THF
(250 mL). PhMgBr (3 mL of a 3� solution in Et2O, 9 mmol) was added,
which caused the reaction mixture to turn blue-violet. After the mixture
had been stirred for 1 h, the solution was heated and refluxed for an
additional 0.5 h. The reaction mixture was hydrolyzed with aqueous
ammonium chloride and extracted with CH2Cl2. The extracts were washed
twice with water and the solvent was removed under reduced pressure. The


residue was recrystallized from CH2Cl2/n-hexane to afford several batches
of the product (white solid). Yield (first batch): �� 1.21 g (56%). 1H NMR
(298 K, mixture of stereoisomers): �� 7.47, 7.45 (2 t, J� 2 Hz; 2-H); 7.21 ±
7.36 (m, 13H, remaining aryl protons); 5.81, 2.18 (AB: J� 3 Hz; CHOH,
CHOH).


3 : (TPBP)H (58 mg) and Ag(OAc) (30 mg, 2.16 equiv) were refluxed for
15 min in a mixture of CHCl3 and MeCN (15� 15 mL). The solution was
then evaporated to dryness and the residue chromatographed (grade II
basic alumina, CH2Cl2) to yield 3 (42 mg; 66% after a recrystallization from
CH2Cl2/MeOH). 1H NMR (298 K): �� 9.51 (s; 24-NH); �7.55 (m, 4H;
6,21-o-Ph); �7.48 (m, 4H; 11,16-o-Ph); 7.39 ± 7.45 (m, 12H; 6,21,11,16-m,p-
Ph); 7.16, 7.07 (AB2: 3J� 7.6 Hz; 3-H, 2,4-H); 7.29, 6.52 (AB: 3J� 4.8 Hz;
8,19-H, 9,18-H); 6.83 (s; 13,14-H), 1.31 (s; CH3); 13C NMR (partial data,
298 K): �� 169.9 (O�C�O); 170.2, 156.6 (10,17;7,20-C); 140.5 (1,6-C);
134.8 (8,19-C); 133.8 (1,5-C); 131.2 (9,18-C); 131.2 (2,4-C); 130.2 (13,14-C);
126.5 (3-C); 118.1 (22-C); 20.3 (CH3); UV/Vis (CH2Cl2): �max (log �)� 310
(4.48), 409 (4.84), 702 nm (4.28); HRMS (ESI):m/z : 684.2658 (684.2646 for
C48H33N3O2 � H�); elemental analysis (%) calcd for C46H33N3O2 ¥
0.4CH2Cl2: C 80.90, H 4.75, N 5.85; found: C 80.80, H 4.96, N 5.76.


4 : (TPBP)H (2.5 mg) was dissolved in a small volume of CHCl3 and
reduced with a solution of NaBH4 in EtOH. The reaction was monitored
spectrophotometrically. The solvents were removed at room temperature
under reduced pressure. The residue was extracted with CH2Cl2, filtered,
and evaporated to dryness. Alternatively, 4 was obtained directly in the
condensation reaction, if p-chloranil (520 mg, 2.1 equiv) was used in place
of DDQ. 1H NMR (333 K): �� 9.79, 7.87 (2b, 2H; NH); 7.89, 7.22, 6.92, 6.22
(ABCD: 3JA,B� 7.8 Hz, 3JB,C� 7.9 Hz, 4JA,D� 1.1 Hz, 4JC,D� 1.2 Hz; 4-H,
3-H, 2-H, 22-H); 7.0 ± 7.6 (m, 10H; 6,11,16,21-Ph), 6.92, 6.67 (AB: 3J�
5.6 Hz; 19H, 18-H); 6.78, 6.40 (AB: 3J� 4.8 Hz; 13-H, 14-H); 6.63, 6.48
(AB: 3J� 3.9 Hz; 8-H, 9-H); 5.69 (s; 6-H); 13C NMR (partial data, 333 K):
�� 126.5 (4-C), 128.3 (2-C), 129.4 (19-C), 128.1 (3-C), 135.0 (13-C), 128.8
(18-C), 111.0 (8-C), 120.8 (9-C), 128.1 (14-C), 51.5 (6-C); UV/Vis (CH2Cl2):
�max (log �)� 300 (4.41), 399 (4.74), 666 nm (4.54); electronic spectra of the
remaining phlorins are virtually indistinguishable; HRMS (ESI): m/z :
628.2738 (628.2747 for C46H33N3 � H�).


5 : (TPBP)H (2.5 mg) was added to THF (10 mL) containing water (1%)
and a trace of HCl. The mixture was stirred until the starting material had
dissolved. The resultant blue solution was neutralized and dried with
anhydrous K2CO3 and evaporated to dryness under reduced pressure.
1H NMR (298 K): �� 9.42, 7.79 (2b, 2H; NH); 8.26 (d, 4-H); 7.3 ± 7.6 (m,
20H; 6,11,16,21-Ph); 7.23 (t; 3-H); 7.00, 6.75; 6.87, 6.50; 6.81, 6.45 (3AB:
8,9-H; 13,14-H; 18,19-H); 6.94 (d; 2-H); 6.16 (b; 22-H), 2.53 (b; OH);
HRMS (ESI): m/z : 644.2685 (644.2696 for C46H33N3O � H�).


6 : (TPBP)H (10 mg) was dissolved in CHCl3 (5 mL) and transformed into
the dication with gaseous HCl. MeOH (30 mL) was then added and the
mixture cooled in the freezer (�20 �C). The cold mixture was neutralized
with anhydrous K2CO3 (ca. 50 mg), filtered, and the filtrate evaporated to
dryness under reduced pressure. The deep blue product was too unstable to
be chromatographed but the conversion was close to quantitative. 1H NMR
(CD3OD, 273 K, monocation): �� 8.13 (d; 4-H); 7.41 ± 7.91 (m, 20H;
6,11,16,21-Ph); 7.40, 6.82, 7.26, 6.72, 6.99, 6.67 (3AB: 8,9,13,14,18,19-H);
7.34 (3-H), 7.00 (2-H); NH signals and the CH3 peak cannot be observed
due to deuteration. In other solvents the spectrum is dynamically
broadened.


7: (TPBP)H (15 mg) and PdCl2 (4.5 mg, 1.2 equiv) were added to dry
MeCN (20 mL) and the mixture was refluxed for 2 h. The solution was
allowed to cool down, the violet precipitate was filtered off, washed with
MeCN, and dried in air. Yield 8.5 mg (49%). 1H NMR (298 K): �� 7.75,
7.17 (A2B: 3JA,B� 7.7 Hz; 2,4-H, 3-H); 7.54 ± 7.59 (m; 6,11,16,21-o-Ph);
7.42 ± 7.50 (m; 6,11,16,21-m,p-Ph); 7.16 (s; 13,14-H); 7.06, 6.96 (AB: 3J�
5.2 Hz; 8,19-H, 9,18-H); 13C NMR (partial data, 298 K): �� 157.6, 145.5
(8,19;9,18-C); 152.6 (12,15-C); 145.5 (22-C); 144.1 (6,21-C); 142.3 (2,4-C);
135.3 (8,19-C); 134.2 (1,5-C); 133.6 (13,14-C); 126.4 (9,18-C); 124.8 (3-C);
UV/Vis (CH2Cl2): �max (log �)� 349 (4.34), 434 (4.74), 546 (3.61), 787 (3.68),
875 nm (3.65); HRMS (ESI): m/z : 730.1589 (730.1469 for C46H29N3Pd�).


Palladium 6,21-diphenyl-11,16-bis(4-nitrophenyl)benziporphyrin (7-NO2):
Compound 7-NO2 was obtained analogously to 7 by using 1-NO2 as the
ligand. 1H NMR (298 K): �� 8.38, 7.78 (AA�BB�: 3JA,B� 8.8 Hz; 11,16-m-
Ph, 11,16-o-Ph); 7.77, 7.19 (A2B: 3JA,B� 7.8 Hz; 2,4-H, 3-H,); 7.45 ± 7.55 (m,
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10H; 6,21-Ph); 7.15, 6.88 (AB: 3J� 5.2 Hz; 8,19-H, 9,18-H), 7.12 (s; 13,14-
H).
8 : (TPBP)H (50 mg) and PtCl2 (22 mg, 1 equiv) were refluxed in
benzonitrile (20 mL) for 4 h under nitrogen. The solvent was removed in
a stream of nitrogen at about 100 �C. The solid residue was chromato-
graphed (CH2Cl2, grade II basic alumina), the green product 8 was eluted
as the first band. Yield after recrystallization (CH2Cl2/MeOH) 11.5 mg
(20%). 1H NMR (298 K): �� 7.67, 7.16 (A2B: 3JA,B� 7.6 Hz; 2,4-H, 3-H);
7.43 ± 7.60 (m; 6,11,16,21-Ph); 7.27 (s; 13,14-H); 7.05, 7.02 (AB: 3J� 5.3 Hz;
8,19-H, 9,18-H); 13C NMR (partial data, 298 K): �� 157.7, 142.9 (7,20;
10,17-C); 151.5 (12,15-C ); 147.5 (6,21-C); 144.3 (2,4-C); 139.3 (22-C); 136.6
(8,19-C); 133.7 (13,14-C); 131.5 (1,5-C); 127.3 (9,18-C); 123.0 (3-C); UV/Vis
(CH2Cl2): �max (log �)� 349 (4.52), 432 (4.71), 615 (3.88), 726 (3.45), 782 nm
(3.53); HRMS (ESI): m/z : 818.2016 (818.2004 for C46H29N3Pt�).


Instrumentation : NMR spectra were recorded on a 500 MHz Bruker
Avance spectrometer equipped with a broadband inverse gradient probe-
head. Proton data are referenced to the residual CHCl3 signal (�� 7.24).
Data for heteronuclei were obtained from 1H-detected correlation spectra.
13C shifts are referenced to 13CDCl3 (�� 77.0), 15N to neat external MeNO2
(�� 0), and 195Pt to external [Pt(TPP)] in CDCl3 (�� 1235,[16] �-scale). The
1H ± 195Pt 1D HMQC experiment used an evolution time of 50 ms and was
processed in the magnitude mode.


Acknowledgements


Financial support from the State Committee for Scientific Research KBN
of Poland (Grant 3 T09A 155 15) and the Foundation for Polish Science is
kindly acknowledged. We thank Prof. Tadeusz Lis for valuable discussions.


[1] P. J. Chmielewski, L. Latos-Graz«yn¬ ski, K. Rachlewicz, T. G¯owiak,
Angew. Chem. 1994, 106, 805; Angew. Chem. Int. Ed. Engl. 1994, 33,
779.


[2] H. Furuta, T. Asano, T. Ogawa, J. Am. Chem. Soc. 1994, 116, 767.
[3] K. Berlin, E. Breitmaier, Angew. Chem. 1994, 106, 1356; Angew.


Chem. Int. Ed. Engl. 1994, 33, 1246.
[4] T. Lash, Angew. Chem. 1995, 107, 2703; Angew. Chem. Int. Ed. Engl.


1995, 34, 2533.
[5] L. Latos-Graz«yn¬ ski, ™Core Modified Heteroanalogues of Porphyrins


and Metalloporphyrins∫ in The Porphyrin Handbook, Vol. 2 (Eds:
K. M. Kadish, K. M. Smith, R. Guilard), Academic Press, New York,
2000, p. 361.


[6] T. Lash, ™Syntheses of Novel Porphyrinoid Chromophores∫ in The
Porphyrin Handbook, Vol. 2 (Eds.: K. M. Kadish, K. M. Smith, R.
Guilard), Academic Press, New York, 2000, p. 125.


[7] a) G. van Koten, Pure Appl. Chem. 1989, 61, 1681; b) M. H. P.
Rietveld, D. M. Grove, G. Van Koten, New. J. Chem. 1997, 21, 751;
c) R. A. Gossage, L. A. van de Kuil, G. van Koten, Acc. Chem. Res.
1998, 31, 423.


[8] a) M. Gozin, A. Weisman, Y. Ben-David, D. Milstein, Nature 1993,
364, 699; b) N. Ashkenazi, A. Vigalok, S. Parthiban, Y. Ben-David,
L. J. W. Shimon, J. M. L. Martin, D. Milstein, J. Am. Chem. Soc. 2000,
122, 8797.


[9] G. R. Newkome, W. E. Puckett, V. K. Gupta, G. E. Kiefer, Chem. Rev.
1986, 86, 451.


[10] G. R. Giesbrecht, G. S. Hanan, J. E. Kickham, S. J. Loeb, Inorg. Chem.
1992, 31, 3286.


[11] a) P. J. Chmielewski, L. Latos-Graz«yn¬ ski, J. Chem. Soc. Perkin Trans. 2
1995, 503; b) P. J. Chmielewski, L. Latos-Graz«yn¬ ski, T. G¯owiak, J.
Am. Chem. Soc. 1996, 118, 5690; c) P. J. Chmielewski, L. Latos-
Graz«yn¬ ski, Inorg. Chem. 1997, 36, 840; d) P. J. Chmielewski, L. Latos-
Graz«yn¬ ski, Inorg. Chem. 2000, 39, 5639; e) P. J. Chmielewski, L. Latos-
Graz«yn¬ ski, I. Schmidt, Inorg. Chem. 2000, 39, 5475.


[12] a) H. Furuta, T. Ogawa, Y. Uwatoko, K. Araki, Inorg. Chem. 1999, 38,
2676; b) H. Furuta, N. Kubo, H. Maeda, T. Ishizuka, A. Osuka, H.
Nanami, T. Ogawa, Inorg. Chem. 2000, 39, 5424; c) T. Ogawa, H.
Furuta, M. Takahashi, A. Morino, H. Uno, J. Organomet. Chem. 2000,
611, 36.


[13] T. D. Lash, S. T. Chaney, D. T. Richter, J. Org. Chem. 1998, 63, 9076.
[14] Crystal data for 3 (100 K): Crystals obtained by slow evaporation of a


CHCl3 solution, C48H33N3O2 ¥ CHCl3 ¥H2O, rhombic plate, 0.25�
0.25� 0.10 mm, triclinic P1≈, a� 9.977(1), b� 13.268(1), c�
17.184(1) ä, �� 67.97(1), �� 80.89(1), �� 76.53(1)�, V� 2044.3(3)
ä3, Z� 2, �� 0.71073 ä. Structure solved with SHELXS-97 and
refined against �F � 2 using SHELXL-97 (G. M. Sheldrick, University
of Gˆttingen, Germany, 1997): R1� 0.0643, wR2� 0.1270, S� 1.084
for 10949 reflections with I� 2�(I) and 625 parameters; max./min
residual electron density �0.42/� 0.47 eä�3. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-156372. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


[15] a) H. Sugimoto, J. Chem. Soc. Dalton Trans. 1982, 1169; b) H. Segawa,
R. Azumi, T. Shimidzu, J. Am. Chem. Soc. 1992, 114, 7564.


[16] L. R. Milgrom, R. J. Zuurbier, J. M. Gascoyne, D. Thompsett, B. C.
Moore, Polyhedron 1992, 11, 1779.


Received: June 19, 2001 [F3352]








The Reactivity of N-Coordinated Amides in Metallopeptide Frameworks:
Molecular Events in Metal-Induced Pathogenic Pathways?


Nicole Niklas,[a] Frank Hampel,[b] G¸nter Liehr,[a] Achim Zahl,[a] and Ralf Alsfasser*[a]


Abstract: The amino acid derived tertiary amide ligand tert-butoxycarbonyl-(S)-
alanine-N,N-bis(picolyl)amide (Boc-(S)-Ala-bpa, 1) has been synthesized as a model
for metal-coordinating peptide frameworks. Its reactions with copper(��) and
cadmium(��) salts have been studied. Binding of Cu2� results in amide bond cleavage
and formation of [(bpa)(solvent)Cu]2� complexes. In contrast, the stable, eight-
coordinate complex [(Boc-(S)-Ala-bpa)Cd(NO3)2] (5) has been isolated and
characterized by X-ray crystallography. An unusual tertiary amide nitrogen
coordination is observed in 5 ; this gives rise to significantly reduced cis ± trans
isomerization barriers. Possible implications for metal-induced conformational
changes in proteins are discussed.


Keywords: bioinorganic chemistry ¥
cadmium ¥ cis ± trans isomerization
¥ copper ¥ solvolysis


Introduction


Metal complexes containing N-coordinated tertiary carbox-
amide ligands are rather exotic species, and it is easy to
compile all the structures of this type listed in the Cambridge
Database. The only classical Werner-type complex is (N,N-
bispicolylbenzoic acid amide)copper(��) dichloride, crystal-
lized by Lectka et al.[1] A few more examples have been
characterized in organometallic compounds[2±6] and with
structurally related urea-derived ligands.[7±12] Interestingly, it
has been predicted that this coordination mode should lower
the barrier to cis ± trans isomerization about the C�N bond of
amides in peptides.[13] However, it has been taken as a rule
that metal ions would never bind to the tertiary nitrogen
atoms of peptidyl�prolyl bonds.[14] This paradigm has recently
been challenged; Lectka and co-workers have described the
potential of metal ions to catalyze amide cis ± trans isomer-
ization in synthetic polyproline peptides.[15] Crystallographic
evidence for the involvement of a tertiary amide function
involving metal ± nitrogen coordination was obtained from


the model study cited above.[1] In their publications, Lectka
et al. have proposed the utilization of synthetic metal ion
catalysts for peptide-folding reactions. This is an exciting
possibility, since cis ± trans isomerization about peptidyl�prol-
yl amide bonds has attracted much attention as the rate-
limiting folding step in many proteins.[16±19]


However, difficulties arise because the chemistry of N-
coordinated tertiary amides is more complex than depicted
above. In particular, C�N bond cleavage may provide a
second major reaction pathway in addition to cis ± trans
isomerization. The copper-mediated hydrolysis of a tertiary
amide bond in glycylsarcosyl-�-histidylglycine (Gly-Sar-His-
Gly) has recently been reported by Ueda et al.[20] In the early
1970s, Houghton and Puttner studied amide bond cleavage
reactions in copper complexes of N,N-bispicolylcarbox-
amides.[21] As mentioned above, Lectka et al. crystallized an
analogue of the reactive intermediate and used it in their cis ±
trans isomerization studies.[1]


The growing evidence for N-coordinated tertiary amides in
synthetic metal peptide complexes suggests that this unusual
binding mode may also occur in biological systems. If so,
several questions arise concerning its consequences. This
paper focuses on the different conditions that favor either
cis ± trans isomerization or bond cleavage. The effects of
different metal ions, coordination geometries, ligand donor
sets, chelate rings, and amino acid sequences are not yet
understood at any detail. We have studied some of these
aspects using the novel tertiary carboxamide ligand tert-
butoxycarbonyl-�-alanine bispicolylamide (Boc-Ala-bpa, 1),
shown in Scheme 1. This compound belongs to a family of
chelating amino acid derivatives which has been developed in
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Scheme 1. Synthesis of the ligand Boc-(S)-Ala-bpa (1).


our research group.[22, 23] Our ligands are designed to provide a
well-defined metal binding site in combination with a weakly
or noncoordinating, peptide-analogous periphery. These fea-
tures facilitate the formation of weak interactions between
metal ions and a biologically relevant environment. A
particularly interesting and unusual example of such an
interaction is the tertiary amide nitrogen coordination in
copper(��) and cadmium(��) complexes of 1. Both reactions,
cis ± trans isomerization and bond cleavage, are described
below. The chiral urethane-protected (S)-alanine substituent
is shown to play a role in the stereochemistry and reactivity of
our complexes. Finally, in the conclusion, we propose a
possible role of N-coordinated tertiary carboxamides in
pathogenic reactions of metal ions.


Results


Synthesis : Scheme 1 shows the synthesis of Boc-(S)-Ala-bpa
(1) from bispicolylamine (bpa) and N-tert-butoxycarbonyl-�-
alanine. Its reactions with copper(��) salts are summarized in
Scheme 2. In methanol, the alcoholysis products [(bpa)Cu]X2


Scheme 2. Reactions of 1 with Cu(ClO4)2 and Cu(CF3SO3)2.


(X� perchlorate, 2a ; X� triflate, 2b) and Boc-Ala-OMe are
obtained in high yields of over 80 % after purification. The
precursor complex [(Boc-Ala-bpa)Cu](OTf)2 (3) can be
obtained as a blue solid from anhydrous Cu(OTf)2 and 1 in
dry acetonitrile. By analogy with the structurally character-


ized complex [(bpa-C(O)Ph)CuCl2][1] we propose the amide
N-coordinated structure 3.


When treated with excess methanol, 3 undergoes quantita-
tive alcoholysis, with formation of 2b. This relatively slow
reaction can be conveniently monitored by UV/Vis spectros-
copy. Figure 1 shows representative plots of time-dependent


Figure 1. a) Spectra and b) kinetic trace at �� 609 nm for the reaction of 3
with methanol in acetonitrile; [3]� 5� 10�3�, [MeOH]� 1.85�.


spectra and the corresponding kinetic trace obtained by
following the absorbance at 609 nm. A large 370-fold excess of
methanol was applied in order to assure pseudo-first order
measurement conditions. Under the measurement conditions
the reaction was complete after approximately 24 hours. No
simple kinetics were observed; attempts to fit the curve shown
in Figure 1 by using one or two exponential functions failed.
We think that the data may be obscured by slow ligand-
exchange processes involving acetonitrile, methanol, the
tertiary amide group, and the urethane function.


The facile substitution of [(bpa)Cu]2� by methanol prompt-
ed us to treat 3 with an excess of n-propylamine in dry
acetonitrile. This was done in order to evaluate whether our
complex may be a useful reagent for amide-coupling reactions
in peptide synthesis. However, we only observed decomplex-
ation of copper(��), with formation of the free ligand 1 and a
mixture of n-propylamine complexes. Elemental analysis data
indicate an approximate stoichiometry of [(Pr�NH2)4Cu]2�


(4) for the latter.
In contrast to the solvolysis of 3, a stable complex was


obtained on treatment of ligand 1 with cadmium(��) nitrate in
methanol. This is shown in Scheme 3, which describes the
formation and structural mobility of [(Boc-Ala-bpa)Cd-
(NO3)2] (5). Two diastereomeric structures of 5 are possible,
with the (S)-alanine methyl group oriented endo or exo with
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respect to the 7-membered chelate ring. However, only the
exo isomer is observed in the crystal structure. As explained
later, this isomer is also dominant at low temperatures in
solution, and no evidence has been observed for the endo ±
exo equilibrium shown in Scheme 3. Above approximately
0 �C, the chelate ring is open and cis ± trans isomerization
occurs.


Structures : X-ray structure analyses were obtained for the
ligand 1, the cleavage product 2a, and the cadmium(��)


complex 5. Crystallographic param-
eters are summarized in Table 1. We
start with a discussion of the struc-
ture of 2a in order to facilitate a
direct comparison between the li-
gand geometries in 1 and 5.


The distorted octahedral struc-
ture of bispicolylamine copper(��)
diperchlorate (2a) is shown in Fig-
ure 2. A severe positional disorder
refined well as two superimposed
cations connected by a center of
inversion. The metal center is locat-
ed in the center of an idealized
square plane formed by the three
nitrogen donors of bpa and the
oxygen atom of a methanol mole-
cule. Two distant axial perchlorate
ions complete the structure. To the


best of our knowledge, 2a is the first structurally characterized
example of a six-coordinate [(bpa)Cu]2� complex with weakly
coordinating anions and a 1:1 ligand to metal stoichiometry.
The only related example in the literature is the recently
reported trigonal-bipyramidal compound [(bpa)Cu-
(NO3)2].[24] However, both complexes show a meridional
arrangement of bpa, and the bond distances and angles are in
excellent agreement. Slightly longer bonds but similar chelate
angles are observed in the sterically more crowded 2:1
complexes.[25]


Scheme 3. Synthesis and stereochemistry of [(Boc-(S)-Ala-bpa)Cd(NO3)2] (5).


Table 1. Details of crystal structure analyses.


Compound 1 2a 5


Formula C20H26N4O3 C13H17Cl2CuN3O9 C21.5H29CdCl3N6O9


Formula weight 370.45 493.74 734.26
Temperature [K] 183(2) 173(2) 173(2)
Wavelength [ä] 0.70930 0.71073 0.71073
Crystal system orthorhombic triclinic monoclinic
Space group P212121 P1 P21


a [ä] 9.316(2) 8.271(1) 9.369(1)
b [ä] 10.117(2) 8.592(1) 17.236(1)
c [ä] 20.976(2) 15.058 (1) 18.930(1)
� [�] 90 102.564(5) 90
� [�] 90 90.929(5) 91.392(1)
� [�] 90 117.133(6) 90
Volume [ä3] 1977.0(2) 921.3(1) 3056.0(1)
Z 4 2 4
Calculated density [Mg m�3] 1.243 1.780 1.596
Absorption coefficient [mm�1] 0.09 1.53 1.03
F(000) 792 502 1484
Crystal size [mm3] 0.80� 0.43� 0.23 0.30� 0.20� 0.20 0.40� 0.40� 0.30
�-range [�] 2.80 ± 21.90 1.40 ± 26.05 1.60 ± 25.06
Index ranges 0�h� 9 � 10� h� 9 � 11� h� 11


0�k� 10 � 10� k� 10 � 20� k� 18
� 21� l� 22 � 18� l� 18 � 22� l� 22


Reflects. collected/unique 2426/2426 5698/3502 9814/9814
Data/restr./parameters 2426/6/244 3502/6/288 9814/7/743
GOOF on F 2 0.884 1.100 1.077
Final R indices R1� 0.0283 [I� 2�(I)] R1� 0.0626 [I� 2�(I)] R1� 0.0427 [I� 2�(I)]


wR2� 0.0820 wR2� 0.1226 wR2� 0.1201
R indices (all data) R1� 0.0324 R1� 0.0936 R1� 0.0463


wR2� 0.0957 wR2� 0.1338 wR2� 0.1238
Largest diff. peak 0.140 and 0.519 and 1.249 and
and hole [e ä�3] � 0.170 � 0.377 � 0.827
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Figure 2. Ortep plot of 2a (30 % ellipsoids). Selected bond lengths [ä]
and angles [�] (standard deviations in parentheses): Cu1�N1�
2.001(5), Cu1�N21� 1.973(4), Cu1�N41� 1.971(4), Cu1�O30� 1.986(4),
Cu1�O11� 2.556(7), Cu1�O21� 2.432, N21-Cu1-N1� 82.8(2), N41-Cu1-
N1� 82.7(2), N21-Cu1-N41� 164.6(2), N21-Cu1-O30� 98.0(2), N41-Cu1-
O30� 95.8(2), N1-Cu1-O30� 174.1(2).


The structure of Boc-Ala-bpa (1) is shown in Figure 3. Most
interesting for the following discussion are the geometries of
the tertiary amide and urethane functional groups. Both
moieties are almost planar, with C-N-C-O torsion angles of


Figure 3. Ortep plot of 1 (30 % ellipsoids). Selected bond lengths [ä],
angles [�], and torsion angles [�] (standard deviations in parentheses):
O1�C3� 1.226(7), N1�C3� 1.353(8), N2�C6� 1.333(8), O3�C6� 1.37(8),
O2�C6� 1.227(7), O1-C3-C4� 120.2(2), C1-N1-C2� 115.6(2), C4-N2-
C6� 123.5(2), C1-N1-C3-O1��172.2(2), C2-N1-C3-C4� 180.0(2), C4-
N2-C6-O3��174.57(2).


172� and 175�, respectively. The bond lengths C3�N1 (1.35 ä),
C3�O1 (1.23 ä), C6�N2 (1.33 ä), and C6�O2 (1.23 ä) are as
expected for amide groups in a peptide chain.[26] A hitherto
unknown chelating amide-N-, amide-O-binding mode of this
dipeptide-analogous framework is observed in the structure of
5, which is shown in Figure 4.


Two independent complexes 5 are present in the unit cell.
They are distinguished by an asymmetric distribution of three
co-crystallized dichloromethane solvent molecules. This re-
sults in slightly different bond lengths and angles, which are
most probably due to packing effects. Both sets of bond
lengths and angles are given in the legend of Figure 4. In the
following section we will use the data for Cd1 rather than
Cd1�, but will discuss the differences when a comparison is
appropriate.


The first coordination sphere of 5 is best described as a
triply capped distorted square pyramid. Its base is formed by
the two pyridine nitrogen donors and two oxygen atoms,
provided by the urethane carbonyl group and one nitrate
anion. These are the four nearest donors to Cd1, at an average
distance of 2.31 ä. A slightly longer bond of 2.41 ä to the


Figure 4. Ortep plot of 5 (30 % ellipsoids). Selected bond lengths [ä],
angles [�], and torsion angles [�] (standard deviations in parentheses);
values are listed for both independent molecules in the unit cell : Cd1�N1�
2.755(5), Cd1�N3� 2.316(5), Cd1�N4� 2.299(4), Cd1�O2� 2.343(4),
Cd1�O11� 2.503(4), Cd1�O12� 2.414(5), Cd1�O21� 2.299(4), Cd1�
O22� 2.751(6), O1�C3� 1.209(7), N1�C3� 1.417(8), N2�C6� 1.342(7),
O3�C6� 1.337(7), O2�C6� 1.234(6), C1-N1-C2� 112.8(5), C1-N1-C3-
O1��144.6(6), C2-N1-C3-C4��175.7(5). Cd1��N1�� 2.771(5), Cd1��
N3�� 2.345(5), Cd1��N4�� 2.331(6), Cd1��O2�� 2.387(4), Cd1��O11��
2.415(5), Cd1��O12�� 2.544(5), Cd1��O21�� 2.355(6), Cd1��O22��
2.663(6), O1��C3�� 1.228(7), N1��C3�� 1.376(8), N2��C6�� 1.335(8),
O3��C6�� 1.341(7), O2��C6�� 1.234(7), C1�-N1�-C2�� 114.1(5), C1�-N1�-
C3�-O1���150.3(6), C2�-N1�-C3�-C4���177.0(5).


nitrate oxygen atom O12 in the apical position is observed.
Two neighboring triangular faces are capped by the remaining
nitrate oxygen atoms. The Cd�O bond distances are relatively
long at 2.75 and 2.50 ä. Finally, the tertiary amide nitrogen
atom N1 is located above the basal plane, 2.76 ä away from
Cd1.


Most interesting in the structure of 5 is its peptide-
analogous diamide part. As mentioned above, the urethane
group shows the normal carbonyl oxygen binding that has
been described for several cadmium complexes with pep-
tides[27±29] and other carboxamide ligands.[30, 31] This coordina-
tion mode does not significantly affect the geometry of the
bound amide. The bond lengths and torsion angles remain
almost unchanged. This is in marked contrast to the N-
coordinated tertiary amide function. Though the cad-
mium�nitrogen bond is relatively weak, it results in a
significant deplanarization at N1. This is clearly seen in
Figure 5, which shows a comparison of the tertiary amide


Figure 5. Comparison of the tertiary amide structures in 1 and in 5.


functions in 1 and in 5. The C1-N1-C3-O1 torsion angle is
significantly reduced from �172� in the ligand to �144� in the
complex. For the second complex in the unit cell a value of
150� is observed. Small changes appear in the C3�N1 and
C3�O1 bond lengths, but these are negligible for C3��N1� and
C3��O1� and so may not be significant.
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NMR Studies : In order to evaluate the barriers to cis ± trans
isomerization reactions for 1 and 5, we studied their temper-
ature-dependent 1H NMR spectra. The pyridine and methyl-
ene parts of the spectra at three different temperatures are
compared in Figure 6. For 1 in CDBr3 at 25 �C, two clearly
separated sets of signals are observed for each of the pyridine
protons pyH6 (Figure 6a: A) and pyH4 (B). Three sets of
signals (F) are observed for the diastereotopic py-CH2


protons. Coalescence is observed only at temperatures above
80 �C.


Figure 6. Temperature-dependent 1H NMR spectra (400 MHz) of: a) 1 in
CDBr3 and b) 5 in CDCl3. Signals are labeled as follows. A: py-H6, B: py-
H4, C: py-H5, D: py-H3, E: Boc-NH, F: py-CH2, G: �CH, S: solvent.


In contrast, the two picolyl substituents in the cadmium
complex 5 are indistinguishable at room temperature. Fully
resolved spectra of 5 in CDCl3 are only obtained at temper-
atures below �50 �C (Figure 6b). Coalescence is observed at
approximately 0 �C for the pyridine signals A and B, and
slightly above room temperature for the methylene resonan-
ces F. The pyridine resonance pattern A ± D of 5 at �60 �C is
similar to that of 1 at �25 �C, except for a characteristic low-
field shift of the signals A and B. Interestingly, no evidence is
observed for the existence of the two different diastereoisom-
ers shown in Scheme 3. At temperatures between 0 �C and
�40 �C a significant broadening of the lowest field pyH6
resonance signal is observed. The other signal of set A is not
affected. Interesting are the methylene signals (F) of 5, which
are split into three sets with very large chemical shift
differences. The central multiplet appears at �� 4.8, which
is close to the values observed for 1. We therefore assign this
signal to the protons HB in Scheme 3, which are oriented away
from the metal ion. Of the two signals for protons HA, one
appears at higher field (�� 4.2) and one at lower (�� 5.2)
field. From these data we are not able to assign these
resonances to a particular ring.


Rate constants were obtained by simulating the pyridine
regions of the spectra with the program WIN-Dynamics.[32]


Activation parameters were determined from the linear
Eyring plots shown in Figure 7. For ligand 1 (Figure 7a) the
activation enthalpy �H# is 17.6� 0.9 kcal mol�1 and the
activation entropy �S# is �1.1� 2.7 cal K�1 mol�1. Only data
obtained above 50 �C were used, because the rates at lower


Figure 7. Eyring plots (ln (kT�1) vs. T�1) of the kinetic data obtained by
fitting the temperature-dependent 1H NMR spectra (400 MHz) of a) 1 and
b) 5. Temperatures and observed rate constants are listed for each data
point.


temperatures were too small to be determined. In the case of 5
(Figure 7b), data collected at temperatures above 0 �C
were interpreted. Activation parameters �H# � 11.9�
0.7 kcal mol�1] and �S# ��5.3� 2.1 cal K�1 mol�1 are derived.
A reliable simulation of the spectra at lower temperatures was
not possible.


Discussion


The ligand Boc-Ala-bpa (1) was designed to serve as a model
for metal-binding peptides and proteins. It has two amide
groups that closely resemble a polypeptide backbone and two
pyridine donors that mimic metal-coordinating side chains,
such as the imidazole ring in histidine. All four functional
groups of 1 may participate in metal ion binding, as is
demonstrated by the structure of its cadmium(��) complex (5).


Our ligand design is well suited to study the effects of
noncoordinating amino acid side chains on the coordination
properties and reactivity of our compounds. This is nicely
demonstrated by the stereochemistry of 5. Of the two
different diastereoisomers shown in Scheme 3, only the exo
isomer is present in the solid state. This orientation must also
be energetically favored in solution, since only one isomer is
seen in the NMR spectra below �40 �C. Greater stability of
one isomer would require different rate constants k(exo�
endo) and k(endo� exo) if cis ± trans isomerization were to
occur in the tert-butoxycarbonyl-coordinated complex shown
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in the upper part of Scheme 3. A nonlinear Eyring plot would
be expected. However, this is not the case if spectra obtained
at elevated temperatures are interpreted. An alternative
mechanism is provided by the chelate ring-opening shown in
the lower part of Scheme 3. In the reactive isomer, the ligand
1 is only tridentate and the amino acid substituent is flexible.
Steric constraints are not effective in this conformation and
the forward and back reactions of the cis ± trans isomerization
equilibrium are expected to occur with similar rates. The pre-
equilibrium kopen/kclose may also explain 1) the asymmetric
broadening of one pyH6 resonance signal below 0 �C and
2) the difficulty in simulating spectra at lower temperatures.
Furthermore, our activation parameters are in excellent
agreement with values reported for copper complexes of the
tridentate ligandN,N-bispicolyl benzoic acid amide. The latter
data were obtained by Lectka and co-workers[1] from satu-
ration transfer measurements. It is interesting that Cd2� and
Cu2� have similar effects on cis ± trans isomerization rates while
giving rise to completely different reactivities in methanol.


At 25 �C, the free activation enthalpies �G# of cis ± trans
isomerization are 17.8 kcal mol�1 for 1 and 13.4 kcal mol�1 for
5. When compared with literature data for other activated
amide isomerization reactions, such as nucleophilic[33] or
intramolecular[34] catalysis, a ��G# value of �4.4 kcal mol�1


indicates a very efficient lowering of the activation barrier.
The rate enhancement at room temperature is approximately
1000-fold. This means a tremendous conformational labiliza-
tion through the relatively weak Cd�N1 interaction. On the
other hand, our results suggest that a rigid chelate geometry
may suppress the cis ± trans isomerization reactivity of N-
coordinated amides.


The question remains of what reactivity would be expected
from an N-coordinated tertiary amide complex in a biological
peptide: cis ± trans isomerization or bond breakage? Lectka
et al. have demonstrated that copper(��) ions catalyze the cis ±
trans isomerization of peptide bonds.[1, 15] We observe the
efficient methanolysis of the C�N bond upon coordination of
the strong Lewis acid Cu2�. This result agrees with observa-
tions by the groups of Houghton,[21] Sayre,[35] and Ueda.[20]


However, while copper-induced bond cleavage proceeds with
high yields, it is also very slow. In addition, N-coordinated
tertiary amides are poor ligands. This is evident from our
decomplexation reaction with n-propylamine. For their NMR
studies, Lectka et al. have always used catalytic amounts of
copper(��) ions. Catalysis implies that the metal ion is mobile
and rapidly equilibrates between different binding sites. Thus,
transient binding of Cu2� to a tertiary amide nitrogen atom is
sufficient to induce the fast cis ± trans isomerization process,
but it would almost certainly not cause bond cleavage. It is
interesting to note that Cd2� has recently been shown to
facilitate amide bond alcoholysis when it is carbonyl-O
coordinated.[36] In our N-coordinated complex we have not
observed any evidence for this reaction.


Conclusion


In this study we have introduced a model system for tertiary
amide complexes in biologically relevant systems. Character-


istic for our compounds is their structural mobility. In the case
of cadmium(��), this reveals itself in the urethane coordina-
tion ± decoordination equilibrium that occurs prior to cis ±
trans isomerization. Even more dramatic is the demetalation
of [(Boc-Ala-bpa)Cu](OTf)2 (3) by n-propylamine. Their low
complex stabilities are probably the reason why N-coordi-
nated peptidyl ± prolyl functions have not yet been observed
in biological systems. This is an important consideration for
the expected reactivity of such species.


Both relevant reaction pathways, bond breakage and cis ±
trans isomerization, occur in our complexes. While the former
is slow, the latter requires only a few milliseconds at room
temperature. We therefore conclude that bond cleavage upon
tertiary amide coordination is a highly unlikely event in
proteins. However, transient binding of a metal ion would be
sufficient to induce cis ± trans isomerization reactions. As a
consequence, conformational changes in peptides and pro-
teins would be expected. Such processes have been widely
discussed in connection with deleterious effects of metal ions.
Examples are the pathogenic interactions of cadmium(��) ions
with transcription factors[37] or DNA repair proteins,[38] as well
as the formation of abnormal prion protein isoforms, which
are the infectious agents in neurodegenerative diseases.[39±42]


Not much is known about the molecular origin of pathogenic
structural variations in proteins. At least in some cases, metal-
induced cis ± trans isomerization reactions may provide a
reasonable and experimentally verifiable explanation. We
think that this hypothesis should be considered as a starting
point for detailed spectroscopic and mechanistic studies.
Intriguingly, a proline residue is present in the copper binding
site of prion proteins.[43±46]


Experimental Section


General methods : Spectra and analytical data were recorded with the
following instruments: 1H and 13C NMR: room temperature spectra–
Bruker Avance DPX 300, temperature-dependent spectra–Bruker
Avance DRX 400WB. All chemical shifts are referenced to TMS as
internal standard with high-frequency shifts recorded as positive. IR:
Mattson Polaris FT-IR. Elemental analysis: Carlo Erba EA 1106. UV/Vis:
Varian Cary 1G Spectrophotometer. EPR: Bruker ESP 300 E. All spectra
were recorded at 120 K in frozen methanol or acetonitrile.


Unless noted otherwise, all reactions were carried out under an atmosphere
of dry nitrogen. Anhydrous solvents were purchased from Fluka and stored
under nitrogen. Solvents were used without further purification. All other
reagents were of commercially available reagent-grade quality. Boc-�-Ala-
OH was obtained from Bachem and CDBr3 from Acros Organics. All other
chemicals were purchased from Aldrich. Bis(picolyl)amine (bpa) was
synthesized according to published procedures.[47, 48]


Boc-Ala-bpa (1): A solution of Boc-�-Ala-OH (5.00 g, 26.40 mmol),
bispicolylamine (5.25 g, 26.40 mmol), and 1-hydroxybenzotriazole
(HOBt)(4.28 g, 31.70 mmol) in THF (50 mL) was cooled to �10 �C in an
ice/salt bath. N,N�-Dicyclohexylcarbodiimide (DCC)(6.54 g, 31.70 mmol)
was dissolved in a small volume of THF and added in one portion to the
solution. The mixture was stirred at �10 �C over a period of 1 h and then
allowed to warm up to room temperature. Stirring was continued over-
night. The suspension was filtered off and washed twice with small amounts
of cold (4 �C) THF. The filtrate was concentrated to dryness. The residue
was treated with CH2Cl2 (50 mL) and washed three times with 0.05� citric
acid (50 mL), once with water (50 ml), three times with NaHCO3 solution
(0.5�, 50 mL), and once with water (50 mL). The organic phase was dried
over MgSO4, filtered, and reduced by approximately half. After storage at
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�20 �C overnight, the mixture was filtered to remove excess dicyclohex-
ylurea. Addition of Et2O to the clear CH2Cl2 filtrate and storage at �20 �C
afforded the product as a colorless, microcrystalline solid. Suitable crystals
for an X-ray structure analysis were obtained by recrystallization of the
product from CH2Cl2/Et2O at 4 �C. Yield: 5.12 g (13.8 mmol, 52%);
1H NMR (300 MHz, CDCl3), �� 1.34 (d, 3H; CH3), 1.43 (s, 9H;
C(CH3)3), 4.68 (d, 3J(H,H)� 17.2 Hz, 1H; py-CHAHB), 4.70 (d, 3J(H,H)�
15.4 Hz, 1H; py-CHAHB) 4.78 (m, 1H; �CH), 4.84 (d, 3J(H,H)� 15.5 Hz,
1H; py-CHAHB), 4.96 (d, 3J(H,H)� 17.2 Hz, 1H; py-CHAHB), 5.59 (d,
3J(H,H)� 7.3 Hz, 1 H; NH), 7.20 (m, 4H; H3-py, H3�-py, H5-py, H5�-py),
7.63 (m, 2H; H4-py, H4�-py), 8.49, 8.55 (2� d, 3J(H,H)� 4.8 Hz,
3J(H�,H�)� 4.6 Hz, 2 H; H6-py, H6�-py); IR (KBr): �	 � 1674 (CO urethane),
1660 (CO amide), 1591 (C�N); FD-MS (CDCl3):m/z : 742 [2M� 2H]� , 370
[M]� ; elemental analysis calcd (%) for C20H26N4O3 (370.5): C 64.85, H 7.07,
N 15.12; found C 64.89, H 7.70, N 14.93.


Amide Cleavage Reactions : The following two reactions were carried out
under air in p.a. grade solvents.


[(bpa)(H2O)Cu](ClO4)2 (2a): Solid Cu(ClO4)2 ¥ 6H2O (441 mg, 1.19 mmol)
was added in one portion to a stirred solution of Boc-Ala-bpa (441 mg,
1.19 mmol) in MeOH (10 mL). After several hours, a blue solid precipi-
tated. Stirring was continued overnight at room temperature. The resulting
suspension was stored in a refrigerator (�20 �C) in order to complete
precipitation. The product was filtered off and dried in a vacuum. The
C,H,N elemental analysis of this product is consistent with the formulation
[(bpa)(H2O)Cu](ClO4)2. Reported yields are for this product. Recrystal-
lization from MeOH by slow evaporation of the solvent afforded blue
needles suitable for X-ray structure analysis. The C,H,N elemental analysis
of the crystals is consistent with the formulation [(bpa)(MeOH)Cu]-
(ClO4)2. Both results are given below. Yield: 485 mg (1.01 mmol, 85%);
EPR (MeOH, 120 K): gx � 2.02, gy � 2.07, gz � 2.26, Az � 186� 10�4 cm�1;
(MeCN, 120 K): g� 2.08 (isotropic spectrum); IR (KBr): �	 � 1609 (C�N),
1143 (ClO4), 1113 (ClO4), 1090 (ClO4); UV/Vis (MeOH): �max (lg
)�
660 nm (1.95); (MeCN): �max (lg
)� 605 nm (2.11); FAB-MS (nitrobenzyl
alcohol): m/z : 262 [(bpa)Cu]� ; elemental analysis calcd (%) for
C12Cl2CuH15N3O9 (479.7, [(bpa)(H2O)Cu](ClO4)2, bulk sample): C 30.05,
H 3.15, N 8.76; found C 30.27, H 3.18, N 8.54; elemental analysis calcd (%)
for C13Cl2CuH17N3O9 (493.7, [(bpa)(MeOH)Cu](ClO4)2, crystals): C 31.62,
H 3.47, N 8.51; found C 31.56, H 3.59, N 8.81.


[(bpa)(H2O)Cu](OTf)2 (2b): Boc-Ala-bpa (303 mg, 0.82 mmol) was dis-
solved in MeOH (10 mL). After addition of Cu(OTf)2 (296 mg, 0.82 mmol),
the mixture was stirred overnight at RT. The solvent was removed in vacuo,
and the crude product was treated with CH2Cl2 (5 mL). The resulting
suspension was filtered and the blue residue dried in vacuo. Yield: 495 mg
(0.68 mmol, 83 %); EPR (MeOH, 120 K): gx� 2.01, gy � 2.06, gz � 2.26,
Az � 187� 10�4 cm�1; EPR (MeCN, 120 K): g� 2.07 (isotropic spectrum);
IR (KBr): �	 � 1614 (C�N), 1283 (OTf), 1246 (OTf), 1170 (OTf); UV/Vis
(MeOH): �max (lg
)� 661 nm (1.95); UV/Vis (CH3CN): �max (lg
)� 605 nm
(2.10); FAB-MS (nitrobenzyl alcohol): m/z : 262 [(bpa)Cu]� , 411
[(bpa)Cu(OTf)]� ; elemental analysis calcd (%) for C14CuF6H15N3O7S2


(579.0): C 29.05, H 2.61, N 7.26; found C 29.09, H 2.54, N 7.11.


Copper(��) and cadmium(��) complexes of Boc-Ala-bpa :


[(Boc-Ala-bpa)Cu](OTf)2 (3): Solid Cu(OTf)2 (181 mg, 0.50 mmol) was
added in one portion to a stirred solution of Boc-Ala-bpa (185 mg,
0.50 mmol) in MeCN (10 mL). Stirring was continued overnight at room
temperature, and the solvent was removed under vacuum. The crude
product was dissolved in CH2Cl2 (10 mL). Diethyl ether was allowed to
diffuse into this solution slowly at RT, until a blue oil separated. The
supernatant was decanted and the residue dried in vacuo. Yield: 258 mg
(0.35 mmol, 70%); EPR (MeCN, 120 K): g� � 2.31, A� � 179� 10�4 cm�1,
g	� 2.08; IR (KBr): �	 � 1693 (br, CO amide � CO urethane), 1613 (C�N),
1261 (OTf), 1165 (OTf); UV/Vis (MeCN): �max (lg
)� 672 nm (1.85).
FAB-MS (nitrobenzyl alcohol): m/z : 433 [(Boc-Ala-bpa)Cu]� , 582 [(Boc-
Ala-bpa)Cu(OTf)]� ; elemental analysis calcd (%) for C22CuF6H26N4O9S2


(732.13): C 36.09, H 3.58, N 7.51, S 8.76; found C 36.21, H 3.89, N 7.79
S 8.37.


[(Boc-Ala-bpa)Cd(NO3)2] (5): Boc-Ala-bpa (500 mg, 1.35 mmol) was
dissolved in MeOH (10 mL). Cd(NO3)2 ¥ 4 H2O (417 mg, 1.35 mmol) was
added, and the solution was stirred overnight at room temperature. After
removal of solvent in vacuo, the residual solid was treated with CH2Cl2


(10 mL). The mixture was cooled to �20 �C and filtered. The filtrate was


reduced to approximately half of its volume, and Et2O was added. Storage
at �20 �C and repeated addition of Et2O afforded the product as a white
precipitate. The product was collected on a sintered-glass filter, dried in
vacuo, and characterized by C,H,N elemental analysis, FAB-MS, and
1H NMR. The assignment of 1H NMR signals was assisted by 1H,1H-COSY
spectra. Crystals suitable for X-ray structure analysis were obtained by
recrystallization of the pure product from CH2Cl2/Et2O at 4 �C. Yield:
637 mg (1.05 mmol, 78 %); 1H NMR (300 MHz, CDCl3), �� 1.28 (d, 3H;
CH3), 1.32 (s, 9 H; C(CH3)3), 1.67 (s, 2 H; H2O), 
3.8 ± 5.6 (br, 2H; py-
CHAHB � py-CHAHB), 4.46 (m, 1 H; �CH), 4.72 (d, 3J(H,H)� 15.5 Hz, 2H;
py-CHAHB � py-CHAHB), 4.04 (d, 3J(H,H)� 4.5 Hz, 1H; NH), 7.43 (m,
4H; H3-py, H3�-py, H5-py, H5�-py), 7.90 (m, 2H; H4-py, H4�-py), 8.75 (br m,
2H; H6-py, H6�-py); IR (KBr): �	 � 1703 (CO amide), 1665 (CO urethane),
1608 (C�N), 1440 (NO3), 1383 (NO3), 1298 (NO3). FAB-MS (nitrobenzyl
alcohol): m/z : 546 [(Boc-Ala-bpa)Cd(NO3)]� , 490 [(Boc-Ala-bpa)-
Cd(NO3)�CH2�C(CH3)2]� , 371 [Boc-Ala-bpa]� ; elemental analysis calcd
(%) for C20CdH26N6O9 (606.9): C 39.58, H 4.32, N 13.85; found C 39.82, H
4.54, N 13.79.


Treatment of [(Boc-Ala-bpa)Cu](OTf)2] (2) with n-propylamine : A
solution of Boc-Ala-bpa (574 mg, 1.55 mmol) and Cu(OTf)2 (560 mg,
1.55 mmol) in MeCN (10 mL) was stirred for 1 h to generate 2, which was
not isolated. n-Propylamine (183.2 mg, 3.1 mmol) was added, and stirring
was continued overnight. After removal of all solvent under vacuum, the
residual solid was treated with CH2Cl2 (10 mL). A blue solid precipitated
immediately, which was filtered and dried in vacuo. The IR spectrum
exhibited no signals for the ligand Boc-Ala-bpa. C,H,N analytical data are
best matched by the formulation [(NH2CH2CH2CH3)4Cu](OTf)2. FAB-MS
of the filtrate showed a peak for the starting material [(Boc-Ala-bpa)Cu]�


at m/z� 433. The free ligand 1 was identified by the signal of [Boc-Ala-
bpa]� at m/z� 371 in the FD-MS. Pure Boc-Ala-bpa was isolated and
characterized by 1H NMR after flash column chromatography with
methanol as the eluent. Yield: 400 mg (0.67 mmol); elemental analysis
calcd (%) for C14CuF6H36N4O6S2 (598.1): C 28.11, H 6.07, N 9.37; found C
28.77, H 5.81, N 9.02.


X-ray data collection and structure refinement details : Crystal data and
experimental conditions for 1, 2a, and 5 are listed in Table 1. The molecular
structures are illustrated in Figures 3, 4, and 5. Selected bond lengths and
angles, with standard deviations in parentheses, are presented in the
respective Figure legends. Intensity data were collected with graphite
monochromated Mo-K� radiation on a Nonius CADMACH3 diffractom-
eter (1) and on a Nonius KappaCCD area detector (2a and 5). The
collected reflections were corrected for Lorentz, polarization, and absorp-
tion[49] effects. All structures were solved by direct methods and refined by
full-matrix least-squares methods on F 2.[50±52] Hydrogen atoms were
calculated for idealized geometries and allowed to ride on their preceding
atoms with isotropic displacement parameters tied to those of the adjacent
atoms by a factor of 1.5.


Details of the crystal structure determinations have been deposited at the
Cambridge Crystallographic Data Centre as supplementary publications
no. CCDC 157427 (1), CCDC 157410 (2a), and CCDC 157411 (5). Copies
of the data can be obtained free of charge on application to the CCDC, 12
Union Road, Cambridge CB2 1EZ (UK) [Fax: (�44) 1223-336033; E-mail :
deposit@ccdc.cam.ac.uk].


Simulation of temperature-dependent 1H NMR spectra : The program
WIN-Dynamics was used for all calculations.[32] Starting values for
chemical-shift values and coupling constants were obtained from spectra
at low temperatures. Starting values for rate constants were estimated from
the coalescence temperatures[53] or obtained by guessing and comparison of
simulated and experimental curves. In a first iteration cycle the chemical
shift values were refined to convergence. This was followed by refinement
of the rate constants. Plots of simulated and experimental spectra are
available as supporting information.
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From V8Ga36.9Zn4.1 and Cr8Ga29.8Zn11.2 to Mn8Ga27.4Zn13.6 : A Remarkable
Onset of Zn-Cluster Formation in an Intermetallic Framework


Per Viklund,[b] Christer Svensson,[b] Steve Hull,[c] Sergei I. Simak,[d] Pedro Berastegui,[a]


and Ulrich H‰u˚ermann*[a]


Abstract: The series of isotypic com-
pounds V8Ga41 � V8Ga36.9Zn4.1 �
Cr8Ga29.8Zn11.2 � Mn8Ga27.4Zn13.6 with
the V8Ga41 structure type (space group
R3≈ , Z� 3) was prepared and structurally
characterised by X-ray diffraction ex-
periments (V8Ga41: a � 13.9351(5),
c � 14.8828(12); V8Ga36.9Zn4.1: a �
13.9244(7), c� 14.8660(9); Cr8Ga29.8Zn11.2:
a � 13.7153(5), c � 14.6872(9);
Mn8Ga27.4Zn13.6 : a � 13.6033(6), c �
14.6058(16)). The site occupancies of
the ternary compounds were refined
from neutron powder-diffraction data
and exposed a startling segregation of
Zn and Ga, which finally resulted in the
formation of separated Zn13 cluster


entities–corresponding to almost ideal
centred cuboctahedra or small pieces of
fcc metal±in the Mn compound, which
has the highest Zn content in the series.
The homogeneity ranges of the under-
lying phases T8Ga41�xZnx were deter-
mined to be 0� x� 4.1(3), 8.7(3)� x�
11.2(3) and 13.6(4)� x� 16.5(3) for T�
V, Cr andMn, respectively. The different
ranges of composition of the phases
reflect the requirement of an optimum


electron concentration for a stable
V8Ga41-type structure, which is in the
narrow range between 159 and 165
electrons per formula unit. First-princi-
ples electronic-structure calculations
could explain this fact by the occurrence
of a pseudo gap in the density of states at
which the Fermi level is put for this
particular electron concentration. Fur-
thermore the nature of the Zn/Ga seg-
regation was revealed: T±Zn interac-
tions were found to be considerably
weaker than those for T±Ga. This
places the Zn atoms as far as possible
from the T atoms, thus leading to the
formation of cuboctahedral Zn13 enti-
ties.


Keywords: cluster compounds ¥
density functional calculations ¥
intermetallic phases ¥ structure
elucidation ¥ zinc


Introduction


The element Zn is not particularly known for its cluster
chemistry. The atomic (closed shell) electron configuration 4s2


permits only weak van der Waals bonding interactions
between Zn atoms in the dimer and in small sized clusters,
which change into metallic bonding when the cluster size
increases.[1] Then the gap between molecular orbitals that
arises from the atomic s and p valence orbitals closes (s ± p


mixing), and the occupied states highest in energy turn
successively from being s ± s antibonding to p ± p bonding.
However, due to the rather large separation of the atomic 4s
and 4p states (4 eV[2]), the stabilising mechanism of s ± p
mixing is not very effective until large cluster sizes are
reached. In the elemental structure of Zn (infinitely large
cluster), s and p based states (bands) finally overlap to a
considerable extent. It was found that the large c/a ratio in
hcp-Zn (c/a� 1.856 compared with 1.633 for ideal close
packing) is due to an optimisation of s ± p band mixing.[3] As a
consequence Zn clusters are extremely rare as molecular
entities, to our knowledge the only reported example is a Zn4


tetrahedral cluster hosted in the cage of zeolite X[4] . More-
over, in solid state arrays of intermetallic Zn compounds, Zn
atoms form extended network structures rather than clusters.[5]


Against this background, we recently reported on the
compound Mn8Ga27.4Zn13.6 , in which we observed a remark-
ably clear difference in the site preferences of Zn and Ga,
which led to the formation of separated cuboctahedral Zn13


cluster entities.[6] These clusters correspond to small volumes
of close-packed metal that are interspersed in a primitive
cubic host structure formed by the Mn and Ga atoms. The
average atomic bond length in a Zn13 cluster coincides with
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the average nearest-neighbour distance in hcp elemental Zn.
At first sight this result is surprising: Zn and Ga are
neighbours in the periodic table and have a comparable size
(the atomic volumes extracted from the elemental structures
are 15.21 ä3 and 19.57 ä3 for Zn and Ga, respectively) and
electronegativity (1.7 and 1.8 for Zn and Ga, respectively, on
the Allred ±Rochow scale). Thus, rather than the observed
segregation of Zn and Ga, one would expect substitutional
disorder of those elements at the sites of the intermetallic
framework surrounding the Mn atoms.


In the present work we investigate in detail the driving
force of the startling Zn-cluster formation in Mn8Ga27.4Zn13.6 .
We synthesised the isotypic compounds V8Ga36.9Zn4.1 and
Cr8Ga29.8Zn11.2 , and thus established the compound series
V8Ga41�V8Ga36.9Zn4.1�Cr8Ga29.8Zn11.2�Mn8Ga27.4Zn13.6 .
Within this series, Zn cluster formation can be studied from
the onset (with respect to the known parent compound
V8Ga41[7]) to its full expression in Mn8Ga27.4Zn13.6. We
determined the crystal structure of these compounds by
combining X-ray and neutron diffraction experiments, and
analysed their electronic structure, which was obtained from
ab initio calculations.


Results and Discussion


The parent V8Ga41 structure type : In the rhombohedral
structure of V8Ga41,[7] V atoms and Ga atoms occupy two and
nine different sites, respectively; this yields a total of 147
atoms in the hexagonal unit cell. The V atoms appear to be
homogeneously distributed in a matrix of Ga atoms and are
separated from each other by the largest distance possible. As
a consequence, V atoms have only Ga atoms as nearest
neighbours. The two different Vatoms have the same kind of
10-vertex coordination polyhedron. These VGa10 units repre-
sent a hybrid composed of one half of a cube, VGa8/2, and one
half of an icosahedron, VGa12/2 , as shown in Figure 1a. To
build the V8Ga41 structure, the VGa10 polyhedra exclusively
share corners and are arranged in such a way that one
triangular face of each polyhedron is at the same time part of a
cuboctahedron, which is centred by an additional Ga atom
(Figure 1b). Thus, such a cuboctahedron is defined by eight
VGa10 units, which yields the stoichiometry Ga(VGa10/2)8�
V8Ga41 for this compound. This ensemble of eight VGa10
hybrid polyhedra joining into a cuboctahedron, Ga(VGa3/2-
Ga7)8 (Figure 1c), can also be considered as a three-shell
building block, [GaGa12][V8][Ga56], as depicted in Figure 1d.
The surface consisting of 56 Ga atoms has the shape of a
(slightly distorted) cube. At the centre of this supercube is
located the cuboctahedron surrounded by eight V atoms,
which are arranged as a cube that has the same orientation as
the outer (super)cube. In the hexagonal unit cell of V8Ga41,
supercubes are connected via the corner-sharing VGa10
polyhedra (Figure 1e) and aligned along a body diagonal
(Figure 1f). The content of three supercubes corresponds to
the content of the hexagonal unit cell of the rhombohedral
structure, and the shape and volume of a supercube are
equivalent to the primitive rhombohedral cell, although with a
different orientation.


Figure 1. Description of the V8Ga41 structure. a) The coordination poly-
hedron of the V atoms is a hybrid consisting of one half of a cube (lower
part) and one half on an icosahedron (upper part). b) Eight corner-sharing
VGa10 hybrid polyhedra define a cuboctahedron (only four of them are
shown for clarity). This cuboctahedron has the site symmetry 3≈(S6). The two
different polyhedron colours, orange and grey, distinguish the two
crystallographically different V atoms in the structure. There are two grey
polyhedra along the 3≈ rotation axis of the cuboctahedron and six orange
coloured ones around it. c) The ensemble of eight VGa10 hybrid polyhedra
joining into a cuboctahedron represents a supercube building block. d) The
three shells of the supercube building block: the inner shell represents a
centred GaGa12 cuboctahedron (green/blue), the second shell corresponds
to a cube of eight Vatoms (orange) and the outer shell to a cube with 56 Ga
atoms (grey). e) Supercubes are linked via corner sharing VGa10 polyhedra.
f) The arrangement of supercube building units in the hexagonal unit cell of
V8Ga41. The supercubes are aligned along the body diagonal running
through the two grey VGa10 polyhedra.
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The ternary compounds V8Ga29.1Zn4.1, Cr8Ga29.8Zn11.2 and
Mn8Ga27.4Zn13.6 : The compound V8Ga41 forms from the
reaction of the elements by using a large excess of Ga. By
employing Zn/Ga melts as a reaction medium, it is possible to
exchange a small amount of Ga for Zn in V8Ga41 until a
limiting composition V8Ga29.1Zn4.1 is reached. The substitution
is accompanied by a small decrease in the lattice parameters.
Likewise the phases Cr8Ga41�xZnx and Mn8Ga41�xZnx with the
same underlying V8Ga41 structure can be prepared. Table 1
summarises the compositional stability ranges obtained for all
three phases T8E41 (T�V, Cr, Mn; E�Zn/Ga). Two impor-
tant observations can be made. Firstly, the homogeneity
ranges are rather narrow and, secondly, the Zn content of the
phases is dependent on the transition metal T: the more
electron-rich T, the more Zn is incorporated in the corre-
sponding phase T8E41. As a consequence, the electron count
or valence-electron concentration (VEC, number of valence
electrons per formula unit) attains a very similar value (or
rather a range of values) for all three phases, provided Zn only
contributes to bonding by its 4s electrons. This strongly
suggests that VEC plays a decisive role for the stability of
those phases, which reminds us of the classic Hume ±Rothery
phases in the system Cu�Zn, in which electron concentration
defines the stability ranges of the different brass modifica-


tions. The results obtained so far raise the following questions:
Why and how is VEC influencing the stability and thus the
homogeneity ranges of the investigated phases T8E41? How is
Zn distributed at the Ga sites of the parent V8Ga41 structure
type? How is the crystal structure of V8Ga41 affected by the
increasing amount of incorporated Zn when T changes from
V to Mn?


In order to answer the latter questions we redetermined the
crystal structure of V8Ga41 and performed a combined X-ray
and neutron-diffraction study on the ternary compounds
V8Ga36.9Zn4.1, Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6


[6] (see Ex-
perimental Section for details). In particular, each ternary
sample was analysed in the following steps: i) verification of
the composition by Energy-Dispersive X-ray (EDX) analyses,
ii) determination of the lattice parameters from X-ray Guin-
ier powder diagrams; iii) refinement of the atomic position
parameters from X-ray single crystal diffraction data, iv) re-
finement of the Zn/Ga site occupancies from neutron powder
diffraction data. X-ray diffraction studies are unable to
discriminate between Zn (Z� 30) and Ga (Z� 31), whereas
the neutron scattering lengths of those elements differ by
about 20%. The results from the X-ray and neutron data
refinements are collected and compared in Tables 2 and 3
(lattice parameters) and Tables 4 to 7 (atomic position


Table 1. Homogeneity ranges of the phases T8Ga41�x (T�V, Cr, Mn). The compositions were obtained from EDX analyses and the lattice parameters from
X-ray powder data.


V8Ga41 V8Ga36.9(3)Zn4.1(3) Cr8Ga32.3(3)Zn8.7(3) Cr8Ga29.8(3)Zn11.2(3) Mn8Ga27.4(4)Zn13.6(4) Mn8Ga24.5(3)Zn16.5(3)


a [ä] 13.9351(5) 13.9244(7) 13.7235(5) 13.7153(5) 13.6033(6) 13.5893(6)
c [ä] 14.8828(12) 14.8660(9) 14.6846(9) 14.6872(9) 14.6058(16) 14.5831(18)
V [ä3] 2502.9(2) 2496.2(2) 2395.1(2) 2392.7(2) 2340.7(3) 2332.2(3)
VEC [e/f.u.] 163 158.9 162.3 159.8 165.4 162.5


Table 2. X-ray single-crystal refinement data for the compounds V8Ga41, V8Ga36.9Zn4.1 , Cr8Ga9.8Zn11.2 and Mn8Ga27.4Zn13.6 . The listed compositions were
obtained from EDX analyses and the lattice parameters from X-ray powder data.


Composition V8Ga4 V8Ga36.9(3)Zn4.1(3) Cr8Ga29.8(2)Zn11.2(3) Mn8Ga27.4(4)Zn13.6(4)


crystal system trigonal trigonal trigonal trigonal
space group R3≈ (No. 148) R3≈ (No. 148) R3≈ (No. 148) R3≈ (No. 148)
a [ä] 13.9351(5) 13.9244(7) 13.7153(5) 13.6033(6)
c [ä] 14.8828(12) 14.8660(9) 14.6872(9) 14.6058(16)
V [ä3] 2502.9(2) 2496.2(2) 2392.7(2) 2340.7(3)
Z 3 3 3 3
�calcd [gcm�1] 6.621 6.500 6.715 6.889
crystal size [�m3] 75� 75� 60 50� 50� 50 63� 63� 63 87� 87� 75
transmission (max:min) 1.16 1.70 1.77 2.9
� [mm�1] 35.06 34.45 35.47 36.49
2� range hkl 4.3 ± 60.0 4.4 ± 63.3 4.4 ± 63.3 4.4 ± 110.6
index range hkl � 19� h� 19 � 19� h� 14 � 20�h� 15 � 31� h� 30


� 19� h� 14 � 19� k� 20 � 20�k� 19 � 29� k� 24
� 20� h� 19 � 21� l� 21 � 21� l� 21 � 32� l� 32


total no. reflections 13577 8460 8047 31809
independent reflections 996, 498 1752 1684 6678
Rint 0.0493, 0.0787 0.0908 0.0493 0.0622
reflections with I� 2�(I) 786 942 1254 4737
final R indices [I� 2�(I)] R1� 0.0380 R1� 0.0450 R1� 0.0324 R1� 0.0383


wR2� 0.0721 wR2� 0.0869 wR2� 0.0677 wR2� 0.0809
R indices (all data) R1� 0.0655 R1� 0.1136 R1� 0.0515 R1� 0.0677


wR2� 0.0741 wR2� 0.1003 wR2� 0.0716 wR2� 0.0932
extinction coefficient 0.00060(2) 0.00063(2) 0.00321(7)
largest diff. peak/hole [eä�3] 1.703/� 1.542 2.428/� 1.889 1.305/� 1.153 2.376/� 2.733


R1���Fo �� �Fc� /� �Fo � . wR2� (�[w(F 2
o �F 2


c 	2])/(�[w(F 2
o	2]); w�1/[�2(F 2


o	� (aP)2 � bP] and P� (F 2
o � F 2


c 	/3; V8Ga41 (a�0.0362, b�0); V8Ga36.9(3)Zn4.1(3)


(a�0.00386, b�0); Cr8Ga29.8(3)Zn11.2(3) (a�0.0340, b�0); Mn8Ga27.4(4)Zn13.6(4) (a�0.0433, b�1.97).
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parameters and site occupancies). In the case of binary
V8Ga41, our structural data are compared with the literature
data by Girgis et al.[7] The results of the two structure
determinations deviate just slightly (Table 4). Also, the
X-ray and neutron diffraction refinement results are in very
good agreement, apart from the V atom position parameters
in V8Ga36.9Zn4.1, which cannot be refined precisely from
neutron diffraction data since the neutron scattering length of
V is virtually zero. Further, constraints for the isotropic
thermal-displacement factors had to be introduced into the
Rietveld refinement of the neutron diffraction data for
V8Ga36.9Zn4.1 and Mn8Ga27.4Zn13.6. For the former, the total
composition had to be additionally constrained. This, how-
ever, is legitimate because for Cr8Ga29.8Zn11.2 and
Mn8Ga27.4Zn13.6 the neutron-diffraction-refined total compo-
sition matches the result form the EDX analyses well. In the
next step, we examined the distribution of Zn in the E atom
framework of the ternary phases T8E41 and the accompanied


changes in their crystal structures with respect to the binary
parent compound V8Ga41. For this purpose we used the
structural parameters obtained from X-ray diffraction studies
and the refined site occupancies from neutron diffraction
data.


Table 3. Neutron powder refinement data for the compounds
V8Ga36.9Zn4.1 , Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6 . The listed compositions
correspond to the refined Zn/Ga site occupancies. The total composition
for the V compound was constrained.


Composition V8Ga37.0Zn4.0 Cr8Ga29.7(3)Zn11.3(3) Mn8Ga27.4(1)Zn13.6(1)


a [ä] 13.9228(2) 13.7171(1) 13.6059(1)
c [ä] 14.8674(3) 14.6867(1) 14.6063(2)
V [ä3] 2495.9(1) 2393.2(4) 2341.7(1)
no. of reflns 3021 3288 3687
no. of ref. param 68 53 38
Rp 0.0285 0.0249 0.0452
Rwp 0.0175 0.0157 0.0216
Rbragg 0.0326 0.0272 0.0438
�2 3.78 2.5 1.982


Rp�� �yoi�yci � /� �yoi � ; Rwp� (�w �yoi�yci � 2/�w �yoi � 2)0.5


Table 4. Atomic position parameters (standardised with the program
Structure Tidy[28]), site occupancies, and isotropic thermal displacement
parameters for V8Ga41. Values in italics refer to the original structure
determination.[7] Ueq (�104 ä2) is defined as one third of the trace of the
orthogonalised Uij tensor.


Atom Site x y z s.o.f. Ueq


T1 18f 0.0380(1) 0.3569(1) 0.0679(1) 1V 40(3)
0.0377(1) 0.3567(1) 0.0680(1) 49(7)


T2 6c 0 0 0.1861(2) 1V 41(5)
0 0 0.1860(1) 46(8)


Ea1 18f 0.0132(1) 0.1699(1) 0.1137(1) 1Ga 104(3)
0.0132(1) 0.1698(1) 0.1136(1) 89(6)


Ea2 18f 0.1827(1) 0.1822(1) 0.2154(1) 1Ga 98(3)
0.1832(1) 0.1824(1) 0.2154(1) 91(6)


Ea3 18f 0.3195(1) 0.0092(1) 0.2328(1) 1Ga 97(3)
0.3196(3) 0.0094(1) 0.2330(3) 88(6)


Ea4 18f 0.3188(1) 0.1362(1) 0.0063(1) 1Ga 93(3)
0.3187(1) 0.1360(1) 0.0062(1) 83(5)


Ea5 9e 0.5 0 0 1Ga 102(4)
0.5 0 0 92(8)


Ea6 3a 0 0 0 1Ga 139(6)
0 0 0 117(1)


Eb1 18f 0.1236(1) 0.0081(1) 0.3351(1) 1Ga 168(3)
0.1235(1) 0.0081(1) 0.3353(1) 146(6)


Eb2 18f 0.2219(1) 0.4239(1) 0.1628(1) 1Ga 149(3)
0.2217(1) 0.4241(1) 0.1632(1) 122(6)


Eb3 3b 0 0 0.5 1Ga 114(6)
0 0 0.5 99(9)


Table 5. Atomic position parameters (standardised with the program
Structure Tidy[28]), site occupancies and isotropic thermal displacement
parameters for V8Ga36.9Zn4.1. Values in italics and the Zn/Ga site
occupancies are results of the Rietveld refinement of the neutron
diffraction powder data. Ueq (�104 ä2) is defined as one third of the trace
of the orthogonalised Uij tensor.


Atom Site x y z s.o.f. Ueq


T1 18f 0.0341(1) 0.3537(1) 0.0686(1) 1V 55(4)
0.026(5) 0.343(5) 0.063(3) 30


T2 6c 0 0 0.1813(2) 1V 42(6)
0 0 0.1669(7) 30


Ea1 18f 0.0108(1) 0.1690(1) 0.1137(1) 1Ga 105(3)
0.0113(3) 0.1691(3) 0.1116(3) 89(7)


Ea2 18f 0.1798(1) 0.1799(1) 0.2172(1) 1Ga 107(3)
0.1797(3) 0.1799(3) 0.2170(3) 74(7)


Ea3 18f 0.3199(1) 0.0085(1) 0.2334(1) 1Ga 96(3)
0.3197(3) 0.0090(3) 0.2341(3) 83(8)


Ea4 18f 0.3224(1) 0.14011) 0.0049(1) 1Ga 96(3)
0.3224(3) 0.1406(3) 0.0046(3) 52(6)


Ea5 9e 0.5 0 0 1Ga 96(4)
0.5 0 0 72(9)


Ea6 3a 0 0 0 1Ga 108(6)
0 0 0 58(15)


Eb1 18f 0.1204(1) 0.0063(1) 0.3367(1) 0.46(3) Ga 169(3)
0.1207(3) 0.0082(3) 0.3374(2) 0.54(3) Zn 111(4)


Eb2 18f 0.2214(1) 0.4258(1) 0.1636(1) 0.87(3) Ga 142(3)
0.2211(3) 0.4255(3) 0.1636(3) 0.13(3) Zn 111(4)


Eb3 3b 0 0 0.5 1 Ga 134(7)
0 0 0.5 56(11)


Table 6. Atomic position parameters (standardised with the program
Structure Tidy[28]), site occupancies and isotropic thermal displacement
parameters for Cr8Ga29.8Zn11.2 . Values in italics and the Zn/Ga site
occupancies are results from the Rietveld refinement of the neutron
diffraction powder data.Ueq (�104 ä2) is defined as one third of the trace of
the orthogonalised Uij tensor.


Atom Site x y z s.o.f. Ueq


T1 18f 0.0301(1) 0.3496(1) 0.0674(1) 1Cr 48(2)
0.0309(2) 0.3513(2) 0.0672(2) 38(4)


T2 6c 0 0 0.1813(1) 1Cr 56(3)
0 0 0.1814(3) 32(7)


Ea1 18f 0.0090(1) 0.1676(1) 0.1135(1) 1Ga 92(2)
0.0090(1) 0.1674(1) 0.1135(1) 88(2)


Ea2 18f 0.1779(1) 0.1784(1) 0.2198(1) 1Ga 97(2)
0.1781(1) 0.1788(1) 0.2200(1) 72(3)


Ea3 18f 0.3216(1) 0.0065(1) 0.2321(1) 1Ga 95(2)
0.3217(1) 0.0064(1) 0.2322(1) 54(3)


Ea4 18f 0.3251(1) 0.1441(1) 0.0034(1) 1Ga 93(1)
0.3249(1) 0.1446(1) 0.0038(1) 62(3)


Ea5 9e 0.5 0 0 1Ga 104(2)
0.5 0 0 70(4)


Ea6 3a 0 0 0 0.59(5) Ga 105(3)
0 0 0 0.41(5) Zn 87(2)


Eb1 18f 0.1188 0.0045 0.3412 1Zn 133(2)
0.1184(2) 0.0042(2) 0.3416(1) 89(3)


Eb2 18f 0.2215 0.4286 0.1651 0.19(3) Ga 122(2)
0.2217(1) 0.4291(1) 0.1644(1) 0.81(3) Zn 72(4)


Eb3 3b 0 0 0.5 0.96(6) Ga 120(3)
0 0 0.5 0.04(6) Zn 79(8)
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Variations in the crystal structure : For the following discus-
sion we divide the E atom network into six Ea-type atoms that
form the supercube surface and three Eb-type atoms that
define the centred cuboctahedron (cf. Figure 1d). Further
analysis is focussed on the variations in the coordination
polyhedra around T1, T2 and Eb3 (T1E10, T2E10, Eb3Eb12,
respectively). The coordination polyhedra occurring in the
structure of the four compounds are shown in Figure 2, the
distances between the central atoms and polyhedron atoms
are compiled in Table 8. The 10-vertex polyhedron around T1
has point symmetry 1(C1) and consists of the E atoms Ea1-
Ea2-Ea32-Ea42-Ea5-Eb1-Eb2, whereas the corresponding
polyhedron around T2 has point symmetry 3(C3) and employs
the atoms Ea13-Ea23-Ea6-Eb13. The cuboctahedron around
Eb3 has point symmetry 3≈(S6) and contains two equilateral
triangles (site Eb1), which sandwich a six-membered ring of
Eb2 atoms. The equilateral triangles are at the same time part
of the T2 coordination polyhedra. The rotational axes of the
polyhedra around T2 and Eb3 coincide with the c direction in
the hexagonal unit cell of the rhombohedral crystal structure.


On going from the binary parent compound V8Ga41 to
V8Ga36.9Zn4.1, the Zn atoms segregate into the cuboctahedral
sites Eb1 and Eb2, but with a different preference (Eb1: 54%
Zn/46% Ga; Eb2: 13% Zn/87% Ga). The centre Eb3 of the
cuboctahedron remains a pure Ga site. The different prefer-
ence of Zn for the two cuboctahedral sites is also reflected in
the variation of the bond lengths: d(Eb1�Eb1) decreases from
2.89 ä in V8Ga41 to 2.83 ä in V8Ga36.9Zn4.1, whereas
d(Eb2�Eb2) changes from 2.94 ä to 2.91 ä. In
Cr8Ga29.8Zn11.2 , the Eb1 position becomes fully occupied by
Zn whereas the site Eb2 consists of 81% Zn and 19% Ga.
Additionally the centre of the cuboctahedron starts to get


occupied by Zn (4% Zn/96% Ga). Furthermore, we found
the position Ea6 to be a mixture of Zn and Ga (41% Zn/59%
Ga). This special site corresponds to the high-symmetry
Wyckoff site 3a (0,0,0) and is part of the T2 coordination
polyhedron. In the supercube description of the V8Ga41
structure type the position Ea6 is located on, those opposite
corners of each cube that define the body diagonal along the
supercubes are oriented in the unit cell (cf. Figure 1d and f).
Finally in Mn8Ga27.4Zn13.6 , both sites Eb1 and Eb2 that define
the cuboctahedron are exclusively occupied by Zn atoms. This
is also the case for the position Ea6, whereas the centre Eb3 of
the cuboctahedral clusters represents the only significantly
detected randomly occupied atomic position (61% Zn and
39% Ga) in the structure of this compound. As a result, we
can arrange the network E sites in the V8Ga41 structure
according to their preference for being occupied by Zn:
Eb1�Eb2�Ea6�Eb3
Ea1 to Ea5.


Accompanying the increasing Zn content in the phases
T8E41 there are subtle but decisive changes in the framework
interatomic distances. The segregation of Zn on the sites
Eb1 ±Eb3 has the important consequence that the bond
lengths within the centred cuboctahedron become more and
more equal. Their distribution range starts off from 2.89 ±
3.04 ä in binary V8Ga41 and is finally confined between 2.75
and 2.81 ä in Mn8Ga27.4Zn13.6. Interestingly, the average
length of 2.79 ä within Eb13 entities in the latter compound
corresponds exactly to the average nearest-neighbour dis-
tance in the elemental structure of hcp-Zn. Figure 3 summa-
rises the change in the bond-length distribution in the
cuboctahedral entities Eb13 in the investigated compound
series. As the Eb13 cuboctahedra become more regular, the
TE10 polyhedra become more and more elongated because
the triangles Eb3 that are part of the cuboctahedron ™detach∫
from the adjoined 10-vertex hybrid polyhedra. The successive
elongation of the distances Ea�Eb in those polyhedra is
especially clearly seen for T1E10, where a gap opens in the
distance distribution on going from V8Ga41 to Mn8Ga27.4Zn13.6


(Figure 4). As a consequence of the increasing Ea�Eb
distances, the T atoms become primarily coordinated by Ea
atoms (i.e. the cube part of the 10-vertex hybrid polyhedron,
cf. Figure 1a), which again is more clearly seen in the trend of
the T1�E lengths compared with the T2�E ones (Figure 5 and
Table 8). Concerning the distribution of distances T2�E, we
note that d(T2�Ea6)–the Ea6 position is the high-symmetry
Wyckoff site 3a, which is situated on the C3 axis of the 10-
vertex polyhedron–is considerably longer than the other
distances T2�Ea.


In conclusion, in the compound series V8Ga41�
V8Ga36.9Zn4.1�Cr8Ga29.8Zn11.2�Mn8Ga27.4Zn13.6 , we observe
a clear segregation of Zn and Ga in the intermetallic
framework; this leads to a clustering of Zn and finally to the
formation of Zn13 cuboctahedral entities in the Mn compound
that has the highest Zn content. At the same time, the average
bond length within these centred cuboctahedra approaches
the average nearest-neighbour distance in elemental Zn.
Thus, the formed Zn clusters in Mn8Ga27.4Zn13.6 may be
regarded as small volumes of fcc metal that are separated by
at least 3.93 ä as the shortest distance between Zn atoms
belonging to neighbouring cuboctahedra; the distance be-


Table 7. Atomic position parameters (standardised with the program
Structure Tidy[28]), site occupancies and isotropic thermal displacement
parameters for Mn8Ga27.4Zn13.6 . Values in italics and the Zn/Ga site
occupancies are results from the Rietveld refinement of the neutron
diffraction powder data.Ueq (�104 ä2) is defined as one third of the trace of
the orthogonalised Uij tensor.


Atom Site x y z s.o.f. Ueq


T1 18f 0.02909(2) 0.34819(2) 0.06731(2) 1Mn 54(1)
0.0271(3) 0.3466(3) 0.0671(3) 49(2)


T2 6c 0 0 0.18530(2) 1Mn 56(1)
0 0 0.1846(5) 49(2)


Ea1 18f 0.00819(2) 0.16520(2) 0.11247(2) 1Ga 117(1)
0.0092(2) 0.1649(2) 0.1128(2) 49(2)


Ea2 18f 0.17814(2) 0.17821(2) 0.22089(2) 1Ga 104(1)
0.1780(2) 0.1789(2) 0.2201(2) 49(2)


Ea3 18f 0.32224(2) 0.00586(2) 0.23146(2) 1Ga 102(1)
0.3212(2) 0.0051(1) 0.2319(2) 49(2)


Ea4 18f 0.32430(2) 0.14474(2) 0.00336(2) 1Ga 101(1)
0.3249(2) 0.1452(2) 0.0045(2) 49(2)


Ea5 9e 0.5 0 0 1Ga 89(1)
0.5 0 0 49(2)


Ea6 3a 0 0 0 1Zn 131(1)
0 0 0 66(3)


Eb1 18f 0.11906(2) 0.00446(2) 0.34394(2) 1Zn 125(1)
0.1183(3) 0.0043(3) 0.3447(3) 66(3)


Eb2 18f 0.22135(2) 0.42996(2) 0.16536(2) 1Zn 120(1)
0.2217(3) 0.4289(3) 0.1645(3) 66(3)


Eb3 3b 0 0 0.5 0.39(9) Ga 125(1)
0 0 0.5 0.61(9) Zn 66(3)
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tween the centres of the clusters is
9.24 ä. We now turn to the analysis
of the electronic structure of the
phases T8E41, which should explain
their narrow compositional ranges,
suggesting that phase stability is
determined by the valence-electron
concentration, and further reveal
the reason behind the astonishing
segregation of Zn and Ga.


Variations in the electronic struc-
ture : In Figure 6 we present the
density of states (DOS) for the
compounds V8Ga41, Cr8Ga29.8Zn11.2


and Mn8Ga27.4Zn13.6 in their exper-
imentally determined structures
(lattice parameters, atomic posi-
tions parameters and site occupan-
cies). Those sites exhibiting substi-
tutional disorder were modelled by
the virtual-crystal approximation
(see Experimental Section for de-
tails). Figure 6a shows the total
DOS together with the partial
DOS of the Tand E sites. Figure 6b
represents a close-up of the partial
DOS curves in which the partial
DOS of the E sites is further
divided into its Ea and Eb contri-
butions. When focussing first on the
electronic structure of the parent
compound V8Ga41, we observe that
the DOS at lower energies is domi-
nated by approximately paraboli-
cally distributed states that stem
from the s ± p bands of the Ga atom
matrix, which at higher energy are
perturbed by the V atom d states.


Table 8. Distances [ä] of the first coordination sphere around the sites T1, T2 and Eb3 in V8Ga41, V8Ga36.9Zn4.1 , Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6 .
Standard deviations less than 0.001 ä are not listed.


V8Ga41 V8Ga36.9Zn4.1 Cr8Ga29.8Zn11.2 Mn8Ga27.4Zn13.6


T1 Ea5 2.513(2) T1 Ea3 2.509(2) T1 Ea1 2.460(1) T1 Ea3 2.441
Ea3 2.517(2) Ea1 2.516(2) Ea3 2.467 Ea1 2.452
Ea3 2.540(2) Ea3 2.521(2) Ea3 2.481 Ea4 2.456
Ea1 2.546(2) Ea5 2.526(2) Ea4 2.486(1) Ea3 2.475
Ea4 2.574(2) Ea4 2.558(2) Ea5 2.502 Ea5 2.491
Ea2 2.595(2) Ea2 2.581(2) Ea2 2.529(1) Ea2 2.500
Ea4 2.595(2) Ea4 2.586(2) Ea4 2.532(1) Ea4 2.510
Eb2 2.654(2) Eb2 2.681(2) Eb2 2.698(1) Eb2 2.687
Eb2 2.690(2) Eb2 2.721(2) Eb2 2.740(1) Eb2 2.744
Eb1 2.735(2) Eb1 2.805(2) Eb1 2.798(1) Eb1 2.775


T2 Ea1� 3 2.523(2) T2 Ea1� 3 2.494(2) T2 Ea1� 3 2.450 T2 Ea1� 3 2.438
Ea2� 3 2.580(1) Ea2� 3 2.561(1) Ea2� 3 2.508 Ea2� 3 2.479
Ea6 2.770(3) Ea6 2.695(3) Ea6 2.661(1) Ea6 2.707
Eb1� 3 2.775(3) Eb1� 3 2.829(3) Eb1� 3 2.842(1) Eb1� 3 2.810


Eb3 Eb2� 6 2.933(2) Eb3 Eb1� 6 2.908(1) Eb3 Eb1� 6 2.829 Eb3 Eb1� 6 2.779
Eb1� 6 2.968(2) Eb2� 6 2.927(1) Eb2� 6 2.829 Eb2� 6 2.790


Figure 2. Coordination polyhedra around the two different transition metal sites T1 and T2, and the centre
of the cuboctahedron (site Eb3) in the structure of the compounds a) V8Ga41, b) V8Ga36.9Zn4.1,
c) Cr8Ga29.8Zn11.2 , d) Mn8Ga27.4Zn13.6 . The thermal ellipsoids correspond to the 95% probability level.
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Figure 3. Trend in the distance distribution Eb�Eb within the Eb13


cuboctahedral entities in the structure of the compounds V8Ga41 (bottom),
V8Ga36.9Zn4.1, Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6 (top).


Figure 4. Trend in the distance distribution E�E in the TE10 polyhedra (T1
and T2) occurring in the structure of the compounds V8Ga41 (bottom),
V8Ga36.9Zn4.1, Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6 (top).


Figure 5. Trend in the distance distributions T1-E and T2-E in the
structure of the compounds V8Ga41 (bottom), V8Ga36.9Zn4.1, Cr8Ga29.8Zn11.2


and Mn8Ga27.4Zn13.6 (top).


The strong interaction between V d states andGa p states (d± p
mixing or d ± p hybridisation) opens up a broad pseudo gap in
the DOS that separates d ± p bonding from antibonding
states.[8] The occurrence of such a pseudo gap at or close to the
Fermi level is a characteristic feature of intermetallic electron
compounds, that is, compounds in which the stable crystal
structure is mainly controlled by the electron concentration.[9]


Below the Fermi level, the V states are confined to a range of


about 2 eV (Figure 6b). Interestingly, the distributions of Ea-
and Eb-based states differ from each other: it is the partial
DOS from the Ea sites that changes shape (i.e. attains a
maximum) in the energy range of the V d states with respect
to the featureless low-energy region, whereas the distribution
of the Eb-site-based states basically remains uninfluenced.
Thus, only Ea-type atoms interact strongly with the V atoms.
In V8Ga41, the Fermi level corresponding to a VEC of 163 is
slightly above the pseudo gap and enters the d ± p antibonding
region of electronic states. The effect of the incorporation of a
small amount of Zn into this compound immediately becomes
clear. A substitution of the more electron-rich Ga for Zn
moves the Fermi level towards the centre of the pseudo gap,
and the maximum amount of Zn (compositional range border
x� 4.1) corresponds to the situation where the Fermi level
starts to cross the lower energy boundary of the pseudo gap
(VEC� 158.9). Thus, a further increase of the amount of
incorporated Zn (or equivalently, a further decrease of VEC)
becomes unfavourable because d ± p bonding states get
depopulated.


Turning to Cr8Ga29.8Zn11.2 , we firstly notice the occurrence
of the Zn d states, which can be considered as bonding
inactive, because they are centred far below the Fermi level
and are well localised in a narrow range. Further, the Fermi
level corresponding to a VEC of 159.8 electrons per formula
unit is situated in the centre of the pseudo gap. Thus,
compared with the electronic structure of V8Ga41, the location
of the pseudo gap is virtually unchanged, and the composi-
tional stability range of the phase Cr8Ga41�xZnx, which
conforms to a VEC range of 159.6 - 162.3 (Table 1), is
intimately connected with the width of the pseudo gap.
Moreover, the trends in the partial DOS of the T, Ea and Eb
sites are very similar to the one observed in V8Ga41; this
indicates that the Ea-type atoms interact much more strongly
with the T atoms than the Eb ones. However, a careful
inspection of the total DOS and partial Cr DOS in the d ± p
bonding region below the Fermi level reveals the beginning of
a splitting of those states into two parts (marked in Figure 6).
This splitting becomes rather noticeable in the DOS of
Mn8Ga27.4Zn13.6 , and it can be clearly seen that just the lower
parts of the Mn d levels, centred around �2 eV below the
Fermi level, hybridise strongly with the Ea-based states,
whereas the upper, more narrow, parts only interact weakly.
For the composition Mn8Ga27.4Zn13.6 with VEC� 165.4, which
represents the limiting composition with a maximum content
of Ga for the phase Mn8Ga41�xZnx, the Fermi level is slightly
above the pseudo gap. This is comparable to the situation in
V8Ga41. Again, the increase of the Zn content until the
maximum concentration x� 16.5 reduces VEC and moves the
Fermi level towards the centre of the pseudo gap. Yet the
preferred sites for Zn, Eb1 ±Eb3 and Ea6 are completely
occupied for x� 14, and for compositions above this value Zn
has to enter the unfavourable positions Ea1 ±Ea5. In con-
clusion, the composition and the homogeneity range of the
phases T8E41 are closely linked to the location and the width of
the pseudo gap in the DOS, respectively. This pseudo gap is a
consequence of strong bonding between T and E atoms, and
stable compounds with the V8Ga41 structure type only occur
for those elemental compositions that produce an electronic
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structure in which the Fermi level is located at, or close to, the
pseudo gap. This finding also includes Mo8Ga41, which is the
only other binary representative of the rare V8Ga41 structure
type.[10] Since Mo is more electron rich than V, a considerable
amount of d ± p antibonding states should be occupied in
Mo8Ga41, assuming a rigid band behaviour of the electronic
structures of the two binary compounds. However, Mo8Ga41
was reported to beMo deficient. This deficiency reduces VEC
and thus releases the unfavourable bonding situation.


Having explained the decisive role of VEC for structural
stability of the investigated phases, we are left with the
fundamental question: what is the nature of the different site
preferences of Ga and Zn? That is, what is the driving force
for the startling clustering of Zn in the framework of the
underlying V8Ga41 structure type? For this purpose we
compared the density of states of Zn/Ga-ordered
Mn8Ga27.4Zn13.6 (experimental site occupancies) with a situa-
tion where Zn and Ga atoms occupy all sites E in a completely
random way. In this case, the overall E site occupancy has to
correspond to 67% Ga/33% Zn in order to fit the total
composition. The result is shown in Figure 7. We note that the
size and location of the pseudo gap with respect to the Fermi
level is the same for the ordered and the disordered structure.
However, the decisive difference is the occurrence of a
splitting of the d ± p bonding states into two parts in the
ordered structure which is absent in the disordered one. The


DOS of the latter is similar to
that of V8Ga41 (cf. Figure 6).
Thus, Zn/Ga ordering leads to a
splitting of the d ± p bonding
states which, importantly, puts
the T±Ea bonding part of those
states at a considerably lower
energy with respect to the dis-
ordered structure. Since the Ea
sites are primarily occupied by
Ga atoms T±Ga interactions
appear notably stronger than
those for T±Zn. This is in
accordance with our previous
investigation of the compounds
CrGa4 and MnGa4 with the
PtHg4 structure, where we
found that the T±Ga interac-
tions are of a strong covalent
nature.[11] As a matter of fact, in
some cases (e.g. in FeGa3 and
RuGa3) T±Ga interactions can
become so strong that instead
of a pseudo gap a real band gap
is opened at the Fermi level,
which leads to semimetallic be-
haviour.[12] With this finding, we
have answered the question
raised initially. Zn has in fact
no inherent tendency to form
clusters. Its segregation into the
sites Eb1 ±Eb3 and the position
Ea6 in the structure of the


Figure 7. Comparison of the DOS for Mn8Ga27.4Zn13.6 with an ordered and
a disordered Zn/Ga distribution. The arrows mark a splitting of d ± p
bonded states in the ordered variant.


investigated phases T8E41 is a consequence of strong T±Ga
and weak T±Zn interactions. The occupation of those sites by
Zn ensures that Zn atoms are placed as far as possible from
the Tatoms and vice versa, Ga atoms become situated as close
as possible to the Tatoms (cf. Figure 5 and Table 8). The most
stable atom arrangement corresponds to a Zn/Ga distribution
in which T±Ga bonding interactions are maximised and this
leads–but just coincidentally!–to the formation of cubocta-
hedral Zn13 cluster entities.


Figure 6. a) Total density of states (DOS; states per eVand atom) together with the T (grey lines) and E partial
DOS (dotted lines) for the compounds V8Ga41 (top), Cr8Ga29.8Zn11.2 (middle) and Mn8Ga27.4Zn13.6 (bottom). The
arrows mark a splitting of d ± p bonded states. b) Close-up of the partial density of states of the T (solid lines), Ea
(dotted lines) and Eb (broken lines) sites of the compounds V8Ga41 (top), Cr8Ga29.8Zn11.2 (middle) and
Mn8Ga27.4Zn13.6 (bottom).
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Conclusion


This study reports on the series of compounds, V8Ga41�
V8Ga36.9Zn4.1 � Cr8Ga29.8Zn11.2 � Mn8Ga27.4Zn13.6 (V8Ga41
structure type), that was investigated by combined X-ray and
neutron-diffraction experiments. Especially, the neutron-dif-
fraction data were used to unequivocally extract the distribu-
tion of Zn and Ga atoms in the intermetallic framework.
Within this series, a startling clustering of Zn is observed,
which, for the Mn compound, culminates in the formation of
separated cuboctahedral Zn13 entities corresponding to small
volumes of close-packed metal. The different composition
and the narrow homogeneity range of the underlying phases
T8Ga41�xZnx (T�V: 0� x� 4.1, T�Cr: 8.7� x� 11.2, T�
Mn: 13.6� x� 16.5) are closely linked to the location and
the width of a pseudo gap in the density of electronic states.
This pseudo gap is a consequence of strong bonding between
T and E atoms, and stable compounds with the V8Ga41 type
only occur for those elemental compositions that produce an
electronic structure in which the Fermi level is located at, or
close to, the pseudo gap. The puzzle of the extraordinary Zn
clustering was solved by comparing the density of states of Zn/
Ga-ordered and disordered Mn8Ga27.4Zn13.6. It was found that
T±Zn interactions are considerably weaker than those for T±
Ga; this places the Zn atoms as far as possible from the T
atoms. Thus, the different T±E interactions govern a subtle
ordering tendency of the chemically similar metals Zn and Ga
in a complex intermetallic framework, which, coincidentally,
leads to an unusual formation of Zn clusters.


Experimental Section


Synthesis and compositional analysis : The phases T8E41 (T�V, Cr, Mn;
E�Zn/Ga) were prepared from mixtures of the pure elements [Cr powder
(Goodfellow Metals, �99.4%), Mn powder (Goodfellow Metals,
�99.9%), V powder (ABCR, �99.5%), Ga rod (ABCR, �99.9999%)
and Zn granules (ABCR, �99.99%)] containing 1 mole equivalent T
component and a total amount of 10 to 20 mole equivalents E component
with different Zn/Ga ratios. The reactants were pressed into pellets and
loaded into quartz ampoules, which were sealed under vacuum (approx.
10�4 atm). Ternary samples were heated to 900 �C at a rate of 200 �Ch�1,
held at this temperature for 24 h, and finally cooled to room temperature at
a rate of 10 �Ch�1. The heating scheme for the synthesis of binary V8Ga41
had to be modified in order to avoid the formation of V2Ga5[13] as the main
product. This sample was heated to 850 �C at a rate of 200 �Ch�1, annealed
for two days at 850 �C, then rapidly cooled to 450 �C, kept at this
temperature for seven days and finally cooled to room temperature at a
rate of 20 �Ch�1. Excess E (Ga/Zn) metal was always dissolved in 4� HCl
and the residues washed with deionised water. All products in the
examined systems consisted of shiny, silvery-grey crystals that ranged in
size from approximately 100 microns to 1 mm. The ternary phases
T8Ga41�xZnx with T�Cr, Mn could also be obtained from stoichiometric
mixtures of the elements, however crystal quality and homogeneity of the
products were found to be considerably higher when a flux of excess E
metal is present. The homogeneity ranges (phase widths) of the systems
T8Ga41�xZnx were established from reaction series by employing E melts
with varying Zn/Ga ratios. The products were characterised by Guinier
powder diagrams (Cu K� ; Si standard) and their composition analysed with
the EDX (energy-disperse X-ray) method in a JEOL JSM-840A scanning
electron microscope averaging at least ten analyses for each sample. For the
Cr and Mn containing systems, mixtures with a Ga/Zn ratio larger than 3
yielded the compounds CrGa4 andMnGa4[11] (with the PtHg4 structure) and
virtually no T8Ga41�xZnx. Concerning the V systems, the occurrence of a


variable amount (depending on the synthesis conditions) of V2Ga5 (or
V2Ga5�xZnx) as by-product was observed in all samples. The result of the
homogeneity range studies is compiled in Table 1.


Structure determination :


X-ray investigations : A Huber Guinier G670 image foil powder camera
with monochromatised Cu K� radiation, was used for the collection of
powder diffractograms (at room temperature). Silicon (SICOMILL, Kema
Nord, Nobel Industries, Sweden) was used as internal standard. Lattice
parameters were obtained from least-squares refinements of the measured
and indexed lines of these powder diagrams (program PIRUM[14]). Single
crystal intensity data was collected from one crystal from each of the
following samples V8Ga41, V8Ga36.9(3)Zn4.1(3) , Cr8Ga29.8(3)Zn11.2(3) and
Mn8Ga27.4(4)Zn13.6(4) (EDX determined compositions) on a Siemens SMART
CCD three-circle diffractometer system[15] at room temperature with
monochromatised Mo K� radiation (0.71073 ä). The data collection
nominally covered a full sphere of reciprocal space. In each case, data were
corrected for Lorentzian polarisation,[16] extinction and absorption (assum-
ing a spherical crystal).[17] The space group R3≈ was assigned on the basis of
the systematic absences and the statistical analysis of the intensity
distributions. The structure of Mn8Ga27.4Zn13.6 was solved by direct methods
and refined against F2 by using SHELXTL.[18] The structures of the other
compounds were refined by using the atomic position parameters of theMn
compound as a starting model. To prepare the data set of V8Ga41 for
refinement, an additional program, Twin Solve,[19] was put into practice due
to rotational twinning of the crystal. The choice of a twinned crystal for
structure solution and refinement is not preferable, but was made due to
the lack of a better crystal than the one selected. The twinning could not be
recognised until the later stages of the refinement when there were still
residual electron-density peaks that were too large present (�4 eä�1), and
the R1 value was approximately twice as high as those obtained with the
data sets from the crystals of the other systems. The V8Ga41 crystal
appeared to consist of two unequally sized individuals, mutually twinned.
In the subsequent refinement, both nonoverlapping and overlapping
reflections (intensity corrected for the overlap of the minor individual) of
the larger individual were used. The refinement proceeded smoothly and
converged at satisfying values, comparable to the other compounds. Some
details of the single crystal data collections and refinements are listed in
Table 2. Atomic position parameters and selected interatomic distances are
given in Tables 4 ± 8. Further details of the crystal-structure investigation
may be obtained from Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (�49)7247-808-666; e-mail :
crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-410318
(Mn8Ga27.4Zn13.6), CSD-411900 (Cr8Ga29.8Zn11.2), CSD-411898
(V8Ga36.9Zn4.1) and CSD-411899 (V8Ga41).


Neutron investigations : Neutron diffraction experiments on
V8Ga36.9(3)Zn4.1(3) , Cr8Ga29.8(3)Zn11.2(3) and Mn8Ga27.4(4)Zn13.6(4) (EDX-deter-
mined compositions) were performed on the Polaris powder diffractometer
at the ISIS facility, UK, with the samples encapsulated inside thin-walled
vanadium cans. Time-of-flight diffraction data were collected at room
temperature by using the backscattering detector bank, which covers the
scattering angles 135��� 2�� 160� and provides data over the d-spacing
range 0.5� d� 3.2 ä with a resolution �dd�1� 5� 10�3. Rietveld profile
refinements with the normalised diffraction data were performed by using
the program GSAS[20] . The V8Ga36.9Zn4.1 sample was found to contain two
additional phases, V2Ga5[13] with a small amount of Zn incorporated into
the structure and–for unknown reasons–cubic VO.[21] A multiphase
refinement was performed including eight background parameters, an
extinction correction parameter and three profile parameters for each
phase [refined weight fractions: V8Ga36.9Zn4.1 (59%), V2Ga3.8Zn1.2 (25%),
VO (16%)]. Initial values for the V coordinates were obtained from the
single-crystal X-ray diffraction experiment and were constrained with a
damping factor in the refinement. Temperature factors for the V atoms
were constrained to a fixed value. Due to the large correlation between
temperature factors and occupancies, the Zn content was constrained to the
value obtained from EDX analyses (approx. 12 Zn atoms in the unit cell),
and each Ga site was refined for partial occupancy. The final refinement
showed that the Eb1 and Eb2 sites are partially occupied by Zn and, at this
point, the temperature factors at these two sites were constrained to have
the same value. No indication of Zn occupying the other sites was found.
The results of the Rietveld analyses are presented in Tables 3 and 5. The
Cr8Ga29.8Zn11.2 sample was single phase and the Zn content could be refined
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to a value close to the one obtained from EDX analyses. Partial occupancy
was observed at sites Eb2, Eb3 and Ea6. The Eb1 site was found to be fully
occupied by Zn. Rietveld refinements were carried out as for the previous
sample and included eight background parameters, four profile parameters
and an extinction correction. Partial occupancy was refined at each site but
Zn was found to occupy the mentioned sites in the structure preferentially.
Tables 3 and 6 show the final results of the refinement. Also, the
Mn8Ga27.4Zn13.6 sample was single phase. The refined Zn content coincided
with the result of the EDX analysis. Rietveld refinements included eight
background parameters, four profile parameters and an extinction correc-
tion. Due to a strong correlation between temperature factors and
occupancies, only two temperature factors, for the Mn and Ga atoms and
for the Zn atoms, were refined.[6] The results are presented in Tables 3
and 7.


Electronic structure calculations : The electronic structures of V8Ga41,
Cr8Ga29.8Zn11.2 and Mn8Ga27.4Zn13.6 in their experimentally determined
crystal structures (lattice parameters, atomic positions parameters and site
occupancies) were calculated by the full-potential linear muffin-tin orbital
(FP-LMTO) method,[22] which is a powerful all-electron technique within
the framework of density functional theory for the calculation of different
properties of crystalline materials. The space was divided into so-called
muffin-tin spheres (MTS) surrounding atomic sites and the interstitial
regions between them. No approximations were introduced either for the
shape of the charge density and potential inside MTS or in the interstitial
region. The basis set, charge density and potential were expanded in
spherical harmonic series within nonoverlapping MTS and in Fourier series
in the interstitial region. The basis set of augmented linear muffin-tin
orbitals was used.[23] The tails of the basis functions outside their parent
spheres were linear combinations of Hankel and Neumann functions with
nonzero kinetic energy. The basis set included 4s, 4p and 3d orbitals on the
sites of transition metal atoms T, and 3d, 4s, 4p and 4d orbitals on the Ga/Zn
sites E. All states were contained in the same energy panel. We adopted a
double basis in which we used four different orbitals of Hankel and
Neumann functions with different kinetic energies. The spherical harmonic
expansion of the charge density, potential, and basis functions were carried
out up to l� 6. The integration over the Brillouin zone was performed by
the improved tetrahedron method[24] with 206 irreducible tetrahedra (1296
tetrahedra in the full Brillouin zone). The exchange and correlation
potential and energy were treated in the generalised gradient approxima-
tion according to Perdew and Wang.[25]


Most conventional methods for the calculation of the electronic structure
of crystals, including the FP-LMTO method applied here, were developed
for completely ordered compounds. In the case of partially ordered systems
such as T8Ga41�xZnx, however, one has to deal with atoms of two kinds of
elements, Zn and Ga, distributed randomly on some of the sublattices. To
handle this problem we applied the so-called virtual-crystal approximation
(VCA), which is the simplest approximation in the hierarchy of mean-field
approaches[26] and can be easily combined with a full-potential technique.
VCA treats a position on the sublattices occupied by Zn or Ga as a
fictitious atom with the nuclear charge Z� xZZn � (1� x)ZGa (in which ZA


is the corresponding nuclear charge of the pure element A) and a
corresponding number of valence electrons so as to neutralise the charge.
The mean-field treatment is sufficient to describe the case of randomly
distributed atoms,[26] and in particular it has been shown that VCA is a
suitable approximation for calculating the electronic structure of alloys
between neighbouring elements in the periodic table.[27]
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Figure-Eight Tetrathiaoctaphyrin and Dihydrotetrathiaoctaphyrin


Natasza Sprutta and Lechos¯aw Latos-Graz«yn¬ ski*[a]


Abstract: The acid-catalyzed condensa-
tion of pyrrole and 2,5-bis(p-tolylhy-
droxymethyl)thiophene yields two novel
giant heteroporphyrins: 5,10,15,20,25,30,
35,40-octa(p-tolyl)-41,43,45,47-tetrathia-
[36]octaphyrin(1.1.1.1.1.1.1.1) (S4OP) and
5,10,15,20,25,30,35,40-octa(p-tolyl)-di-
hydro-41,43,45,47-tetrathia[38]octaphyr-
in(1.1.1.1.1.1.1.1) (S4OPH2). These tetra-
thiaoctaphyrins are interconvertible
through dihydrogenation or dehydro-
genation processes. Both compounds
possess helical figure-eight geometry
with two thiophene rings for S4OP or
two pyrrole rings for S4OPH2 in the
ribbon-crossing center as shown by
NOESY experiments. The synthesis of
the figure-eight tetrathiaoctaphyrin im-
plies a prearrangement process to form


helical M or P dithiatetrapyrrometh-
anes. The P ±P or M ±M condensation
leads to the figure-eight molecule in
competition with an intramolecular ring
closure. Two dithiaporphyrin-like pock-
ets of S4OP or S4OPH2 behave as
independent proton acceptors. The step-
wise process yields symmetric or asym-
metric cationic species that depends on
whether an even or odd number of NH
protons are added. Dihydrotetrathiaoc-
taphyrin contains 38 � electrons in its
conjugation pathway, which corresponds
to the formal [4n� 2] H¸ckel type �-


electron formulation that is consistent
with a modest diatropic ring current
effect in their 1H NMR spectra. The
formal 4n type �-electron formulation
for tetrathiaoctaphyrin accounts for the
residual paratropic shifts. A figure-eight
conveyor-belt-like movement of the
whole macrocyclic ring without a race-
mization step is proposed to account for
the dynamic properties of S4OP. The
molecule shuttles between two degener-
ate configurations.
A S4OP± S4OPH2 couple may be con-
sidered as a molecular element which,
while preserving the overall figure-eight
geometry, ™chooses∫ pyrrole or thio-
phene rings as spacers as a function of
the macrocyclic oxidation state.


Keywords: macrocycles ¥NMR spec-
troscopy ¥porphyrinoids ¥ sulfur het-
erocycles


Introduction


A renewal of the Rothemund type synthesis has been used to
produce ™giant∫ porphyrins, which contain more than six
pyrrole moieties.[1, 2] Their synthesis has been based on the
general acid condensation which involves aryl aldehydes and
bipyrrolic units with blocked �-pyrrolic positions.[1] Originally,
Sessler and co-workers demonstrated that the acid-catalyzed
condensation of tetraalkylbipyrrole and aryl aldehyde yielded
[24]hexaphyrin(1.0.1.0.1.0) (rosarin).[3] Recently, Setsune
et al. reported that in a related condensation with ortho-
substituted benzaldehydes, [32]octaphyrin(1.0.1.0.1.0.1.0),
[48]decaphyrin(1.0.1.0.1.0.1.0.1.0), and [64]hexadecaphyrin-
(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0) were formed.[1a] The bipyrrolic
fragments are bridged by methine fragments, which are sub-
stituted with aryl rings. Alternatively, the condensation of
bis(azafulvene) and bipyrrole led to the synthesis of [80]ico-


saphyrin(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0) and [96]tetracos-
phyrin(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0).[1b] The fact
that these expanded porphyrins are synthesized by a relatively
simple methodology from commonly accessible substrates
creates an opportunity for further extensive studies on the
coordination chemistry and anion-binding properties. The
meso-arylated expanded porphyrins are related to expanded
porphyrins in which pyrrolic fragments are linked by direct
C��C� bonds or by unsubstituted meso-methine (CH)n units
(n� 1, 2). This class includes the following macrocycles:
[28]heptaphyrin(1.0.0.1.0.0.0),[4] [32]octaphyrin(1.0.1.0.1.0.1.
0),[5] [32]octaphyrin(1.0.0.0.1.0.0.0),[4] [34]octaphyrin(1.1.1.0.1.
1.1.0),[6] [36]octaphyrin(2.1.0.1.2.1.0.1),[6, 7] and [40]decaphyr-
in(0.0.1.0.1.0.0.1.0.1) (turcasarin).[8] A heteroanalogue of tur-
casarin ± dioxaturcasarin has also been synthesized.[9] In
addition, Cava and co-workers have synthesized the decahe-
terocyclic nonaromatic macrocycle hexathia[44]decaphyr-
in(2.0.0.0.0.2.0.0.0.0) and its N,N�-linked derivative.[10] meso-
Aryl heteroheptaphyrins (1.1.0.0.1.1.0) and (1.0.1.0.1.1.0.0),
which contain seven heterocyclic rings, are aromatic.[11] Fully
conjugated macrocyclic oligothiophenes, which contain up to
18 thiophene units, have recently been reported.[12]


Since the first synthesis reported by Rothemund, 5,10,15,
20-tetraphenylporphyrin[13] and its aryl and alkyl analogues
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have been synthesized by a variety of procedures that are
based on the same principle, which involves the one- and two-
step condensation of pyrrole and an aldehyde of choice.[14] A
similar approach was used by Ulman and Manassen in their
seminal work on the synthesis of 5,10,15,20-tetraphenyl-21,23-
diheteroporphyrins.[15] Their strategy was based upon an
analogous mechanism of the ordinary acid-catalyzed reaction
between arylaldehyde and pyrrole, in which the 2,5-bis(ar-
ylhydroxymethyl)pyrrole was suggested as an intermedia-
te.[15a] Consequently the reaction between 2,5-bis(arylhydroxy-
methyl)heterocyclopentadienes and pyrroles in acidic media
produced a variety of 21,23-diheteroporphyrins in which the
NH groups were replaced with oxygen, sulfur, selenium or
tellurium atoms.[15, 16] Once arylaldehyde was included in a
condensation, 5,10,15,20-tetraaryl-21-heteroporphyrins were
also produced.[16±18] Instead of pyrrole and benzaldehyde a
variety of meso-substituted dipyrromethanes were used as a
building block in the condensation with 2,5-bis(phenylhy-
droxymethyl)furan or 2,5-bis(phenylhydroxymethyl)thio-
phene to produce monoheteroporphyrins.[19a] A [3� 1] con-
densation involving 5,10-diphenyl-16-thiatripyrrane and 2,5-
bis(phenylhydroxymethyl)furan offered an alternative effi-
cient synthetic route to meso-aryl-substituted heteroporphyr-
ins.[19b]


The accessibility of 5,10,15,20-tetraaryl-2-aza-21-carbapor-
phyrin in the reaction of arylaldehyde with pyrrole gave rise


to the revision of the view that tetraarylporphyrin is the sole
macrocyclic product of the Rothemund-type synthesis.[17, 20±23]


Subsequently, apart from tetraarylporphyrin and inverted
tetraarylporphyrin,[20] three other aromatic macrocycles have
been identified among the products of the pyrrole ± arylalde-
hyde condensation: tetraarylsapphyrin,[21] trisarylcorrole,[22]


meso-hexa(pentafluorophenyl)hexaphyrin(1.1.1.1.1.1)[23]


and–as observed recently–dodecaphyrin.[24]


We have previously established that the routine procedures,
that is the condensation of pyrrole, arylaldehyde, and 2,5-
bis(arylhydroxymethyl)furan or 2,5-bis(arylhydroxymethyl)-
thiophene, produces 5,10,15,20-tetraaryl-26,28-dioxasapphyr-
in, 5,10,15,20-tetraaryl-26,28-dithiasapphyrin as well as 5,10,
15,20-tetraaryl-21-oxaporphyrin and 5,10,15,20-tetraaryl-21-
thiaporphyrin.[25] Remarkably, the acid-catalyzed condensa-
tion of 16-oxatripyrrane, 16-thiatripyrrane, or 16-selenatri-
pyrrane gave 18-�, 22-�, and 26-� macrocycles (meso-aryl
diheteroporphyrins, diheterosapphyrins, and diheterorubyr-
ins).[26] A condensation of 5-(p-tolyl)dipyrromethane and
furylpyrromethanediol gave 5,10,15-trisaryl-21-oxacorrole in
addition to 5,10,15,20-tetraaryl-21-oxaporphyrin.[27]


The discovery of ™giant∫ por-
phyrins resulted in the anticipa-
tion that a combination of any
other building blocks, which are
typically used in acid condensa-
tion synthesis of porphyrin or
heteroporphyrin, is likely to
yield ™giant∫ heteroporphyrins.
Consequently, condensation of
bis(arylhydroxymethyl)hetero-
cyclopentadienes and pyrrole
may provide a path to expanded
meso-aryl heteroporphyrins of
the general formula presented
in Scheme 1.


We report herein on a route to expanded thiaporphyrins
(X� S) which provides the first meso-octa(p-tolyl)tetra-
thia[36]octaphyrin(1.1.1.1.1.1.1.1) and its dihydrogenation
product meso-octa(p-tolyl)dihydrotetrathia[38]octaphyrin-
(1.1.1.1.1.1.1.1). Thus, we describe the properties of two novel
helical figure-eight macrocycles.


Results and Discussion


Synthesis and characterization:
5,10,15,20,25,30,35,40-Octa(p-tolyl)-41,43,45,47-tetrathia-


[36]octaphyrin(1.1.1.1.1.1.1.1) (S4OP) has been obtained by a
procedure which is analogous to that applied to obtain 5,10,15,
20-tetraphenyl-21,23-dithiaporphyrin (S2TPPH) and 5,10,15,
20-tetraphenyl-26,28-dithiasapphyrin (S2TPSH).[15a, 15e, 18a, 25]


The mechanistic considerations, which relate to the synthesis
of 5,10,15,20-tetraphenyl-21,23-dithiaporphyrin have been
taken into account in the resultant schematic synthetic route
presented in Scheme 2.


The synthesis involves the one-pot reaction of 2,5-bis(p-
tolylhydroxymethyl)thiophene with pyrrole in dichlorome-
thane (1:1 molar ratio), which is catalyzed by methanesulfonic


Abstract in Polish: W wyniku katalizowanej kwasem kon-
densacji pomiaŒdzy pirolem a 2,5-bis(p-toluilohydroksymety-
lo)tiofenem powstajeŒ dwie nowe ™gigantyczne∫ porfiryny -
5,10,15,20,25,30,35,40-okta(p-toluilo)-41,43,45,47-tetratia[36]-
oktafiryna(1.1.1.1.1.1.1.1), S4OP, oraz 5,10,15,20,25,30,35,40-
okta(p-toluilo)-dihydro-41,43,45,47-tetratia[38]oktafiryna(1.1.
1.1.1.1.1.1), S4OPH2. Wykazano, z«e mogaŒ one przechodzic¬ w
siebie wzajemnie na drodze hydrogenacji - dehydrogenacji.
Oba zwiazki przyjmujeŒ konformacjaŒ o¬semki co udowodniono
na podstawie eksperymento¬w 1H NMR COSY i NOESY. Dwa
piers¬cienie tiofenowe dla S4OP i dwa pirolowe dla S4OPH2


znajdujaŒ sieŒ na przecieŒciu ™o¬semki∫. Kaz«dy z ditiaporfiryno-
podobnych fragmento¬w S4OP lub S4OPH2 zachowuje sieŒ jako
niezalez«ny akceptor protono¬w. Stopniowa protonacja prowa-
dzi do symetrycznej (w przypadku parzystej liczby dodanych
protono¬w) lub asymetrycznej (w przypadku nieparzystej
liczby dodanych protono¬w) formy kationowej. S¬ciez«ka aro-
matycznos¬ci dihydrotetratiaoktafiryny (38 elektrono¬w �)
wskazuje, zgodnie z regu¯aŒ H¸ckla (4n� 2), na uk¯ad z
diatropowym efektem pradu piers¬cieniowego, co przejawia sieŒ
w widmach 1H NMR odpowiednim przesunieŒciem linii rezo-
nansowych. Analogicznie 4n elektrono¬w � (n� 9) dla tetra-
tiaoktafiryny t¯umaczy obecnos¬c¬ efektu paratropowego. Za-
proponowano nowy mechanizm wyjas¬niajaŒcy t¯umacza¬cy
dynamiczne w¯as¬ciwos¬ci S4OP. Wymaga on ruchu ca¯ego
makrocykla analogicznego do ruchu tas¬my przenos¬nikowej.
Ruch taki zachodzi z zachowaniem skreŒtnos¬ci o¬semki. Uk¯ad
S4OP± S4OPH2 moz«na uznac¬ za molekularny prze¯aŒcznik,
kto¬rego dzia¯anie jest oparte o chemieŒ utleniania i redukcji.
Zalez«nie od stopnia utlenienia makrocykla umieszcza on pirol
lub tiofen w miejscu skrzyz«owania ™o¬semki∫.


Scheme 1. General formula of
the expanded meso-aryl heter-
oporphyrins.
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acid and which is followed by oxidation by p-chloranil. The
choice of the p-tolyl derivative is of importance in the further
spectroscopic and structural analysis.


The condensation process produces, in addition to
5,10,15,20-tetra(p-tolyl)-21,23-dithiaporphyrin, other aromat-
ic macrocyclic derivatives which include the previously
characterized 5,10,15,20-tetra(p-tolyl)-26,28-dithiasapphyrin
(26,28-S2TTSH)[25] and the novel 5,10,15,20-tetra(p-tolyl)-
25,27-dithiasapphyrin (25,27-S2TTSH). 22,24-Dithiaporphyr-
in with an inverted pyrrole ring, 5,10,15,20-tetra(p-tolyl)-2-
aza-21-carba-22,24-dithiaporphyrin (S2CTTP), is also identi-
fied.[28]


We isolated the following by careful examination of all
fractions that were obtained by chromatography on basic
alumina: 5,10,15,20,25,30,35,40-octa(p-tolyl)-41,43,45,47-tet-
rathia[36]octaphyrin(1.1.1.1.1.1.1.1) (S4OP) in 2% yield. In
this series of experiments the formation of S4OP is usually
accompanied by a second derivative which contains two more
hydrogen atoms: 5,10,15,20,25,30,35,40-octa(p-tolyl)-dihydro-
41,43,45,47-tetrathia[38]octaphyrin(1.1.1.1.1.1.1.1), that is di-
hydrotetrathiaoctaphyrin (S4OPH2) (Scheme 3).


Scheme 3. Dihydrotetrathiaoctaphyrin (S4OPH2).


Once identified and thoroughly characterized, both tetra-
thiaoctaphyrins are detected in other condensations which
included 2,5-bis(arylhydroxymethyl)thiophene and pyrrole.
For instance S4OP and S4OPH2 have been obtained in Lindsey
conditions using BF3 ¥ Et2O as a catalyst. S4OP and S4OPH2


demonstrate strikingly different affinities toward basic alu-
mina in the course of column chromatography. The distinct
marine-green fraction, which contains S4OP, elutes with
dichloromethane from the basic alumina column just after
its lower homologue, S2TTP. The green fraction, which
contains S4OPH2, elutes with the polar mixture chloroform/
methanol (90/10 v/v) initially with some residual tarry
products.


Both tetrathiaoctaphyrins, S4OP and S4OPH2, are inter-
convertible. S4OP undergoes dihydrogenation by using so-
dium borohydride in THF to form S4OPH2 in a quantitative
manner. Well-defined isosbestic points are detected for the
process which was followed by UV spectroscopy. Dihydroge-
nation has been used to produce S4OPH2 on a synthetic scale.
The reaction of S4OP with sodium hyposulfite in a biphasic
dichloromethane/water system also produces S4OPH2. Nota-
bly, oxidation of S4OPH2 by p-chloranil or 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) yields S4OP.


Mass spectrometry of S4OP suggests the empirical formula
C96H72N4S4 which is consistent with presence of four [C(C6H4-
(p-CH3))]-(C4H2S)-[C(C6H4(p-CH3))]-(C4H2N) fragments in
the molecule (Scheme 2). The empirical formula of S4OPH2,
C96H74N4S4, also accounts for the presence of four [C(C6H4(p-
CH3))]-(C4H2S)-[C(C6H4(p-CH3))]-(C4H2N) units with addi-
tion of two NH hydrogen atoms (Scheme 3).


Spectroscopic characterization of S4OP and S4OPH2: The
electronic spectrum of S4OP shows two major bands of the
comparable intensities at 427 and 631 nm (Figure 1). In
contrast with porphyrins and aromatic expanded porphyrins,
the intense Soret-like band is absent. The electronic spectrum
of S4OPH2 resembles that of S4OP although the longer
wavelength band is bathochromically shifted to 739 nm
positions (Figure 1). The S4OP and S4OPH2 patterns of


Scheme 2. Synthetic route to 5,10,15,20,25,30,35,40-octa(p-tolyl)-41,43,45,47-tetrathiooctaphyrin.
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Figure 1. Trace A: The electronic
spectra of S4OPH2 (solid line), S4OP
(dashed line) in dichloromethane.
Trace B: The MCD spectra at 293 K,
0.1437 T of S4OPH2 (solid line) and
S4OP (dashed line) in dichloro-
methane.


electronic spectra are similar to
those of [34]octaphyrin(1.1.1.0.
1.1.1.0).[29] The magnetic circu-
lar dichroism (MCD) spectra of
S4OP and S4OPH2 has features
at positions which correspond
to positions of the absorption
bands in the electronic spec-
trum (Figure 1).


Representative 1H NMR
spectra of S4OP are shown in
Figure 2. The neutral form of
S4OP produces well-resolved
spectra but only under certain
optimized conditions. The visi-
bility of diagnostic features de-
pends strongly on a choice of
solvent and temperature. Se-
vere broadening of all resonan-
ces, particularly in the �� 10 ± 6
region, is observed at 298 K in
[D2]dichloromethane,
[D]chloroform or [D8]toluene
(Figure 2, Trace C).


The assignments of the S4OP
resonances, which are given
above selected groups of peaks
(Figure 2 Trace A) and shown
in Table 1, are made on the
basis of relative intensities and
of detailed two-dimensional
1H NMR studies (COSY,
NOESY) carried out at 213 K


in [D2]dichloromethane. The site-specific deuteration of the
pyrrole moieties ([D8]S4OP) and exchange of labile NH
protons by deuterons to form ND in the presence of D2O (in
the case of the S4OPHn


n� cationic species) is used as an
independent route of assignments. The 1H NMR spectrum of
S4OP (213 K) exhibits four AB patterns. Two of them (��
6.17, 6.49; 6.47, 6.60) are easily assigned to the �-H pyrrole
protons as they are extremely diminished in the correspond-
ing spectrum of [D8]S4OP. By default, the two other AB
patterns are assigned to the thiophene rings. Four different
sets of meso-p-tolyl ring resonances are observed. Each
demonstrates two ortho and two meta resonances readily
correlated through COSY and NOESY techniques with
particular methyl resonances. The differentiation of ortho
and meta resonances suggests that the p-tolyl rotation with
respect to the Cmeso�Cphenyl bond is slow below 213 K and that
the tetrathiaoctaphyrin macrocycle is not planar. Importantly,
the multiplicity of all resonances is identical even at 193 K in


Figure 2. 1H NMR spectra (selected downfield and upfield regions only) of S4OP at 213 (A), 243 (B), and 298 K
(C) in [D2]dichloromethane. Inset: p-methyl resonances. Peak labels follow systematic position numbering of the
tetrathiaoctaphyrin ring or denote proton groups: o, m, denotes ortho, meta, positions of meso p-tolyl rings,
respectively.
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[D2]dichloromethane. In general the 1H NMR spectroscopic
pattern is consistent either with Ci or C2 symmetry of
tetrathiaoctaphyrin. Eight AB patterns and eight p-methyl
resonances are expected for a molecule without any element
of symmetry. The Cs symmetry of tetrathiaoctaphyrin can be
excluded as it implies the magnetic equivalence of pyrrole
(thiophene) protons, which are located on the same ring. The
existence of A2 pattern(s) in the NMR spectrum of S4OP is
required for such geometry.


Crystal and solution structures of octaphyrins demonstrate
a helical figure-eight arrangement of their skeletons.[5, 6, 7] A
chiral figure-eight conformation of expanded porphyrins was
originally discovered in turcasarin.[8] These molecules exist in
a chiral figure-eight conformation in the crystal and the sense
of rotation of the resulting helix is designated with the
description P for the right-handed and M for the left-handed
orientation.[30] Molecules with a figure-eight conformation are
known in other fields. Such geometry has been determined for
propellicenes[31] and [28]paracyclophaneoctaene.[32] This motif
has been also observed among cyclic peptides[33] and coordi-
nation compounds.[34]


The structural formula of S4OP shown in Scheme 2
demonstrates that the planar circular structures which facil-
itate a �-electron count. To account for the 1H NMR spectra
that are characteristic of S4OP nonplanar structural scaffolds,
a C2 figure-eight-shaped double helical fold is considered


(Scheme 4). In the construction of models, it is accepted that
five-member rings of expanded porphyrins can adopt the
regular and 180o inverted or ™flipped∫ positions.


Scheme 4. Structurally important dipolar relays of figure-eight geometry
of S4OP(arrows).


Molecular mechanics calculations have been used to
visualize the suggested structures of tetrathiaoctaphyrin and
to assess the degree of the macrocycle distortion that is
necessary to form this species (Figure 3). The figure-eight


Figure 3. Structure of S4OP from molecular mechanics calculations.


twist defines two dithiaporphyrin-like macrocycles. The
ribbon crossing of S4OP consists of two thiophene-S(41) and
thiophene-S(45) moieties that belong to upper and bottom
part of the ™macrocyclic ribbon∫ as the molecule possesses C2


symmetry. The corresponding skeleton (Scheme 4) highlights
that S(41) and S(45) thiophene rings are oriented in the
opposite direction. Consequently 3-H hydrogen and 23-H
hydrogen atoms are directed toward the centers of dithiapor-
phyrin-like pockets. The 3-H and 23-H positions are quite
unique for the whole molecule. They are diagnostic of the
™zigzag∫ fragment of the skeleton. The assignment of these
two resonances provided the starting point for the analysis of
the COSY and NOESY experiments. The 2D NMR studies


Table 1. 1H NMR data of S4OP and S4OPH2.


Position �(1H) ��(1H)[c]


S4OP[a] S4OPH2
[b]


2-H 7.32 7.51 � 0.19
3-H 10.05 6.97 2.42
7-H 6.60 4.18 2.10
8-H 6.47 4.37 � 0.08
12-H 6.73 6.81 � 0.92
13-H 6.62 7.54 � 0.83
17-H 6.17 7.00 -0.51
18-H 6.49 7.00 3.08
5o 8.08 5.46 2.6
5o� 7.02 7.52 � 0.50
5m 7.44 6.47 0.97
5m� 7.15 7.04 0.11
10o 7.63 4.46 3.17
10o� 6.90 8.25 � 1.3
10m 7.35 6.43 0.92
10m� 7.17 5.27 1.90
15o 6.96 7.94 � 0.98
15o� 7.30 6.94 0.36
15m 7.12 7.48 � 0.3
15m� 7.22 7.24 � 0.02
20o 7.06 7.50 � 0.44
20o� 6.98 7.28 � 0.30
20m 7.40 7.43 � 0.03
20m� 7.20 7.30 � 0.10
p-methyl
5 2.44 2.30 0.14
10 2.38 1.36 1.02
15 2.33 2.47 � 0.14
20 2.52 2.48 0.04
NH - 5.36 -


[a] �(1H) for S4OP at 213 K. [b] �(1H) for S4OPH2 at 253 K. [c] ��(1H)�
�(S4OP)� �(S4OPH2).
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were preceded by initial assignments from the selective
deuteration at �-pyrrole positions (Table 1). The resulting
fundamental relays of observed and assigned COSYand NOE
connectivities are presented at Scheme 4. Here we only
present the most fundamental steps of the spectroscopic
discussion, which is based on the structural constraint of the
figure-eight geometry. The spatial proximity of the 2-H± 40-p-
tolyl and 3-H± 5-p-tolyl implies strong NOE cross-peaks
exclusively between 2-H(thiophene) and ortho-H(40-p-tolyl).
The figure-eight geometry requires a trans arrangement of
5-p-tolyl and 3-CH moieties with respect to the C(4)�C(5)
bond contrary to the cis arrangement in the regular hetero-
porphyrin. Thus, the 3-H(thiophene) and ortho-H(5-p-tolyl)
are the only pair in the whole structure where the �-H and the
adjacent ortho-H(p-tolyl) distance is too large to allow
efficient dipolar coupling. Characteristic sets of contacts are
expected at other fragments of S4OP. In comparison to the
2-H± 3-H pair, the 12-H and 13-H thiophene protons reveal
connectivity to ortho-H(p-tolyl) protons (12-H±ortho-H(10-
p-tolyl) and 13-H± ortho-H(15-p-tolyl), respectively). Addi-
tionally, the ortho protons of 10,15,20-p-tolyl rings are
adjacent to two different �-H protons: the first originates
from the pyrrole ring and the second from the thiophene ring.
Due to their spatial proximity, the unique cross peak between
�� 7.32 (pyrrole) and 7.40 (ortho) allows their assignment as
2-H and ortho-H(40-p-tolyl), respectively. The 3-H resonance
is located at �� 10.05 as confirmed by a 2-H ± 3-H COSY
cross-peak. As predicted, there
is no NOE correlation to this
particular resonance, which
originates from the 5-p-tolyl
fragment. The 5-p-tolyl ring is
identified by default, as this is a
unique p-tolyl ring, with a sin-
gle strong �-H ± ortho-H cross-
peak (7-H(pyrrole) ±ortho-
H(5-p-tolyl)). The specific hel-
ical structure of S4OP imposes
the close proximity of p-meth-
yl(5-p-tolyl) and ortho-H(30-p-
tolyl) protons (� 2.98 ä from
the MM� model) which con-
trasts with the very large p-
methyl(5-p-tolyl) and ortho-
H(10-p-tolyl) distance (at least
10 ä). In addition, meta-H(5-p-
tolyl) and ortho-H(30-p-tolyl)
are adjacent (� 2.2 ± 3.1 ä from
the MM� model, depending
on the orientation of the ring).
Similarly 3-H and ortho-H of
25-p-tolyl are closely situated.
As a consequence, a NOE
cross-peak between the p-
methyl (2.44 ppm) and ortho-
H (7.63 ppm) resonances, which
reflects the methyl(5-p-tolyl) ±
ortho-H(30-p-tolyl) contact, is
detected in the NOE map.


Analogously, the meta-H(5-p-tolyl) ± ortho-H(30-p-tolyl) and
3-H± ortho-H(25-p-tolyl) dipolar interactions can also be
correlated. It is important to notice these sets of correlation
serve as definitive structural markers of the figure-eight
helical structure.


Spectroscopic characterization of S4OPH2 : The representa-
tive 1H NMR spectral patterns of S4OPH2 are shown in
Figure 4. Severe broadening of all p-tolyl resonances is
observed at 298 K in [D2]dichloromethane or [D8]toluene
but well-resolved spectra are collected at 253 K.


The assignments of the S4OPH2 resonances, which are given
above selected groups of peaks (Figure 4, Trace A) and listed
in Table 1, were carried out in a similar manner to those for
S4OP, including the selective deuteration of �-pyrrole and NH
positions to give [D8]S4OPH2 and S4OPD2, respectively.
Indeed the 1H NMR spectroscopic pattern of S4OPH2 reflects
the multiplicity and connectivity expected for the C2 figure-
eight geometry. There is, however, one crucial structural
difference between S4OP and S4OPH2. Specifically, dihydro-
genation of S4OP to S4OPH2 is accompanied by a replacement
of a thiophene fragment by a pyrrole fragment at the ribbon
crossing location. All structurally important dipolar and scalar
relays of figure-eight geometry, which are observed for S4OP,
are observed in the case of S4OPH2 as shown by arrows in
Scheme 5. However, the most important spatial contacts for
the structure determination are provided by the following


Figure 4. 1H NMR spectra (selected downfield and upfield regions only): A) S4OPH2 (253 K), B) S4OPH3
�


(218 K), C) S4OPH4
2� (213 K) obtained by titration with trifluoroacetic acid (TFA) in [D2]dichloromethane. Inset:


from Trace C presents the fragment of the S4OPH4
2� spectrum as measured at 273 K. Labeling as in Figure 2.
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Scheme 5. Structurally important dipolar relays of figure-eight geometry
of S4OPH2 (arrows).


pairs: methyl(10-p-tolyl) ± ortho-H(35-p-tolyl), meta-H(5-p-
tolyl) ± ortho-H(35-p-tolyl), and 7-H± ortho-H(5-p-tolyl).


In spite of the scaffolding similarities, the spectroscopic
pattern of S4OPH2 is markedly different from that of S4OP as
evident from the comparison of Figure 2 and Figure 4. The
downfield bias of the selected resonances seen for S4OP has
been replaced by an upfield trend in S4OPH2 (Table 1).


Protonation and tautomeric equilibria: A 1H NMR titration
of S4OPH2 {[48-N,42-NH][44-N,46-NH]} with trifluroacetic
acid (TFA) in [D2]dichloromethane results in the gradual
formation of a monocationic form, followed by a dication
(Figure 4 and Figure 5).


Figure 5. The p-methyl regions of 1H NMR spectra for A) S4OPH2


(253 K), B) S4OPH3
� (218 K), C) S4OPH4


2� (213 K) obtained by titration
with TFA in [D2]dichloromethane. * denotes solvent impurities.


The protonation mechanism reflects the unusual structure
of the molecule. The addition of the first proton removes the
equivalency of the two dithiaporphyrin-like pockets. Conse-
quently, a double number of resonances is detected in the
spectrum of S4OPH3


� with respect to that of S4OPH2. An
appearance of the N(44)H resonance and differentiation of
N(42)H and N(46)H resonances accompany this process. One
subset corresponds to the protonated part and the second


preserves the features of the original molecule (Figure 4,
Trace B, and Figure 5, trace B). The pattern of the p-methyl
resonances can be treated as a structurally diagnostic ™finger-
print∫ of the S4OPH2�nn� cationic forms (Figure 5). Thus, eight
p-methyl resonances have been readily identified for
S4OPH3


� (Figure 5, Trace B). The symmetrically protonated
form, S4OPH4


2�, is shown by a set of four p-methyl resonances
(Figure 5, Trace C). The odd number of NH protons lowers
the symmetry of the cation, as shown in 1H NMR spectra. This
would not be observed in the fast exchange of NH protons
between two pockets.


Parallel studies carried out for S4OP revealed similar
behaviour (Figure 6). Addition of the first proton produces
the asymmetric S4OPH�, which doubles the resonance peaks.


Figure 6. 1H NMR spectra of A) S4OP (213 K), B) S4OPH� (203 K), C)
S4OPH2


2� (196 K), D) S4OPH3
3� (203 K, the eighth methyl resonance at


�� 0.53, d ± a dicationic species) obtained by titration of S4OP with TFA in
[D2]dichloromethane. Inset from Trace D contains two NH resonances of
S4OPH3


3� (the third NH resonance has not been identified). Labeling as in
Figure 2.


This implies the formation of a single tautomer, presumably
{[42-N,44-NH][46-N,48-N]} which avoids the CH±NH cis
interaction which is expected for {[42-NH,44-N][46-N,48-N]}.
Alternatively this behavior can be explained with the
assumption that S4OP, like many other porphyrins, is subject
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to NH tautomerism which involves two forms: {[42-NH, 44-N]-
[46-N, 48-N]} and {[42-N, 44-NH][46-N, 48-N]}. The fast
tautomerization should be limited to the single dithiapor-
phyrin-like pocket without the possibility of fast interpocket
proton exchange. An attempt to lower the possible exchange
rate was made by measuring the spectrum at 193 K, but
without any effect that could be related to the formation of
two alternative monocationic forms. The next titration step
produces a symmetric dication followed by an asymmetric
trication S4OPH3


3�. Consistent with symmetry of the prevail-
ing species in solution, alternately four, eight, four, and eight
methyl resonances are detected for S4OP, S4OPH�, S4OPH2


2�,
and S4OPH3


3� in the course of titration (Figure 6).


Aromaticity and antiaromaticity of figure-eight tetrathiaocta-
phyrins: The most obvious differences between S4OPH2 and
S4OP 1H NMR spectra are revealed at the figure-eight
crossing fragments: S4OP, [C(40)(C6H4-CH3)]-[C4H2S(41)]-
[C(5)(C6H4-CH3)]; S4OPH2, [C(5)(C6H4-CH3)]-[C4H2N(42)]-
[C(10)(C6H4-CH3)] (Figure 2 and 5, Table 1). The 1H chemical
shifts of thiophene (12-H, 13-H) and pyrrole (7-H, 8-H), (17-
H, 18-H) hydrogens of S4OP are in the range of other
nonaromatic conjugated systems which contain thiophene and
pyrrole moieties.[10] The chemical shift of these fragments can
be considered as reference points for other fragments of S4OP
and S4OPH2. Themarked upfield shifts are determined for the
[C(5)(C6H4-CH3)]-[C4H2N(42)]-[C(10)(C6H4-CH3)] fragment
in the case of S4OPH2 but downfield shifts for [C(40)(C6H4-
CH3)]-[C4H2S(41)]-[C(5)(C6H4-CH3)] of S4OP or even more
prominent for its dication, S4OPH2


2�. The position of 2-H and
3-H resonances is strongly solvent dependent as exemplified
by the 1H NMR spectrum of S4OP in [D8]toluene. The 2-H
and 3-H resonances are located at �� 10.97 and �� 7.82
([D8]toluene, 294 K), that is considerably downfield with
respect to the corresponding values measured in [D2]dichloro-
methane (Table 1). The shift differences between the 2-H, 3-H
and 12-H, 13-H thiophene resonances of S4OP or 7-H, 8-H
and 17-H, 18-H pyrrole resonances of S4OPH2 reflect the
substantial anisotropy of the shielding-deshielding macro-
cyclic effect. Significantly, the sign of anisotropy is reversed
going from S4OPH2 to S4OP.


Originally it was noticed that the 3-H resonance of S4OP is
in an unusually downfield position even in comparison to the
adjacent 2-H resonance, which is located on the same
thiophene ring. However, both are considerably downfield
shifted with reference to the shifts of 12-H and 13-H
resonances. The upfield component, present for the 2-H
resonance, which originates from the local 40-p-tolyl ring
current effect, is missing in the shift of 3-H because of the
unusual position of the 5-p-tolyl ring. This structural differ-
ence may account in part for the spectroscopic features of the
2-H± 3-H couple.


Dihydrotetrathiaoctaphyrin contains 38-� electrons in its
conjugation pathway that corresponds to the formal [4n� 2]
H¸ckel type � electron formulation, in which the overall
macrocyclic aromaticity is shown in 1H NMR spectra by
notable diatropic ring current effect. Two-electron oxidation
of dihydrotetrathiaoctaphyrin yields tetrathiaoctaphyrin
which corresponds to the formal 4n type � electron formu-


lation which allows the overall macrocyclic antiaromaticity to
be revealed in the 1H NMR spectroscopy by paratropic shifts.
These considerations imply an assumption of almost planar
structures in relation to these that are presented in Scheme 2
and Scheme 3. However, we have already demonstrated that
this is not the case. Our results provide evidence that, in the
case of 38-� electron and 36-� electron figure-eight tetra-
thiaoctaphyrins, the correlation between number of � elec-
trons and the nature of ring current effect is, at least
qualitatively, preserved although the detected effect is
considerably smaller with respect to regular porphyrin and
extended porphyrin as well to their heteroanalogues.[9, 17] In
their electronic structure, a S4OPH2 ± S4OP couple is analo-
gous to the [18]tetraoxaporphyrin dication (O4P2�) ± [20]te-
traoxaisophlorin (O4P) couple, in which two-electron reduc-
tion results in a replacement of the diatropic effect by the
paratropic one.[36] One has to be aware of the different figure-
eight related geometry of the effect as compared to proto-
typical planar conjugated porphyrin or extended porphyrins.
In fact, it has been suggested that lack of aromaticity for
[4n� 2] [34]octaphyrin(1.1.1.0.1.1.1.0) may result frommacro-
cyclic nonplanarity or other factors such as the ring size or self
canceling magnetic moments within each ™half∫ of the
molecule.[35] Nevertheless, it has also been demonstrated the
hexaanion of figure-eight [28]paracyclophaneoctaene is a 54-
� electron diatropic system.[32] Thus, the assumption is that the
upper [S(41)N(42)S(43)N(44)] or bottom [S(45)N(46)S(47)-
N(48)] moieties of the figure-eight ribbon of dihydrotetra-
thiaoctaphyrin is the cause of the diatropic effect that creates
the resultant shielding zones above and below the
{S(41)N(42)S(43)} or {S(45)N(46)S(47)} reference planes.
Therefore, the resonances of the [C(5)(C6H4-CH3)]-
[C4H2N(42)]-{[C(25)(C6H4-CH3)]-[C4H2N(46)]} fragment lo-
cated above the [S(45)N(46)S(47)] {[S(41)N(42)S(43)]} plane
of reference should demonstrate the considerable upfield
relocation. The effect of the opposite sign is expected at the
ribbon-crossing thiophene in S4OP due to the macrocyclic
paratropicity.[37]


Rearrangement processes–rotation of meso-p-tolyl groups:
The temperature dependence of the one-dimensional
1H NMR spectrum of S4OP is shown in Figure 2.


The two ortho and meta protons on each meso phenyl ring
are unequivalent due to the helical structure of S4OP. Thus
each ortho or meta p-tolyl pair should present two separate
resonances in the 1H NMR spectra if rotation about themeso-
carbon�p-tolyl bond is restricted. The 5-p-tolyl group is
located in a rather crowded region of the figure-eight
compound (Figure 3). This ring is flanked by pyrrole in a
regular orientation and by the thiophene ring, which is
inverted with respect to the regular porphyrinic arrangement.
The steric hindrance of the thiophene S(41) atom and one �-
CH fragment is smaller than that expected for the two �-CH
fragments in all other p-tolyl groups. This factor may lower
the rotation barrier in comparison to other meso positions,
which results in the selective broadening of 5-p-tolyl reso-
nances seen at the 248 ± 213 K range (Trace B of Figure 2).
Once temperature has been increased above 268 K, broad-
ening of ortho and meta resonances, as well as those from all
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pyrrole, and thiophenes, is observed to produce the decep-
tively simplified spectrum at 293 K (Figure 2, Trace C). This
renders the specific analysis of meso p-tolyl rotation imprac-
tical.


Similar spectral changes related to themeso p-tolyl rotation
have been detected in variable-temperature 1H NMR studies
carried out for S4OPH2. The dynamic broadening of 5-p-tolyl
and 20-p-tolyl resonance is detected at 293 K in [D]chloro-
form but rotation is restricted for two other meso p-tolyl
groups located further away from the ribbon crossing pyrrole
rings. The 1H NMR spectra of SOPH2 in [D8]toluene show
that edition of the pyrrole and thiophene resonances is
observed as all p-tolyl resonances demonstrate severe broad-
ening in constrast to the sharp pyrrole and thiophene
resonances.


Rearrangement processes–transformation of figure-eight
geometry of S4OP: The methyl resonances, which are located
in the �� 2.2 ± 2.6 region, present well-defined dynamic
behavior by completing a fast exchange step. The four methyl
resonances are observed in the 193 ± 273 K temperature range
([D2]dichloromethane). As the temperature is gradually
raised, the 40(20)-Me and 5(25)-Me resonances broaden,
coalesce into one broad resonance at �� 2.5 and finally give
one sharp single peak. This behaviour is characteristic of a fast
exchange between the 5-Me and 20-Me structural positions
(Scheme 4). Simultaneously the similar changes are detected
for a 15-Me and 10-Me pair. It is notable that the methyl
groups are located on the rotation axis of the p-tolyl rings and
that the rotational dynamic process is not reflected in the
spectroscopic pattern. The rearrangement process evidently
excludes, at least in the investigated temperature limits, any
exchange between the methyl groups, which belong to two
different couples, that is between 5,20-Me and 10,15-Me sets.


All other resonances demonstrate easily recognizable
features in one-dimensional 1H NMR spectra that indicate a
slow rate exchange process that is severe broadening of all
pyrrole and thiophene resonances. We note that a fast
exchange rate, which yields well-resolved dynamically aver-
aged spectrum, is not detected for these resonances at the
accessible high temperature limits of chlorinated solvents
([D]chloroform, [D2]dichloromethane) or [D8]toluene. The
chemical shift difference determined for exchangeable methyl
pairs (�� 2.52 for 5-Me and 20-Me; �� 2.39 for 10-Me and


15-Me) are in the range in which all stages of the exchange
process could be seen in the course of experiment. The shift
differences for the other dynamic pairs are markedly larger.
Consequently only dynamically broadened spectrum could be
observed.


The lineshape analysis of the 5,20 pair was carried out using
the iterative computer program which yields appropriate rate
constants. An approach which assumes an exchange between
two equally populated scalar uncoupled pairs was applied.[38]


Activation parameters are obtained from the least-squares fits
of the rate constants to the Arrhenius and Eyring equations.
They are equal: Ea� 57.9� 1.5 kJmol�1 �H�� 55.3�
1.5 kJmol�1, �S���28.0� 5.1 JK�1mol�1. Analogous analy-
sis, which was carried out on the second dynamic 15,20 methyl
pair, gives similar values. The exchange process is solvent
dependent. Hence, activation parameters in [D8]toluene are
equal Ea� 91.9� 2.7 kJmol�1) �H�� 89.2� 2.7 kJmol�1


�S�� 72.6� 8.4 JK�1mol�1.
The �G�


298� 63.6� 3.0 kJmol�1 ([D]chloroform) or
�G�


298� 67.6� 5.2kJmol�1 ([D8]toluene) values are consider-
ably smaller when calculated from NMR data (�G��
85 kJmol�1) or when measured directly (�G�


298�
96.5 kJmol�1 for [36]octaphyrin(2.1.0.1.2.1.0.1).[6, 7] These data
have initiated a discussion on the rearrangement mechanism
of a tetrathiaoctaphyrin in light of previously documented
structural flexibility of figure-eight molecules.[6, 8, 7, 34b±d]


In spite of the obvious structural similarities the figure-
eight transformation that is observed in S4OP is not observed
in S4OPH2 in [D2]dichloromethane.


Rearrangement mechanisms : To account for the dynamic
behavior of S4OP we have considered two mechanisms: 1) fast
dynamic equilibrium, which includes helix inversion, between
two enatiomeric forms of the double helical figure-eight
S4OP; 2) a figure-eight conveyor-belt-like movement of the
whole ring without a racemization step.


The first mechanism is based on fast exchange between two
limiting enantiomeric conformations (Scheme 6). These con-
formations can interconvert via left- or right-handed twists
along the long axis as shown in Scheme 6. The process
includes a presumed open pseudo-circular intermediate as the
crucial step of a rearrangement route. Such a seemingly
straightforward racemization requires concerted rotations of


Scheme 6. An exchange between two limiting enantiomeric conformations of S4OP.
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the molecule using a route that minimizes the steric hindrance
of the p-tolyl groups.


For the convenience of further analysis the p-tolyl, �-H
thiophene and �-H pyrrole groups are systematically labeled
(a ± h), labels which refer to the characteristic chemical shifts,
detected for the PP frozen configuration (Scheme 6 and
Figure 3). Accordingly the following series of two-site dy-
namic pairs are anticipated from Scheme 6. Formally, the
exchange takes place between two limiting positions with
shifts that were determined for the frozen configuration of
S4OP-PP as follows: A ±D (5-, 20-, 25-, 40-p-tol), B ±C (10-,
15-, 30-, 35-p-tol), a ± b (2-H, 3-H, 22-H, 23-H), c ± g (7-H, 18-
H, 27-H, 38-H), d ± h (8-H, 17-H, 28-H, 37-H), e ± f (12-H, 13-
H, 32-H, 33-H). In the fast exchange limit two A2 thiophene
patterns and one pyrrole AB pattern are expected to be
observed as evidence for a time averaged spectroscopic
photograph of two limiting C2 symmetry enantiomers which
would lead to the spectrum that corresponds to the effective
D2 symmetry of S4OP. The hypothetical racemization would
preserve the antiperiplanar positions of the C(39)�C(40) and
C(5)�C(6) bonds (the improper torsion angle approaches
180o), that is at positions where the helix makes an opposite
turn as compared to the regular porphyrin (the relevant
C(39)�C(40) and C(5)�C(6) dihedral angles of porphyrin
approaches 0�). The racemization would also require an
exchange between two equivalent modes of the thiophene ±
thiophene spacer pyrrole overlap which would result from a
fast flipping motion of the two thiophenes spacer groups as
shown in Scheme 6. At these projections either C(4)-C(5)-
C(25)-C(24) (S4OP-PP) or C(1)-C(40)-C(20)-C(21) (S4OP-
MM) improper torsional angles would come close to 0�.
Although the fast racemization process could adequately
describe the spectroscopic pattern and exchange phenomenon
of S4OP we have noticed that the measured exchange rate is
very fast in comparison to turcasarin or octaphyrins.[6, 8, 36] The
exchange rate for S4OP at 297 K equals 42 s�1 which contrasts
with the value of k� 7.5� 10�5 obtained at 299 K for
[36]octaphyrin(2.1.0.1.2.1.0.1) racemization.[6] Intuitively, one
expects that bulky meso p-tolyl substituents of S4OP would
slow the racemization process.


An alternative pathway with identical spectroscopic con-
sequences to those described above is considered (Scheme 7).
This novel mechanism assumes the preservation of figure-


eight chirality but implies a sequence of steps which involve a
180� inversion of the ™ribbon crossing∫ S(41) thiophene ring
followed by the analogous flip of S(45) ring. Such a rearrange-
ment should be followed by the figure-eight conveyor-belt-
like movement of the whole S4OP ring in order to reconstruct
geometry around the S(41) and S(45)thiophene spacers and
consequently the whole tetrathiaoctaphyrin molecule. Ac-
cordingly, the molecule shuttles between two energetically
and structurally identical forms as shown in Scheme 7. This
results in two-site exchange dynamic process in the following
pairs: A ±D (5-, 20-, 25-, 40-p-tolyl), B ±C (10-, 15-, 30-, 35-p-
tolyl), a ± b (2-H, 3-H, 22-H, 23-H), c ± g (7-H, 18-H, 27-H, 38-
H), d ± h (8-H, 17-H, 28-H, 37-H), e ± f (12-H, 13-H, 32-H, 33-
H).


The similar conveyor-type process can be constructed for
figure-eight octaphyrins[6, 39] and for the very first giant
expanded porphyrins ± turcasarin.[8, 40]


S4OP± S4OPH2 redox-dependent transformation of the fig-
ure-eight geometry: Dihydrogenation of S4OP to S4OPH2 or
oxidation of S4OPH2 to S4OP is linked to a profound
structural change. The S4OP� (	) S4OPH2 process can be
considered as a sequence of two-electron reduction (two-
electron oxidation) and protonation (deprotonation) steps.
Thus a S4OP± S4OPH2 couple can be treated as a redox-
switching molecule, which, while preserving the overall
figure-eight geometry, ™chooses∫ pyrrole or thiophene rings
as spacers as a function of the macrocyclic oxidation state.


The S4OP± S4OPH2 rearrangement mechanism, which is
triggered by a redox change and produces the unstable
S4OPH2 configuration, S4OPH2*, preserves the figure-eight
chirality but requires a sequence of steps which involve a
�180� rotation of the C(25)-C6H4CH3 fragment followed by
� 180� flip of C(5)-C6H4CH3. Consequently, the S(41) and
S(45) thiophene ™zigzags∫ are replaced by the N(42) and
N(46) pyrrole ™zigzags∫ respectively. Such a rearrangement
must by accompanied by two inversions of the N(42) and
N(46) pyrroles and a figure-eight conveyor-belt-like move-
ment of the entire S4OPH2 ring to reconstruct the geometry
around the new N(42) and N(46) pyrrole spacers and
consequently the whole dihydrotetrathiaoctaphyrin molecule
as shown in Scheme 8. One of the several feasible asymmetric
intermediate configurations is also presented in Scheme 8.


Scheme 7. An alternative rearrangement pathway of figure-eight tetrathiaoctaphyrin.
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Formation of figure-eight tetrathiaoctaphyrin: The formation
of figure-eight giant heteroporphyrins S4OPH2 and S4OP can
be accounted for by a mechanism of Rothemund-type
condensation. However, instead of the typically preferred
porphyrin or heteroporphyrin structures, doubly large cyclic
molecules are synthesized.[15, 16, 25]


Analogous to other modifications of the Rothemund
synthesis, we suggest that a mixture of dithiaanalogues of
tetrapyrromethane form at equilibrium. These intermediate
compounds are expected to preserve the preferred helical
conformation of tetrapyrromethane.[41, 42] Two pre-construct-
ed enantiomeric building fragments are suggested for the
construction of large macrocycles by the synthesis of octa-
phyrin. They are differentiated by helicity as shown in
Figure 7. The helical geometry of the open P or M precursor
provides the orientation required for the formation of two
covalent bonds to form figure-eight tetrathiaoctaphyrinogen,


Figure 7. The orientation of the two P enantiomers of the dithiaanalogue
of tetrapyrromethane represents a suggested step in the synthesis of
tetrathiaoctaphyrinogen, in which the formation of tetrathiaoctaphyrino-
gen is preferred rather than intramolecular dithiaporphyrinogen ring
closure. The helical structure of the P enantiomer has been obtained from
molecular mechanics calculations.


which can be subsequently oxidized to dihydrotetrathiaocta-
phyrin and tetrathiaoctaphyrin. The P ±P or M ±M combina-
tions are presumably preferred for steric reasons in the
formation the enantiomeric figure-eight molecule rather than
the P ±M combination, which would produce a optically
inactive ™squeezed-eight∫ meso-structure.


Conclusion


The acid-catalyzed condensation of pyrrole and 2,5-bis(phe-
nylhydroxymethyl)thiophene yields, apart from the well-
known dithiaporphyrin, two novel members of the giant
porphyrin family: tetrathiaoctaphyrin and dihydrotetra-
thiaoctaphyrin. The spectroscopic evidence indicates that
both compounds possess helical figure-eight geometry. The
protonation mechanism reflects the unusual structure of the
molecule. Two dithiaporphyrin-like pockets behave as inde-
pendent proton acceptors. The stepwise process yields sym-
metric or asymmetric cationic species depending on number
of added protons.


Dihydrotetrathiaoctaphyrin contains 38 � electrons in its
conjugation pathways which corresponds to the formal [4n�
2] H¸ckel type �-electron formulation. This suggests that the
overall macrocyclic aromaticity is demonstrated in its
1H NMR spectra by the residual diatropic ring current effect.
Two-electron oxidation of dihydrotetrathiaoctaphyrin yielded
tetrathiaoctaphyrin which corresponds to the formal 4n type
�-electron formulation and suggests that the overall macro-


Scheme 8. Rearrangement that occurs, which is accompanied by two inversions of the N(42) and N(46) pyrroles and a figure-eight conveyor-belt-like
movement of the entire S4OPH2 ring, to reconstruct the geometry of dihydrotetrathiaoctaphyrin. One of the several feasible asymmetric intermediate
configurations is also presented.
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cyclic antiaromaticity is revealed by small paratropic shifts.
Variable-temperature 1H NMR experiments provided evi-
dence for the rearrangement processes of S4OP. To account
for the dynamic properties of S4OP, a novel mechanism was
proposed which involves the figure-eight conveyor-belt-like
movement of the whole ring without a racemization step.
Therefore, the molecule shuttles between two degenerate
forms. In the next stage of development, a symmetry-lowering
substitution may lead, in principle, to a molecular shuttle
which can act as a switch betweeen two non degenerate quasi-
stabile molecular states.[43]


In fact, the S4OP± S4OPH2 couple may be considered
as a redox switch which, while preserving the overall figure-
eight geometry, reversibly selects either pyrrole or thiophene
rings as spacers as a function of the macrocyclic oxidation
state.


Experimental Section


Preparation of precursors : 2,5-Bis(p-tolylhydroxymethyl)thiophene was
synthesized according to known procedures.[15e]


Synthesis of 5,10,15,20,25,30,35,40-octa-(p-tolyl)-41,43,45,47-tetra-
thia[36]octaphyrin(1.1.1.1.1.1.1.1) (S4OP): 2,5-Bis(p-tolylhydroxymethyl)-
thiophene (600 mg, 1.85 mmol) and pyrrole (0.128 mL, 1.85 mmol) were
added to freshly distilled dichloromethane (250 mL). N2 gas was bubbled
through the solution for 20 min to remove oxygen before methanesulfonic
acid (0.095 mL) was added. The solution was stirred for 1h in the absence
of light, p-chloranil (1.35 g, 5.5 mmol) was added, and the solution was
heated under reflux (1h). The solvent was evaporated under reduced
pressure. The residue was dissolved in dichloromethane and chromato-
graphed on a basic alumina column. The first red fraction, which contained
S2TTP was removed, and the second fraction, which contained S4OP, was
eluted with dichloromethane. The third fraction, which contained S4OPH2


and some impurities, was eluted with a mixture of chloroform and
methanol (90/10 v/v). The second fraction was subjected to further
chromatography on basic alumina. Fractions eluted with dichloromethane
were monitored by UV/Vis spectroscopy and S4OP eluted as a marine
green solution with a yield of 2%. UV/Vis ([D2]dichloromethane):
(�max[nm] (log �)): 427 (4.59), 631 (4.74); 1H NMR (500 MHz, 213 K,
[D2]dichloromethane): �� 10.05 (d, 3J(A,B)� 4.4 Hz; 3-H, th.), 8.08 (d,
3J� 8 Hz; 5-o-Tol.), 7.63 (d, 3J� 7.8 Hz; 10-o-Tol.), 7.44 (d, 3J� 7.8 Hz; 5-m-
Tol.), 7.40 (d, 3J� 7.6 Hz; 20-m-Tol.), 7.35 (d, 3J� 7.8 Hz; 10-m-Tol.), 7.32 (d,
3J(A,B)� 4.6 Hz; 2-H, th.), 7.30 (d, 3J� 7.9 Hz; 15-o�-Tol.), 7.22 (d; 15-m�-
Tol.), 7.20 (d; 20-m�-Tol.), 7.17 (d; 10-m�-Tol.), 7.15 (d, 3J� 7.6 Hz; 5-m�-
Tol.), 7.12 (d, 3J� 7.8 Hz; 15-m-Tol.), 7.06 (d, 3J� 7.6 Hz; 20-o-Tol.), 7.02 (d,
3J� 7.6 Hz; 5-o�-Tol.), 6.98 (d; 20-o�-Tol.), 6.96 (d; 15-o-Tol.), 6.90 (d, 3J�
7.8 Hz; 10-o�-Tol.), 6.73 (d, 3J(A,B)� 5.9 Hz; 12-H, th.), 6.62 (d, 3J(A,B)�
5.7 Hz; 13-H, th.), 6.60 (d, 3J(A,B)� 4.3 Hz; 7-H, pyrr.), 6.49 (d, 3J(A,B)�
4.6 Hz; 18-H, pyrr.), 6.47 (d, 3J(A,B)� 4.3 Hz; 8-H, pyrr.), 6.17 (d,
3J(A,B)� 4.4 Hz; 17-H, pyrr.), 2.52 (s; CH3; 20-p-Tol.), 2.44 (s; CH3; 5-p-
Tol.), 2.38 (s; CH3; 10-p-Tol.), 2.33 (s; CH3; 15-p-Tol.).


S4OPH2
2� : 1H NMR (500 MHz, 196 K, [D2]dichloromethane): �� 10.17 (s;


NH), 9.39 (d, 3J(A,B)� 4.4 Hz; 3-H, th.), 8.88 (d, 3J� 7.0 Hz; 5-o-Tol.), 8.50
(d, 3J� 7.5 Hz; 5-m-Tol.), 8.31 (d, 3J(A,B)� 4.2 Hz; 2-H, th.), 8.16
(d, 3J� 6.6 Hz; 20-o-Tol.), 8.10 (d, 3J� 6.8 Hz; 10-o-Tol.), 7.56 (d, 3J�
6.6 Hz; 10-m-Tol.), 7.47 (d, 3J� 6.6 Hz; 20-m-Tol.), 7.42 (5-m�-Tol.),
7.32 ± 7.03 (Tol.), 7.41 (8-H pyrr.), 7.29 (7-H, pyrr.), 6.99 (d, 3J(A,B)�
4.6 Hz; 18-H, pyrr.), 6.89 (d, 3J(A,B)� 4.4 Hz; 17-H, pyrr.), 6.83
(d, 3J� 6.8 Hz; Tol.), 6.52 (d, 3J� 6.8 Hz; 10-o�-Tol.), 6.42 (d, 3J(A,B)�
4.2 Hz; 13-H, th.), 6.17 (d, 3J(A,B)� 4.2 Hz; 12-H, th.), 2.74 (s; CH3, 20-p-
Tol.), 2.69 (s; CH3, 5-p-Tol.), 2.44 (s; CH3, 10-p-Tol.), 2.34 (s; CH3, 15-p-
Tol.); HRMS (ESI):m/z calcd for C96H73N4S4: 1409.4713; found: 1409.4573
[MH]� .


S4OPH2 : 5,10,15,20,25,30,35,40-Octa-(p-tolyl)-41,43,45,47-tetrathia[38]di-
hydrooctaphyrin(1.1.1.1.1.1.1.1) (S4OP) (2 mg) was reduced with a suspen-
sion of sodium borohydride in THF. The progress of the reaction was


monitored by UV spectroscopy until the reduction was complete
(�20 min). The reaction was quenched with water and the product
extracted with dichloromethane. The extract was evaporated to dryness
and the residue subjected to column chromatography on basic alumina. The
green fraction, which contained S4OPH2, eluted with chloroform/methanol
(90/10 v/v). The reaction produced S4OPH2 in almost quantitative yield.
UV/Vis ([D2]dichloromethane): �max[nm] (log �): 346 (4.58), 435 (4.95), 522
(4.07), 567 (4.14), 739 (5.24), 927 (4.08); 1H NMR (500 MHz, 253 K,
[D2]dichloromethane): �� 8.25 (d, 3J� 7.9 Hz; 15-o-Tol.), 7.93 (d, 3J�
7.7 Hz; 20-o-Tol.), 7.54 (d, 3J(A,B)� 5.3 Hz; 13-H, th.), 7.52 (d, 3J�
7.9 Hz; 5-o�-Tol.), 7.51 (d, 3J(A,B)� 5.0 Hz; 23-H, th.), 7.48 (d, 3J� 7.2 Hz;
15-m-Tol.), 7.43 (d, 3J� 7.9 Hz; 20-m-Tol.), 7.30 (d, 3J� 7.9 Hz; 20-m�-Tol.),
7.28 (d, 3J� 7.2 Hz; 20-o�-Tol.), 7.24 (d, 3J� 7.7 Hz; 15-m�-Tol.), 7.04 (d3 J�
7.6 Hz; 5-m�-Tol.), 7.00 (17, 18-H, pyrr.), 6.97 (d, 3J(A,B)� 4.8 Hz; 22-H,
th.), 6.94 (d, 3J� 7.7 Hz; 15-o�-Tol.), 6.81 (d, 3J(A,B)� 4.3 Hz; 12-H, th.),
6.62 (d, 3J� 7.6 Hz; 10-o-Tol.), 6.47 (d, 3J� 7.6 Hz; 5-m-Tol.), 6.43 (d; 10-m-
Tol.), 5.46 (d; 5-o-Tol.), 5.36 (s; NH), 5.27 (d, 3J� 7.5 Hz; 10-m�-Tol.), 4.46
(d, 3J� 7.8 Hz; 10-o-Tol.), 4.37 (d, 3J(A,B)� 5.3 Hz; 8-H pyrr.), 4.18 (d,
3J(A,B)� 5.1 Hz; 7-H, pyrr.), 2.48 (s; CH3, 20-p-Tol.), 2.47 (s; CH3, 15-p-
Tol.), 2.30 (s; CH3, 5-p-Tol.), 1.36 (s; CH3, 10-p-Tol.).


S4OPH3
� : 1H NMR (500 MHz, 218 K, [D2]dichloromethane): �� 8.36, 8.34


(d, 3J� 7.9 Hz; 15,35-o-Tol.), 8.08, 8.00 (d, 3J� 7.7 Hz; 20, 40-o-Tol.), 7.71,
7.68, 7.64 (d, 3J(A,B)� 5.3 Hz; 13,23, 33,43H, th.), 7.61 ± 7.27 (Tol.), 7.05,
7.01 (d; 5,25-m�-Tol.), 7.27 ± 6.93 (17,18,37,38-H, pyrr; 12,22,32,42-H, th.),
6.91, 6.84 (d; 15,35-o�-Tol.), 6.74, 6.69 (d; 10,30-o-Tol.), 6.43, 6.40 (d; 5,25-m-
Tol.), 6.48, 6.40 (d; 10,30-m-Tol.), 5.93, 5,51 (s; NH), 5.39, 5.25 (d; 5-o-Tol),
5.36 (s; NH), 5.07, 5.05 (d; 10-m�-Tol.), 4.07, 4.05 (d, 3J� 7.2 Hz; 10-o�-Tol.),
4.48, 3.78 (d, 3J(A,B)� 4.8 Hz; 8-H pyrr.),4.36 (s; NH), 4.29. 3.63 (d,
3J(A,B)� 4.6 Hz; 7-H, pyrr.), 2.50 2.48 (s; CH3, 20, 40-p-Tol.), 2.48, 2.47 (s;
CH3, 15, 35-p-Tol.), 2.30, 2.28 (s; CH3, 5, 25-p-Tol), 1.26, 1.09 (s; CH3, 10,
30-p-Tol.).


S4OPH4
2� : 1H NMR (500 MHz, 213 K, [D2]dichloromethane): �� 8.51 (d,


3J� 7.8 Hz; 15-o-Tol.), 8.17 (d, 3J� 7.6 Hz; 20-o-Tol.), 8.13, 7.91 (d,
3J(A,B)� 5.0 Hz; 13,23-H, th.), 7.64 (d, 3J 8.0 Hz; 15-m-Tol.), 7.56 (d; 20-
m-Tol. 5-o�-Tol.), 7.50, 7.45 (20-m�-Tol. , 20-o�-Tol.), 7.33, 7.12 (d, 3J(A,B)�
4.4 Hz; 17, 18-H, pyrr.), 7.32 (,12, 22-H, th.), 7.31 (15-m�-Tol.), 7.07 (d, 3J�
8.0 Hz; 5-m�-Tol.), 6.84 (d, 3J� 7.6 Hz; 15-o�-Tol.), 6.63 (d, 3J� 7.3 Hz; 10-o-
Tol.), 6.45 (d, 3J� 7.8 Hz; 5-m-Tol.), 6.31 (d, 3J� 7.8 Hz 10-m-Tol.), 5.63 (s;
NH), 5.28 (d; 5-o-Tol.), 5.10 (d, 3J� 7.8 Hz; 10-m�-Tol.), 4.93(s; NH), 4.02
(10-o-Tol. , 7, 8-H pyrr.), 2.53 (s; CH3, 20-p-Tol.), 2.51 (s; CH3, 15-p-Tol.),
2.32 (s; CH3, 5-p-Tol.), 0.95 (s; CH3, 10-p-Tol.).


S4OPH4
2� : 1H NMR (500 MHz, 273 K, [D2]dichloromethane): �� 4.07, 4.08


(7,8-H, pyrr.), 3.98 (10-o-Tol.); HRMS (ESI): m/z calcd. for C96H75N4S4�
1411.4869; found 1411.4903 [M�H]� .


Preparation of samples : [D2]Dichloromethane and [D]chloroform for the
NMR samples were passed through basic alumina column before use. The
solution of the trifluroacetic acid (TFA) in [D2]dichloromethane was added
by syringe to the 1H NMR tube, containing S4OP or S4OPH2. The progress
of the reaction was followed by 1H NMR spectroscopy. Typically the
titration was carried out at 213 K. The spectra of samples, which
predominantly contained the single cationic species, were measured at
several temperatures.


Instrumentation : NMR spectra were recorded on a Bruker Avance 500
spectrometer. Absorption spectra were recorded on a diode array Hewlett
Packard 8453 spectrometer.
Mass spectra were recorded on an AD±604 spectrometer using the
electron impact and liquid matrix secondary ion mass spectrometry
techniques. MCD spectra were recorded on a Jasco J-715 Spectropolari-
meter.


Molecular mechanics calculations : Molecular mechanics calculations were
carried out with HyperChem software(Autodesk). The standard MM�
force field was applied.
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Synthesis and Preliminary Testing of Molecular Wires and Devices
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Abstract: Presented here are several
convergent synthetic routes to conjugat-
ed oligo(phenylene ethynylene)s. Some
of these oligomers are free of functional
groups, while others possess donor
groups, acceptor groups, porphyrin inte-
riors, and other heterocyclic interiors for
various potential transmission and digi-
tal device applications. The syntheses of
oligo(phenylene ethynylene)s with a
variety of end groups for attachment to


numerous metal probes and surfaces are
presented. Some of the functionalized
molecular systems showed linear, wire-
like, current versus voltage (I(V)) re-
sponses, while others exhibited nonlin-
ear I(V) curves for negative differential
resistance (NDR) and molecular ran-


dom access memory effects. Finally, the
syntheses of functionalized oligomers
are described that can form self-assem-
bled monolayers on metallic electrodes
that reduce the Schottky barriers. Infor-
mation from the Schottky barrier studies
can provide useful insight into molecular
alligator clip optimizations for molecu-
lar electronics.Keywords: cross-coupling ¥ molec-


ular devices ¥ self-assembly


Introduction


With the miniaturization of transistors on silicon semicon-
ductor chips come faster processing speeds and more power-
ful computational systems. However, these progressions in
size reduction are placing a heavy financial burden on the
silicon industry.[1±7] Gordon Moore, one of the founders of
Intel, predicted in 1968 that the minimum device feature size


on a semiconductor chip would decrease by a factor of two
every 18 ± 24 months. Moore×s prediction has held true over
the past 33 years; the routine commercial feature size of
microchips has dramatically declined to almost 0.1 �m.
Although a further decrease is likely, once the line size on
integrated circuits becomes �0.01 �m, several quantum
limitations will likely limit the performance of solid state
devices. Moreover, the high cost of the more complex
semiconductor fabrication facilities, and the inability to create
ever-smaller semiconductor devices due to inherent funda-
mental physical constraints, could severely retard the industry
in the next decade.
Therefore, new paradigms of computer architecture should


be considered. Molecular electronics is a field of study that
proposes the use of single or small packets of molecules to
function as the key components in future computational
devices.[1±9] The use of a single molecule has the advantage of
being about 106 times smaller in area than current silicon
devices.[1] Molecular-based systems can offer distinct advan-
tages in uniformity and potential fabrication costs. Addition-
ally, these molecular systems offer the advantage of ease of
synthesis and the ability to create large varieties of structures
by the use of facile chemical transformations.[1, 2]


Discrete conjugated oligo(phenylene ethynylene)s can
respond as wires, devices (nonlinear I(V) curves) or dynamic
random access memory components.[10±14] We focus here
primarily upon the synthetic chemistry used to make the
active molecular components while touching upon the wire
and device characteristics obtained. The use of these molec-
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ular scale electronic devices should allow for a plethora of
new and exciting computing architectures. Although numer-
ous obstacles remain, such as addressing large molecular
arrays, dealing with heat dissipation, and designing defect-
tolerant architectures, molecular electronics offers an exciting
incentive to consider molecular systems for future computing.


Results and Discussion


Synthesis of molecular-scale wires


The syntheses of molecular wires that exhibit nearly linear
I(V) curves are described in this section. Many of the
molecular wires have previously been tested. In each case,
the molecular wires bear one or more thioacetyl end groups
that can be deprotected, during the self-assembled monolayer
(SAM) formation step, to afford the free thiols for attachment
to metallic probes.
Synthesis of one-terminal oligo(phenylene ethynylene)


molecular wires: The synthesis of a simple wire, 4, from
readily available 1-bromo-4-iodobenzene (1) is shown in
Scheme 1. The starting material was monocoupled to trimeth-


Scheme 1. Synthesis of unfunctionalized wire 4. TMSA� trimethylsilylal-
kyne.


ylsilylacetylene using typical Sonogashira coupling proce-
dures.[15] The reaction proceeded with good chemoselectivity
due to the greater reactivity of the aryl iodide. The resulting
aryl bromide was then coupled to phenylacetylene using
similar conditions yet higher temperatures to enhance cou-
pling to the aryl bromide. The terminal alkyne 2 was
deprotected using potassium carbonate and methanol and
then coupled to 1-iodo-4-thioacetylbenzene[16] (3) to form
molecular wire 4.
X-ray diffraction crystallography of a thiol derived from 4


attached to an Os cluster has shown that this oligo(phenylene
ethynylene) exists predominantly in a planarized form; the
phenyl rings being nearly parallel.[17] It is hypothesized that
the conductivity of these systems arise through the extended
�-orbital overlap which is maximized while the molecule is
planar. If the phenyl rings are skewed from planarity, the �-
orbital overlap is diminished, and then conduction is de-
creased.[18]


The solubility of unsubstituted 4 is moderately low in most
organic solvents; therefore, it was necessary to place n-alkyl
side chain moieties on the phenylene ethynylene oligomers
when there are more than three phenyl units. Although a long
alkyl chain is important to retain solubility of a molecular wire
in common organic solvents, it could sterically retard self-


assembly or inhibit formation of a well-ordered and densely
packed monolayer.
To make more soluble systems, we prepared molecular wire


16 by Pd/Cu-catalyzed coupling reactions of 8, 12, and 13
(Scheme 2). Compound 8 was synthesized by the coupling


Scheme 2. Synthesis of molecular wire 16. dba� trans,trans-dibenzyl-
ideneacetone; TBAF� tetrabutylammonium fluoride.


reaction of 6[19] with phenylacetylene followed by an iodina-
tion with iodomethane. Compound 9[16] was coupled with 10 to
afford dimer 11. Deprotection of the terminal alkyne with
TBAF provided intermediate 12 that was coupled with 13[20]


to afford tetramer 14 which, upon deprotection and coupling
with aryl iodide 8, afforded 16. Compound 16 has dodecyl
chains on the two central units that allow this system to be
soluble in many organic solvents but the chains point in the
opposite direction of thiol group that serves as a molecular
alligator clip; therefore, it does not impede the formation of
the SAM.[21]


The synthesis of wires with central conduction units and
terminal conducting barrier units is shown in Scheme 3. These
were prepared to study the effects of imbedding the molecular
system in a mildly insulation terminal framework. Mono-
lithiation on 4,4�-dibromobiphenyl (17) followed by treatment
with iodoethane afforded 18 that was then converted to the
alligator clip-bearing molecular-scale wire 19 with one ethyl
end group barrier. The two-barrier system 22 was synthesized
by conversion of 4-bromo-4�-propylbiphenyl (20) to 4-allyl-4�-
propylbiphenyl (21). Radical thioacetyl formation[22] afforded
the thiol-protected molecular scale wire with an imbedded







FULL PAPER J. M. Tour, M. A. Reed, I. Campbell et al.


¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5120 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235120


conductive portion that could be further converted to the
alkylthiol 22.


Synthesis of two-terminal oligo(phenylene ethynylene) mo-
lecular wires : Several syntheses of oligo(phenylene ethyny-
lene)s with �,�-dithioacetyl
moieties, used as protected alli-
gator clips, have been executed.
These compounds will permit
molecular scale wires to per-
form as interconnects between
metallic probes (Scheme 4).
Specifically, Pd/Cu-catalyzed
cross couplings of 1,4-diiodo-
benzene (23) with two equiva-
lents of alligator clip 9[16] af-
forded the rigid rod molecular
scale wire 24. Due to the poor
solubility of the deprotected
dithiol made from 24, the more
soluble diethyl-containing wire,
28, was synthesized. Iodination
of 1,4-diethylbenzene followed
by a series of Pd/Cu-catalyzed
couplings led to the formation
of 27. Removal of the acetyl
protecting groups with sodium
hydroxide in THF/H2O and
rapid workup produced soluble
28 with free thiol end groups.


However, it is recommended
that the end groups remain
protected until the SAM for-
mation step. In this way, oligo-
merization through oxidative
disulfide formation is inhibited.


Syntheses of three-terminal
molecular-scale wires : Three-
terminal interconnects were
prepared for branched inter-
connect locations (Scheme 5).[23]


Alligator clip 9[16] was cross-
coupled with 29[20] followed by
subsequent deprotection of the
terminal alkyne to afford 30.
Three equivalents of inter-
mediate 30 were coupled with
1,3,5-triiodobenzene (31) to
afford the desired 32.


Molecular wires with internal
methylene and ethylene trans-
port barriers : Molecular-scale
wires with internal methylene
and ethylene conduction barri-
ers have been synthesized.
These alkyl conduction barriers
are positioned in the rigid-rod


phenylene ethynylene backbone to disrupt the electronic
characteristics of the wires. It was hoped that the use of these
methylene and ethylene conduction barriers in molecular
wires might allow the development of nanoscale molecular
devices, that is resonant tunneling diodes (RTDs). Mono-


Scheme 3. Synthesis of two-barrier system 22. AIBN� 2,2�-azobisisobutronitrile.


Scheme 4. Syntheses of two-terminal molecular wires 24 and 28.


Scheme 5. Synthesis of three-terminal molecular wire 32.
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lithiation of 1,4-dibromobenzene and subsequent quenching
with p-bromobenzaldehyde gave diarylmethanol 34 that was
then converted to the diarylmethane 35 by reduction with
sodium borohydride.[24] Compound 36, with one central
methylene conduction barrier, was easily synthesized
from 35 by lithium± halogen exchange followed by quenching
with sulfur and subsequent addition of acetyl chloride
(Scheme 6).
Compounds 41 and 45 (see Schemes 7 and 8) are molecular


wires with a tunnel barrier to study the effects of asymmetric
and symmetric barrier placement on the electronic properties.
The synthesis of 41, a 3-phenyl ring molecular scale wire with
a methylene conduction barrier, is described in Scheme 7. 1,4-
Diiodobenzene was monolithiated and quenched with 4-bro-
mobenzaldehyde to form intermediate 38 followed by reduc-
tion of the secondary alcohol to form 39 in high yield.
Coupling to the more labile aryl iodide gave compound 40.
Lithium ± halogen exchange followed by quenching with
sulfur and subsequent addition of acetyl chloride afforded
the molecular-scale wire 41 containing a methylene conduc-
tion barrier.
The synthesis of a symmetric molecular wire with a


methylene conduction barrier is described in Scheme 8.
Conversion of 4,4�-diaminodiphenylmethane (42) to the
diiodide 44 through the formation of the bistriazene 43
proceeded in moderate yields. Intermediate 44 was coupled
with the molecular alligator clip 9[16] to afford molecular wire
45 with the desired central methylene transport barrier.[23]


Compound 48 is a more sophisticated device with two
barriers that resembles a linear quantum dot or a RTD.[23]


Compound 46 was synthesized from terephthaldehyde and
1-iodo-4-lithiobenzene (Scheme 9). Reduction of the two
hydroxyl moieties on 46 afforded 47 that was further coupled


with two equivalents of alliga-
tor clip 9 to afford the desired
48. This compound did indeed
respond as a room temperature
RTD when placed in the nano-
pore configuration.[25]


A three-terminal system with
one barrier could be reminis-
cent of a molecular-sized field
effect transistor (FET) or
switch in which there is a


source, drain and gate (Scheme 10).[23] 4-Iodobenzaldehyde
was treated with 1,3-diiodo-5-lithiobenzene to afford the
alcohol 49. Reduction and Pd/Cu-catalyzed coupling with 30
yielded 50, the desired three-terminal system with one
methylene transport barrier.


Scheme 6. Synthesis of two-terminal wire with a methylene barrier. TFA� trifluoroacetic acid.


Scheme 7. Synthesis of molecular-scale wire 41 with one methylene barrier.


Scheme 8. Synthesis of two-terminal molecular wire 45 with one methyl-
ene barrier.


Scheme 9. Synthesis of two-terminal wire 48 with two methylene barriers.
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Four-terminal systems were synthesized according to
Scheme 11. 4,4�-Diaminodiphenylmethane was treated with
bromine followed by removal of the amino groups to afford
3,3�,5,5�-tetrabromodiphenylmethane (51). Compound 51
proved to be too unreactive toward Pd/Cu coupling; there-
fore, conversion of the bromides to the iodides was necessary.
Lithium ± halogen exchanges on 51 followed by quenching
with molecular iodine resulted in monoiodination on each
ring. Complete halogen exchange on 51 was achieved by
conversion to the tetra(trimethylsilyl) system by addition of n-
butyllithium and chlorotrimethylsilane followed by treatment
with iodine monochloride. The Pd/Cu-catalyzed coupling
reaction of 9 or 30 with the tetraiodide intermediate afforded
the four-terminal systems 52 and 53, respectively. Compounds
52 and 53 could be viewed as molecular logic devices as
described previously.[23]


The synthesis of two four-terminal systems with two
methylene conduction barriers is shown in Scheme 12. The
dibromoxylene was oxidized and converted to the di(acid
chloride) 54. Friedel ±Crafts acylation of 54 with bromoben-
zene was sluggish and low yielding. However, the tetrabro-
mobis(arylketone) 56 was conveniently prepared by treat-
ment of 54 with 1-bromo-4-trimethylsilylbenzene.[26] The
reduction of 56 was successfully carried out using triethylsi-
lane and trifluoromethanesulfonic acid.[27] Conversion of the
bromides to the iodides was achieved by lithium± halogen


exchange with tBuLi followed
by quenching with iodine. Pd/
Cu couplings of 57 with the
alligator clip 9 or 30 afforded
the four-terminal systems 58
and 59, respectively.
A two-terminal system with a


lengthened resistive section was
sought. Conversion of 1,2-(4,4�-
dinitrodiphenyl)ethane (60) to
the diiodide 62 followed by Pd/
Cu-catalyzed coupling with al-
ligator clip 9 afforded 63 with
the desired central ethylene
transport barrier (Scheme 13).
The syntheses of two ethyl-


ene-barrier containing systems,
66 and 67, are described in
Scheme 14. Compound 64 was
synthesized in three steps from
1,4-diiodobenzene. Hydrogena-
tion of 64was achieved over Pd/
C in the presence of a small
amount of hydrochloric acid.
Without an acid additive, no
reduced products were isolated
in a range of solvents and
temperatures. The intermediate
was then converted to 65 by
treating with ICl in carbon
tetrachloride. Pd/Cu couplings
of 65 with two equivalents of
the alligator clip 9 produced


wire 66. Alternatively, coupling with one equivalent of
phenylacetylene followed by one equivalent of the alligator
clip 9 afforded 67 with one thioacetyl terminal group.


Synthesis of molecular-scale devices with heteroatomic func-
tionalities


Described here are the syntheses of functionalized molecular-
scale devices which are designed to have nonlinear I(V)
responses by adding heterofunctionalities to modulate the �-
electron system. Some of the systems have been shown to
possess NDR and memory properties. The majority of these
molecules are based on functionalized oligo(phenylene ethy-
nylene)s which are substituted with electron withdrawing and
donating groups and are terminated with thioacetyl alligator
clips.[16, 20]


The synthesis of a molecular-scale device with amino and
nitro moieties is described in Scheme 15. The formation of
2,5-dibromo-4-nitroacetanilide (68) proceeded according to a
literature procedure.[26b, 28] Caution must be used during the
synthesis of 68 due to the possibility of multiple nitrations on
the phenyl ring which could generate polynitrated com-
pounds; on one occasion the compound exploded violently
upon drying.[26b] The Pd/Cu-catalyzed coupling of phenyl-
acetylene to the substituted dibromobenzene gave a moderate


Scheme 10. Synthesis of three-terminal molecular wire 50 with one methylene barrier.
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yield of the product due to the
expected mixture of the mono
and dicoupled products. The
coupling of 68 was expected to
proceed faster at the bromide
ortho to the nitro (electron-
withdrawing) moiety since it is
more active toward the elec-
tron-rich late-transition metal
catalyst system. X-ray analysis
confirmed the assigned regio-
chemistry. The acetyl-protect-
ing group was removed during
the deprotection of the termi-
nal alkynes in the presence of
potassium carbonate and meth-
anol. The electron-withdrawing
ability of the nitro moiety al-
lowed the removal of the ace-
tyl-protecting group under such
mild conditions. Finally, inter-
mediate 69 was coupled by Pd/
Cu-catalysis to alligator clip 9[16]


to afford molecular-scale device
70. An additional method for
the synthesis of 70 has been
developed. Intermediate 69 was
coupled with trimethylsilylace-
tylene, then deprotection of the
terminal acetylene and the
amine with potassium carbo-
nate, and finally coupling with
3 afforded 70 in slightly lower
yields than described in
Scheme 15. The dipole moment
of the interior phenyl ring in 70,
which is directed away from the
thioacetyl group, was calculated
to be 5.8 Debye.[29] I(V) meas-
urements on compound 70 will
be discussed in the next section.
Compound 71 differs from 70


in that it possesses an acet-
amide rather than an amine
moiety. The Pd/Cu-catalyzed
coupling reaction to form 71
proceeded at a faster rate than
the coupling to the amine/nitro
compound due to the diminish-
ed electron-donating potential
of the acetamide allowing faster
Pd oxidative addition across the
aryl bromide bond. The overall
net dipole moment of this com-
pound has been calculated to be
2.7 Debye, substantially lower
than that for 70.[29]


The cyclic voltammetry char-
acteristics of the nitroaniline-


Scheme 11. Syntheses of four-terminal wires 52 and 53, both with one methylene barrier.


Scheme 12. Syntheses of molecular wires 58 and 59, each containing two methylene barriers.
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containing molecular-scale de-
vices were determined to help
elucidate the transport mecha-
nism. It was therefore necessary
to synthesize thioether 73,
which is more stable to hydrol-
ysis and subsequent oxidation
than the thioacetate-terminated
system (Scheme 15). For the
synthesis of thioether 73, inter-
mediate 69 was deprotected
and Pd/Cu-catalyzed coupled
to 72 to form thioether termi-
nated 73. This compound was
subjected to cyclic voltammetry
that confirmed that the com-
pound was being reduced at
�1.7 V and again reduced at
�2.3 V (Ag/AgNO3 reference
electrode, 1.0� n-tetrabutylam-
monium tetrafluoroborate in
DMF at a scan rate of
100 mVs�1). Of course, there
can be no correlation of abso-
lute reduction potentials be-
tween the solution-phase and
SAM experiments since the
environments are grossly differ-
ent. However, that 73 could
undergo a reversible two-elec-
tron reduction was useful in the
development of a hypothesis of
a mechanism of the transport
effect.[29]


To determine the effect of
the direction, if any, of the
dipole moment on I(V) proper-
ties, compound 75 was synthe-
sized, according to Scheme 16.
It possesses a dipole that is
directed toward the thioacetyl
terminus, a direction opposite
that of the dipole in 70. With a
deficient amount of trimethyl-
silylacetylene, the coupling with
intermediate 68 proceeded at
the more labile bromide � to
the nitro group (vide supra).
Subsequent coupling to phenyl-
acetylene provided 74. Depro-
tection of the amine and the
terminal alkyne, followed by
coupling to 3 afforded 75.
To determine the effects of


an electron-withdrawing or
-donating moiety on the elec-
trical properties of these com-
pounds, materials with solely
an amine, nitro, or acetamide


Scheme 13. Synthesis of molecular wire 63 with an ethylene barrier.


Scheme 14. Syntheses of one-terminal and two-terminal molecular wires 66 and 67, both containing two ethylene
barriers.


Scheme 15. Synthesis of molecular-scale device 70 and 71 and compound 73 for cyclic voltammetry experiments.


Scheme 16. Synthesis of molecular device 75.
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moiety have been synthesized. 2,5-Dibromonitrobenzene was
coupled with trimethylsilylacetylene at the more reactive
bromide, � to the nitro moiety, followed by coupling with
phenylacetylene. Deprotection of the terminal alkyne afford-
ed intermediate 77. Coupling of 77 with 3 afforded product 78
(Scheme 17).


Scheme 17. Synthesis of mononitro molecular device 78.


The system, which possessed an amino moiety, was
synthesized according to Scheme 18 allowing the couplings
of phenylacetylene and trimethylsilylacetylene to 79, and the
deprotection of compound 80 with 3� HCl afforded two


Scheme 18. Synthesis of monoamino compound 81 and molecular wire 82.


compounds: the desired amine product and the amine-
cyclized bicyclic indole product.[30] The separation of these
compounds was not attempted due to similar retention factors
on silica gel in most eluents. The terminal alkyne was revealed
by using potassium carbonate and methanol followed by Pd/
Cu-catalyzed coupling to 3 to form 81 which, at this stage,
could be separated from the other products. The sequence of
couplings to the bromo moieties on 79 was inferred based
upon the electron donation of the acetamide; however, no
crystallographic confirmation of the regioselectivity was
obtained.
Similar to 81, the acetamide adduct was synthesized


according to Scheme 18. In this case, the deprotection of the
terminal alkyne with potassium carbonate and methanol did
not remove the acetyl-protecting group.


A two-terminal molecular-scale device that is similar to
compound 70 has been synthesized according to Scheme 19
although this bears �,�-alligator clips.


Scheme 19. Synthesis of two-terminal molecular device 83.


To study the effects of other alligator clips on the
impedance of molecular/metal junctions,[1] compounds with
isonitrile end groups were synthesized. The nitroaniline with
an isonitrile terminus, 86, was synthesized according to
Scheme 20. The amine moiety in intermediate 69 was


Scheme 20. Synthesis of molecular device 86 with an isonitrile alligator
clip.


unmasked with potassium carbonate and methanol followed
by Pd/Cu-catalyzed cross coupling with the formanilide-
bearing end-group (84) to afford compound 85. Although 85
had limited solubility, it was dehydrated in the presence of
triphenylphosphine and triethylamine to afford the isonitrile
86.[31]


Currently, these molecular systems are studied as SAMs on
a metal surface. An additional method of preparing ordered
monolayers of molecular devices is the use of Langmuir ±
Blodgett (LB) films.[32] Therefore, a compound with hydro-
philic and hydrophobic subunits with the central nitroaniline
core similar to 70 was synthesized as in Scheme 21.[32] n-
Hexylbenzene was easily brominated on neutral alumina[33]


and coupled to trimethylsilylacetylene followed by silyl
removal and coupling to the nitroacetanilide core intermedi-
ate 68 to afford 88. The methyl ester, intermediate 90, was
synthesized by the coupling of methyl 4-ethynylbenzoate (89)
to 88. The amine was unmasked and the methyl ester was
saponified with lithium hydroxide to afford molecular-scale
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device 91.[34] Compound 91 is suitable for the formation of a
LB film due to its hydrophilic carboxylic acid end-group and
the hydrophobic n-hexyl end-group.


Scheme 21. Synthesis of compound 91.


Other compounds with substituted biphenyl and bipyridyl
core units have been sought (Scheme 22 and Scheme 23). 2,2�-
Dinitrobiphenyl (92) was brominated at the 4 and 4�-positions
on the biphenyl core using bromine, silver acetate, and acid.[35]


The brominated biphenyl was coupled to trimethylsilylacety-
lene to afford 93 that was then mono-reduced to the nitro-
amine 94 in the presence of iron and acetic acid.[36] Finally, the
terminal alkynes were revealed and coupled to two equiv-
alents of alligator clip 3 to afford compound 95.
A similar compound with a bipyridyl central core was


sought according to Scheme 23. In this manner, a greater
degree of planarity could be achieved due to reduced
interactions in the absence of 2- and 2�-steric interactions.
To that end, 2-chloro-3-nitropyridine was homocoupled in the
presence of copper/bronze and dimethylformamide.[37] The
bipyridine ring system was brominated at the 5-and 5�-position
under harsh conditions[38] (due to its electrophilicity) to afford
intermediate 98 that was then coupled with two equivalents of
trimethylsilylacetylene. These coupling conditions unfortu-
nately afforded the hydroxyamine and a very small amount of
the dinitro-coupled product. The electron-deficient 98 pre-
sumably underwent nitro loss and Pd-catalyzed reduction by
the hydridopalladium species that are present in the coupling
catalytic cycle to afford the undesired 99 (Scheme 23).[38b]


Scheme 23. Synthesis of bipyridyl compound 99.


Porphyrin-containing molecular-scale wires : Initial efforts
directed toward the porphyrin targets involved the prepara-
tion of dipyrromethane or aryl-substituted-dipyrromethanes
with the intent of subsequent Pd/Cu-catalyzed coupling[39] to
the aryl halides for preparation of the final compounds.[40] The
porphyrin syntheses are shown in Scheme 24.


Scheme 24. Syntheses of various porphyrin compounds.


The dipyrromethanes could be prepared in reasonable
yield, and further condensed with the complementary ben-
zaldehyde component to generate the trans-(halophenyl)por-
phyrins.[41] Unfortunately, further attempts to elaborate the
halogenated positions by Pd/Cu-catalyzed cross coupling or
lithium± halogen exchange and subsequent conversion di-
rectly to thioacetyl moieties (excess BuLi, sequential quench-


ing with S8 and AcCl)[16] were
unsuccessful; all reactions af-
forded only small amounts of
mono-substituted products, if
any. Additionally, complexing
the porphyrin with zinc did not
change the unsuccessful course
of the subsequent derivatiza-
tions of 106 ± 109.
The strategy was therefore


modified by preparing the alde-
hyde-bearing protected thiol
using Pd/Cu-catalyzed coupling
of 4-iodobenzaldehyde with tri-
methylsilylacetylene, subse-
quent deprotection, and anoth-Scheme 22. Synthesis of nitro ± amine biphenyl compound 95.
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er Pd/Cu-catalyzed coupling with 4-iodo-1-thioacetylbenzene
(8) to afford aldehyde 110 (Scheme 25).[42] Protected thiol 110
was then condensed with the substituted dipyrromethanes
(102 ± 105) and oxidized to form porphyrins 111 ± 114, re-
spectively (Scheme 25). Likewise, 110 was condensed with
pyrrole to form 115 and then further condensed with
benzaldehyde and oxidized to form 111. Accordingly, no
further functionalization of the porphyrin was needed.
Furthermore, the thioacetyl moieties did not inhibit the
reaction neither were they affected to a significant extent; the
yields were similar to those obtained in reactions that did not
have these thioacetyl functionalities. In a less controlled
manner, the three-component system involving pyrrole,
benzaldehyde, and 110 could be used to prepare 111 in 8%
yield after oxidation with p-chloranil. Similarly, the tetra(alli-
gator clip) substituted system 116 could be prepared from 110
and pyrrole (Scheme 26).[39±41]


Finally, we have demonstrated efficient removal of the
acetyl groups in 111 using ammonium hydroxide.[43] Metal
incorporation into 111, specifically Zn (91%), Cu (95%), and
Co (90%), using the corresponding hydrated metal acetates,
followed by ammonium hydroxide-promoted thiol genera-
tion,[43] proceeded without metal loss as indicated by 1H NMR
analysis.


Synthesis of dipole-possessing molecular wire SAMs to
control Schottky barriers in organic electronic devices


Concurrent with our efforts to build molecules for SAMs that
will be used for molecular electronic devices, we are consid-
ering compounds that would form SAMs at metal interfaces in
organic polymer-based LEDs. Similar issues that affect the
efficiency of the metal×s Fermi level overlap with the


Scheme 26. Synthesis of four-terminal porphyrin 116.


molecule×s LUMO in molecular electronics will affect the
electron injection at LED interfaces. Therefore, we are
currently synthesizing molecules to act as SAM interfaces
between the metal contacts and the organic substrates in
LEDs. By tailoring the Schottky barrier of the metal/organic
interface, we are hoping to improve the efficiency of the
LEDs. The Cu/SAM injection of holes at low voltage could
also improve ohmic contact.
We envisioned conjugated phenylene ± ethynylene com-


pounds that possess electron-deficient units or electron-rich
units to be good candidates for lowering or raising the LUMO
energies, respectively, as needed for the electron or hole


injecting interfaces. Again,
these compounds need alligator
clips to provide the SAM for-
mation.
Compounds 118 and 120


were synthesized by Pd/Cu-cat-
alyzed cross couplings reactions
(Scheme 27). Surprisingly, each
of these compounds were ex-
tremely difficult to separate by
column chromatography and
recrystallizations. They were fi-
nally purified by multiple cold
hexanes washes.
Likewise, compounds 122


and 124 were synthesized
(Scheme 28). Again, these com-
pounds were produced in a
straightforward fashion by Pd/
Cu-catalyzed cross couplings.
A three-aryl system with a


pyridine interior was synthe-
sized for the LED interfaces
(Scheme 29). 2,5-Dibromopyri-
dine was coupled to trimethyl-
silylacetylene followed by phe-Scheme 25. Syntheses of porphyrin intermediate 110, and porphyrins 111, 112, 113, and 114.
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Scheme 27. Syntheses of cyano-containing systems 118 and 120.


Scheme 28. Syntheses of pyridine system 122 and pyrimidine system 124.


Scheme 29. Synthesis of pyridine system 127.


nylacetylene under Pd/Cu-catalyzed conditions. The first
coupling reaction occurred at the more labile bromide at the
2-position in the pyridine ring. The alkyne in intermediate 126
was unmasked and then was coupled to alligator clip 3 to form
the desired 127.
To decrease the Schottky barrier for electron injection in


LEDs, compounds with electron-donating moieties and
carboxylic acid alligator clips were synthesized for the
formation of SAMs on aluminum oxide contacts.[44]


In separate reactions, compounds 128 and 131were coupled
to 89 to afford methyl ester intermediates, 129 and 132,
respectively. The methyl ester moieties were saponified in the
presence of lithium hydroxide to afford compounds 130 and
133 (Scheme 30).[34] These compounds are currently being


Scheme 30. Syntheses of compounds 130 and 133.


tested for their ability to lower the electron injection barrier
between the aluminum oxide contact and the organic polymer
in organic LEDs and provide corroborating evidence for
impedance lowering in molecular electronic devices.


Testing of molecular-scale wires and devices


Electronic measurements on molecular scale wires and
devices were performed in the nanopore testing assembly.
The nanopore system consists of a small (30 ± 50 nm diameter)
surface of evaporated metal (which can vary, but most often
gold or palladium) on which a SAM of the molecular wires or
devices is permitted to form. An upper metal (usually gold or
titanium) contact is then evaporated onto the top of the SAM
layer making a sandwich of metal-SAM-metal through which
I(V) measurements are recorded.[45] By using such a small
area for the SAM (�1000 molecules), we can probably
achieve SAMs that are defect-free since the entire areas are
smaller than the typical defect density of a SAM, thereby
eliminating electrical shorts that can occur if one evaporates
metal atop a SAM that is larger, for example, micron-sized.
Note that metals have been deposited by evaporation atop
micron-sized LB monolayers when the lower metal was an
oxide, specifically aluminum oxide. The oxide inhibits the
short circuits of the system.[32]


The first device curve we recorded from a molecular system
was one that is reminiscent of a RTD. A classical solid-state
RTD device has a two-barrier system between conducting
segments. An RTD shows negative differential resistance
(NDR), which is a deflection in the I(V) curve. Indeed, the
two-barrier compound, 48, when assembled in the nanopore,
exhibited the RTD-like NDR response shown in Figure 1.[25]


Figure 1. I(V) plot of 48 at 296 K, which shows NDR. The non-symmetric
NDR effect may be due to the differences in the self-assembled versus
metal-evaporated contacts on either side of the nanopore.


Conductivity of these oligo(phenylene ethynylene) molec-
ular-scale wires and devices is hypothesized to arise from
transfer of electrons through the �-orbital backbone that
extends over the entire molecule. When the phenyl rings of
the phenylene ethynylene oligomers are planar, the �-orbital
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overlap of the molecule is continuous. Thus transfer over the
entire molecule is achieved; electrons can freely flow between
the two metal contacts, and conductivity is maximized. But if
the phenyl rings become perpendicular with respect to each
other, the �-orbitals between the phenyl rings become
orthogonal. The discontinuity of the �-orbital network in
the perpendicular arrangement minimizes free flow of elec-
trons through the molecular systems, thus conductivity is
greatly decreased.[18, 46]


There is experimental evidence for this result as well. As
seen in Figure 2, 134 and 135 show a sharp decrease in
conductance between 20 and 40 K in the temperature ± cur-


Figure 2. Plot of current versus temperature of compounds 134[20] (3-ph)
and 135[43] (2-ph) in the nanopore with a bottom contact (SAM-contact
side) of gold and a top contact of titanium. Each nanopore contains
approximately 1000 molecules.


rent plots.[47] At these lower temperatures, phenylene ethy-
nylenes have the tendency to fishbone pack on crystallization
in the SAM.[46] The phenyl rings are therefore in perpendic-
ular arrangements with respect to each other along each
molecule, causing a decrease in the �-orbital overlap. This
results in the sudden decline in current at lower temperatures
whereupon crystallization in the SAM restricts conforma-
tional rotation.[46] As the SAM is permitted to warm above
40 K, the system has enough energy to permit conformational
rotation. This rotational movement permits the phenyl
subunits to attain some conformations with near planarity,
and conduction thus occurs.
Since modulation of temperature is an inefficient and


impractical way to modulate a structure×s conformation and
hence conductance, we sought another structural element that
would permit altering the degree of a molecule×s �-orbital
overlap through the use of a third electrode (gate). Thus
molecules that have net dipoles that are orthogonal (or simply
out of plane from the long molecular axis), could be


controlled by use of a third electrode in the nanopore to
modulate the conformation, and hence the current through
the system.
However, since nanopore devices with an electrode per-


pendicular to the SAM axis had not yet been fabricated, we
simply began with the control experiments. Namely, to study
the two-electrode nanopore made with molecules bearing
dipolar groups.
Accordingly, 70 was tested in the nanopore, in the absence


of an orthogonal external electric field, to determine its
electronic characteristics. A series of control experiments
were performed with alkanethiol-derived SAMs and systems
containing no molecules. Both the Au-alkanethiolate-Au
junctions and the Au-silicon nitride membrane-Au junctions
showed current levels at the noise limit of the apparatus
(�1 pA) for both bias polarities at both room and low
temperatures. The Au ±Au junctions gave ohmic I(V) char-
acteristics with very low resistances. A device containing a
SAM of conjugated molecules similar to 70 but not bearing
the nitroaniline functionalities, namely 134, was fabricated
and measured in nearly identical conditions[47] and it exhibited
essentially linear I(V) behavior (Figure 2) within its non-
crystalline temperature range (vide supra).
Remarkably, typical I(V) characteristics of an Au-(70)-Au


device at 60 K are shown in Figure 3.[13] Positive bias
corresponds to hole injection from the chemisorbed thiol-


Figure 3. I(V) characteristics of a Au-(70)-Au device at 60 K in the
nanopore.


±Au contact and electron injection from the evaporated
contact. Unlike previous devices that also used molecules to
form the active region, this device exhibits a robust and large
negative differential resistance (NDR) with a valley-to-peak
ratio (PVR) of 1030:1.[13] The NDR effect from the system
containing 70 was observed up to 260 K. Beyond that
temperature, however, no NDR was observed. More recently
room temperature NDR has been seen in the nanopores
containing 78.[48]


Additionally, we demonstrated charge storage in a self-
assembled nanoscale molecular device that operated as a
molecular dynamic random access memory (mDRAM) with
practical thresholds and output under ambient operation.[14]


The memory device operates by the storage of a high or low
conductivity state. Hence, we need not address the nanopore
and attempt detection of a small number of additional
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electrons; a problematic feature of typical solid state single
electron devices. Conversely, the added electrons dramatically
affect the conductivity of the molecular system thus a
conductivity check notes the presence of the information
state. Figure 4 shows the write, read, and erase sequence for


70. An initially low-conductivity state (low �) is changed
(written) into a high-conductivity state (high �) upon appli-
cation of a voltage pulse. The direction of current that flows
during this ™write∫ pulse is diagrammed. The high � state
persists as a stored ™bit∫, which is read in the low-voltage
region. Again, this effect persisted up to 260 K.[13]


To further explore the mechanism of this mNDR and
mDRAM phenomenon, several related compounds have
been synthesized. Compound 71 differs from NDR molecule
70 in that it possesses an acetamide rather than a free amine
moiety. After testing in the nanopore, compound 71 exhibited
the NDR effect, however, a smaller peak-to-valley ratio of
200:1 was observed at 60 K.
To determine if the orientation of the dipole moment


relative to the SAM surface affected the electronic character-
istics, 75 was synthesized. This compound possesses a dipole
that is directed towards the thioacetyl terminus that is
opposite of the dipole in compound 70. To date, however,
no comparative nanopore tests have been performed on 75.
Several other compounds were tested that had either


neutral, electron-donating or electron-withdrawing groups.
The amine-only compound 81 and an unfunctionalized
oligo(phenylene ethynylene) 4 do not exhibit storage; the
latter two systems possess nearly linear I(V) curves with no
switching states. The nitro only containing compound 78
remarkably showed both NDR (4:1 PVR at 300 K)[48] and
mDRAM capabilities even at 300 K.[14]


Figure 5 is a measured logic diagram demonstrating the
mDRAM cell using 78 in the nanopore. To convert the stored
conductivity to standard voltage conventions, the output of
the device was dropped across a resistor, sent to a comparator
and inverted and gated with the ™read∫ pulse. The upper trace
shown in Figure 5 is an input waveform applied to the device,
and the lower is the mDRAM cell output. The first positive
pulse configures the state of the cell by writing a bit, and the
second and third positive pulses read the cell. The third pulse
(and subsequent read pulses, not shown here for simplicity)
demonstrates that the cell is robust and continues to hold the


state (up to the limit of the bit retention time). The negative
pulse erases the bit, resetting the cell. The second set of four
pulses repeats this pattern, and one year of continuous
operation (109 cycles) have been observed with no degrada-
tion in performance. This effect can be rationalized based


upon conduction channels that
change upon charge injection as
studied by density functional
theory (DFT).[29, 49] These DFT
studies further corroborate
with the experimental results
in that compounds 4 and 81
would be inactive as devices
(having linear I(V) curves)
while 70 and 78 would both
have switching states (exhibited
by sharp nonlinear I(V) charac-
teristics) due to the accepting of
electrons during voltage appli-
cation. Furthermore, the DFT
calculations showed that 70


would need to receive one electron in order to become
conductive whereas 78 would be initially conductive (™on∫ in
the mDRAM) and then become less conductive, ™off∫, upon
receipt of one electron.[49] This is precisely the effect observed
in the experiment. The four compounds on which we have


mNDR andmDRAM experimental results are summarized in
Figure 6.
A two-terminal molecular-scale device 83 that is similar to


mNDR compound 70 has been synthesized, however, no
device tests have yet been performed on this compound.
A problem that persists in molecular electronics is the


impedance mismatch between the molecule and the metal
contact and we have been studying this resistance barrier over
the last few years.[1, 50] To reduce this impedance mismatch, the
sulfur in our alligator clips has been replaced with more
metallic Se and Te termini to allow for greater overlap of the
compound×s LUMO and the gold×s Fermi levels. Nonetheless,
it was determined that neither the selenium nor tellurium
alligator clip significantly reduced the barrier height.[51, 52]


Figure 4. Write, read, and erase sequences for 70 in the nanopore and its use as a one-bit random access memory.


Figure 5. The mDRAM cell input and output that is constructed from 78 in
the nanopore. The mDRAM was built into a circuit that had a transistor
and a comparator (as do most commercial solid state DRAMs) and
operation was at 300 K.
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Recently it has been discovered that the use of an isonitrile
as the contact between the organic molecular-scale wire and a
palladium probe would significantly reduce the conduction
barrier,[53] and would allow an increase in the conductivity of
the molecular-scale wires. Therefore molecular-scale device
86 with an isonitrile attachment moiety was synthesized.
Compound 86 is currently being tested for mNDR and
mDRAM properties as well.
We have primarily used self-assembly as the initial attach-


ment method to affix these molecular-scale wires to the metal
probe and devices. An additional method of preparing
ordered monolayers of molecular devices is the use of LB
films.[32] Therefore, 91 was synthesized, which is a compound
with hydrophilic and hydrophobic subunits with the central
core similar to that in 70. Electrical conductivity tests are
currently being performed on 91.
Furthermore, we envisioned a nanopore cell containing 95


could act as a molecular controller wherein the molecular
system would have greater contiguous overlap in the presence
of an applied orthogonal (gate) field as described in the
Figure 7. In the ground state, the biphenyl ring system will be
nonplanar due to steric interactions. This will cause the �-
overlap of the molecular device to be noncontiguous thus
decreasing the electrical conductivity. In an applied electric
field that is perpendicular to the molecular axis gate, the more
planar zwitterionic resonance form will be a greater contrib-
utor to the overall structure. Hence, gated control of the
current through the system might be permitted. It is not
essential that the molecule be entirely planar when the gate
electrode is activated. It is simply necessary that the applied
field lessens the twist angle between the two central rings;
hence, current modulation between the top and bottom
electrodes could be maintained. The increased conductivity in
the perturbed state (gate voltage applied), compared to the
ground state, will allow this material to function as a mole-
cular-scale switch. Therefore, compound 95 was synthesized.
As described previously, we also sought to prepare the


bipyridyl-containing version rather than the biphenyl version,
so as to permit a greater degree of planarity in the zwitterionic
form. However, this target has proven to be elusive
(Scheme 23).


Due to the difficulties in
fabrication of the nanopore
with an electrical field line
perpendicular to upper and
lower address electrodes, con-
ductivity and switching studies
on compound 95 have not yet
been performed. If the gate-
control effects in 95 are realiz-
ed, we will revisit the synthesis
of related systems (vide supra).
Several of the porphyrin-con-


taining systems bearing alliga-
tor clips did not possess signifi-
cantly nonlinear I(V) character-
istics in both the forward and
reverse bias modes. But we
have yet to test the metal-con-


taining porphyrins. Although our device studies on the
porphyrins have not afforded positive results, these observa-
tions were specifically found in the nanopore using a specific
set of symmetric structures and should not be used to exclude
the search for other porphyrin-based molecular electronic
devices.[54]


The use of dipole-possessing molecular-scale systems to
control Schottky barriers in organic electronic devices


Recently, the use of organic molecules in electronic devices
has found great utility. Conductive organic compounds have
several advantages over traditional inorganic materials in-
cluding ease of fabrication, mechanical flexibility, and cost
effectiveness.[55] A few of the areas of promise include
LEDs,[56±58] transistors,[59] and photodetectors.[60] Large elec-
tronic energy barriers have been evident at the contact point


Figure 6. Summary of the mNDR and mDRAM results obtained to date in the nanopore cell where � is the
conductance and Q is charge. ™Inactive∫ and ™Active∫ refer to the device properties wherein a large nonlinearity
in the I(V) curve results upon application of a voltage.


Figure 7. Schematic of a molecular device controller where a gate
electrode could modulate the overlap in a molecule by preferring the
more planar zwitterionic form.







FULL PAPER J. M. Tour, M. A. Reed, I. Campbell et al.


¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5132 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235132


between metal and organic materials and they have been a
source of limitation and instability in these systems.[60] The
metal/organic interface in LEDs have been shown to follow
ideal Schottky behavior, that is, the electron Schottky barrier
is determined by the energy difference between the metal
work function and the electron affinity of the organic
material.[61]These effects are also apparent in the metal/
organic interface of molecular electronic systems, hence the
studies here shed light on some of the key parameters in
question for our molecular electronic research.
We have been experimenting with SAMs as a controlled


method to modify the metal surface and produce ordered
dipole layers that change the effective work function of the
metals. The useful range of metal work functions is from Ca
and Sm (about 3 eV) to Pt (about 5.6 eV). It would be
desirable to make useful metal contacts with both larger and
smaller work functions (i.e. �3 eV or �5.6 eV) by attaching
stable, ordered dipole layers to metals for example. The larger
the dipole moment and surface potential shift, the better. In
some monolayers, surface potential shifts of about 0.7 V have
been observed.[62]


The lowering of the Schottky barrier, with functionalized
molecular-scale systems assembled as a SAM on the metallic
interface, would permit better transport of an electron or hole
from the metal contact to the organic LED (Figure 8). It has
been demonstrated that electronically conductive SAMs, that


Figure 8. Illustration of the effect of incorporating a SAM (with a
significant dipole moment) between a metal electrode and an organic
material used in an organic electronic device (e.g. diode or transistor). The
dipole of the monolayer can be used to manipulate the energy separation
between the metal Fermi level and the electron polaron levels of the
organic (�e). If is oriented appropriately as in SAM 1, the decrease in the
energy barrier, relative to the electron polaron levels, will increase electron
injection into the device.


are composed of oligo(phenylene ethynylene)s, lower the
barrier for injection of an electron from a metal contact to the
organic substrate and therefore tune the Schottky energy
barrier between metal and organic surfaces.[63] We synthesized
electron deficient compounds to act as interfaces between the
metal contacts and the organic substrates in LEDs by
enhancing hole injection from the metal, through the SAM


(the HOMO of the molecules), and into the polymer layer.
The Cu/SAM injection of holes at low voltage could also
improve the contact. We envisioned electron deficient con-
jugated phenylene ethynylenes, such as 118, 120, 122, 124, 127,
and 4�-nitro-1-thiotolane (136)[64] as good candidates which
also bear thiol end-groups, after deprotection, for attachment
to the Cu surface. Figure 9 illustrates the efficiency of these
approaches in a SAM of 136 on Cu that was further coated by
the standard MEH-PPV system.


Figure 9. Copper (SAM)/MEH-PPV/Al diodes demonstrating improve-
ment of charge injection from Cu using the NO2 terminated SAM, 136. The
current in the devices is dominated by hole injection from the Cu contact
(the Al electrode is a poor electron injector) so the increased current from
the Cu/SAM electrode (compared to the Cu electrode that does not bear a
SAM) indicates improved injection from that contact. The MEH-PPV film
thickness is 100 nm in both cases.


The Kelvin probe results of Au compared to Au/SAMs of
118, 122, 124, and 136 are shown in Figure 10. Kelvin probe is
a standard surface potential measurement technique.[61] These
results show that the SAMs increase the work function and
thus make the contact a better hole injector, as expected.


Figure 10. Kelvin Probe current vs. substrate bias for a series of Au/SAM
electrodes. The zero point of the current is significant. The shift of the zero
current to positive bias indicates an increase in the effective work function
of the metal electrode by that voltage, i. e. the effective work function of
the Au-CN electrode is about 0.35 eV higher than Au. This increase in the
work function leads to improved hole injection. Py� 122, Bpy� 124, CN�
118, and NO2� 136.


To decrease the Schottky barrier for electron injection in a
LED, compounds with electron donating moieties and
carboxylic groups, 130 and 133 were synthesized for the
formation of SAMs to aluminum oxide contact.[44] These
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remain to be tested for their ability to lower the electron
injection barrier between the aluminum oxide contact and
organic LEDs. Hence these studies on metal/organic/polymer
interfaces will also feed information to our molecular
electronics program wherein we are seeking methods to
lower the metal/organic interface barrier.


Concluding Remarks


In an effort to extend the continued pace of electronic chip
capacity and performance, new paradigms of computer
architecture are being considered that are based upon
molecules acting as discrete wires and devices.[1±9] We
described several synthetic routes to conjugated oligo(phe-
nylene ethynylene)s with and without functionalities such as
donor groups, acceptor groups, porphyrin interiors, and
heterocycle interiors for various potential wire and digital
device applications. Additionally, we discussed the synthesis
of functionalized oligomers with a variety of end groups for
attachment to numerous metal probes and surfaces. Some of
the functionalized molecular systems showed nonlinear
current voltage characteristics, such as NDR and molecular
DRAM properties. Additionally, the synthesis of functional-
ized systems were described that can be used in hybrid SAM/
polymer systems to reduced Schottky barriers.


Experimental Section


Full details and spectroscopic data for all the new compounds described are
given in the Supporting Information.
General : All reactions were performed under an atmosphere of nitrogen
unless stated otherwise. Alkyllithium reagents were obtained from FMC.
Pyridine, methyl iodide, triethylamine, and N,N-dimethylformamide
(DMF) were distilled over calcium hydride, and stored over 4 ä molecular
sieves. Toluene and benzene were distilled over CaH2. Dichloromethane
and hexanes were distilled. Ethyl ether and tetrahydrofuran (THF) were
distilled from sodium benzophenone ketyl. Triethylamine and diisopropyl-
ethylamine (H¸nig×s base) were distilled over CaH2. MeOH was dried over
oven dried 3 ämolecular sieves. Gravity column chromatography, silica gel
plugs, and flash chromatography were performed using 230 ± 400 mesh
silica gel from EM Science. Thin-layer chromatography was performed by
using glass plates precoated with silica gel 60 F254 with a layer thickness of
0.25 mm purchased from EM Science. Combustion analyses were obtained
from Atlantic Microlab, Inc., P. O. Box 2288, Norcross, GA 30091.


General procedure for the coupling of a terminal alkyne with an aryl halide
by using the palladium± copper cross-coupling (Castro ± Stephens/Sonoga-
shira Protocol):[15] To an oven-dried round-bottom flask equipped with a
water cooled West condenser and magnetic stir bar or to a screw cap
pressure tube with a magnetic stir bar were added the aryl halide, a
palladium catalyst such as bis(triphenylphosphine)palladium(��) dichloride
(3 ± 5 mol% per halide), and copper(�) iodide (6 ± 10 mol% per halide).
Triphenylphosphine was used in some reactions to keep the palladium in
solution. The vessel was then sealed with a rubber septum (flask) or capped
(tube) under a N2 atmosphere. A solvent system of THF and/or benzene
and/or methylene chloride was added depending on the solubility of the
aryl halide. Then base, triethylamine or diisopropylethylamine, was added.
Finally, the terminal alkyne (1 ± 1.5 mol% per halide) was added and the
reaction was heated until complete. Upon completion of the reaction, the
reaction mixture was quenched with water, a saturated solution of NH4Cl,
or brine. The organic layer was diluted with dichloromethane or Et2O and
washed with water, a saturated solution of NH4Cl, or brine (3� ). The
combined aqueous layers were extracted with dichloromethane or Et2O
(2� ). The combined organic layers were dried over MgSO4 and the solvent


removed in vacuo to afford the crude product that was purified by column
chromatography (silica gel). Eluents and other slight modifications are
described for each material in the Supporting Information.


General procedure for the iodination of triazenes :[65] To an oven-dried
screw cap tube was added the corresponding triazene and iodomethane.
The mixture was degassed by slowly bubbling nitrogen for more than
15 min. After flushing with nitrogen, the tube was capped and heated at
120 �C overnight. The reaction mixture was cooled and diluted with hexane.
The mixture was passed through a plug of silica gel. After evaporation of
the solvent in vacuo, purified product was obtained by chromatography.
Eluents and other slight modifications are described for each material in
the Supporting Information.


General procedure for the deprotection of trimethylsilyl-protected alkynes
(Method A): The silylated alkyne was dissolved in methanol and often a
cosolvent, and potassium carbonate was added. The mixture was stirred at
room temperature before being poured into water. The solution was
extracted with ether or ethyl acetate and washed with brine. After drying
over magnesium sulfate, the solvent was evaporated in vacuo to afford the
products that generally required no purification. (Method B) The silylated
alkyne was dissolved in pyridine in a plastic vessel. A mixed solution of
49% hydrofluoric acid and 1.0� tetrabutylammonium fluoride (TBAF) in
THF was added at room temperature. The solution was stirred for 15 min
and quenched with silica gel. The mixture was poured into water and
extracted with diethyl ether. The extract was washed with brine and dried
over magnesium sulfate. After filtration the solvent was evaporated in
vacuo. The crude product was purified by a flash chromatography on silica
gel. Eluents and other slight modifications are described for each material
in the Supporting Information.


General procedure for the conversion of aryl halides to arylthioacetates : To
tBuLi (2 equiv per halide) in diethyl ether or THF at �78 �C was added a
solution of the aryl halide in THF. After the mixture had been stirred for
40 min, sulfur powder was added as a solid or via cannula as a slurry in THF.
The resulting green slurry was stirred for 1 h and then warmed to 0 �C. The
mixture was re-cooled to �78 �C and acetyl chloride (1.2 equiv per halide)
was added. The resultant yellow solution was allowed to warm to room
temperature and stirred for 1 h before quenching with water. The mixture
was extracted with diethyl ether (3� ). The combined organic fractions
were washed with water (2� ) and dried over magnesium sulfate. Removal
of solvents in vacuo followed by flash chromatography afforded the desired
material. Eluents and other slight modifications are described for each
material in the Supporting Information.
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Nanotube Formation by Hydrophobic Dipeptides


Carl Henrik Gˆrbitz*[a]


Abstract: A wide range of applications has been suggested for peptide-based
nanotubes, which first attracted considerable interest as model systems for membrane
channels and pores. The intriguing and unprecedented observation of nanotube
formation by supramolecular self-assembly of the four dipeptides �-Leu-�-Leu, �-
Leu-�-Phe, �-Phe-�-Leu and �-Phe-�-Phe is described here. These simple compounds
crystallize with hydrogen-bonded head-to-tail chains in the shape of helices with four
to six peptide molecules per turn. The resulting structures have chiral hydrophilic
channels with a van der Waals× diameter up to 10 ä.


Keywords: nanostructures ¥ pep-
tides ¥ self-assembly ¥ supramolec-
ular structure


Introduction


The preparation of various types of nanotubes, inorganic as
well as organic, has been the subject of considerable research
efforts during the last few years.[1] Peptide-based systems are
of particular interest from a biological point of view as models
for ion channels, membrane pores, and more.[2] For this group
of compounds, tube-like structures are invariably formed by
stacking of cyclic molecules through formation of intermo-
lecular hydrogen bonds between functional groups in the
peptide backbones. Pioneering work on this type of structure
was carried out by Ghadiri and co-workers for cyclic �,�-
peptides with eight to twelve residues.[2±6] Other research
groups have introduced �-amino acids,[7] cysteine-based
macrocyclic ureas,[8] and bisamides,[9] as well as aromatic
rings.[10]


In the crystal structures of dipeptides, a common hydrogen
bond motif is two -NH3


� ¥ ¥ ¥ �OOC- head-to-tail chains in a
two-dimensional sheet where the third amino H atom is
accepted by a functional group in one of the side chains. When
side chain acceptors are missing, as in dipeptides with two
hydrophobic residues, a packing problem arises, that is, how to
still position three acceptors around each amino group. As
part of a systematic investigation of the structures of sixteen
such hydrophobic dipeptides with residues chosen from �-
Ala, �-Val, �-Leu, and �-Phe, it was discovered some time ago
that �-Val-�-Ala (VA) forms crystals with narrow hydro-
phobic channels capable of hosting small organic molecules
like methanol and acetonitrile.[11] This structure is concep-
tually very different from those mentioned above, and indeed


other tubular structures as well, in that the pores are
generated from the self-assembly of rather small molecules
that are hydrogen-bonded, head-to-tail, into helices. Al-
though the hydrophobic dipeptides eventually proved to
constitute a surprisingly heterogeneous group as far as crystal
packing arrangements are concerned,[12] structures related to
VA were later on observed for �-Ala-�-Val, �-Val-�-Val and
�-Ala-�-Ile,[13] which are structures with two fairly small side
chains (�-Ala-�-Ala is a unique structure without channels[14]).
The most hydrophobic members of the group selected for this
study were �-Leu-�-Leu (LL), �-Leu-�-Phe (LF), �-Phe-�-
Leu (FL) and �-Phe-�-Phe (FF). LL had previously been
crystallized as a 2-methylpropan-1-ol solvate,[15] isomorphous
ethanol, propan-1-ol, and propan-2-ol solvates,[16] and as a
DMSO solvate,[17] while LF had been crystallized as a propan-
2-ol solvate.[18] All these structures are divided into hydro-
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phobic and hydrophilic layers (without nanotube formation)
with the alcohol/DMSO as an essential part of the hydrogen
bonding network. In the absence of organic solvent molecules
all four dipeptides have problematic crystallization habits, but
single crystal X-ray diffraction studies have now finally been
carried out. Like the VA family, the structures described here
display very obvious channels, but with hydrophilic rather
than hydrophobic inner surfaces.


Results and Discussion


In the VA family of structures there is head-to-tail hydrogen
bonding of dipeptide molecules in helices with six dipeptide
molecules per turn, shown schematically in Figure 1. The
resulting 5 ä diameter channels are distinctly hydrophobic in
nature since they are lined with peptide side chains. The
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Figure 1. Molecular packing in the VA class of structures.


crystal structure ofVA[11] provided an interesting new solution
to the packing problem of hydrophobic dipeptides. It is
evident from Figure 1, however, that accommodation of the
most bulky side chains inside a channel would require an
increase in the diameter of the helix formed by the peptide
backbones. This cannot be done without disrupting the
common hydrogen-bond pattern. Completely different pack-
ing arrangements have thus been observed for hydrophobic
dipeptides containing an �-Leu or �-Phe residue,[12] although
�-Leu-�-Val ¥ 3³4 H2O also has hexagonal symmetry.[19]


The molecular structures of LL, LF, FL, and FF are shown
in Figure 2. All bond lengths and bond angles are normal. The
two molecules in the asymmetric units of LL, LF, and FL are
very similar; root-mean-square values for the best overlap of
non-H atoms are 0.098, 0.140, and 0.081 ä, respectively.


Molecular conformations : A simplified description of the
conformation of a dipeptide is provided by the torsion angle
��C1


��C1
� ¥ ¥ ¥C2


��C2
�, which defines the relative positions of


the two side chains, Scheme 1. A search for zwitterionic �-
Xaa-�-Xaa dipeptides (Xaa not Gly or Pro) in the Cambridge
Structural Database[20] revealed that side chains usually point
in almost opposite directions. This is reflected by 42 structures
(out of 75) with �� �� 135�, 28 with 90�� � � �� 135�, three with


Figure 2. The molecular structure of a) LL, b) LF, c) FL, and d) FF.
Displacement ellipsoids are shown at the 50% probability level. H-bonds
appear as dashed lines. Partly occupied water positions are indicated by
dashed circles of arbitrary size.
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Scheme 1. Definition of the � torsion angle in dipeptides.


45�� � � �� 90� and only two, �-Ala-�-Trp[21] and �-Asp-�-Phe
in its complex with �-His-Gly,[22] with �� �� 45�.


It can immediately be recognized that the molecules in
Figure 2 occur in most unusual conformations with both side
chains located on the same side of the plane defined by the
peptide bond. Indeed, all have �� �� 40.2�, Table 1. The
regular torsion angles, also given in Table 1, show that the
rare � values are attained primarily through a dramatic
rotation around the N2�C2


� bond compared with other
dipeptides, with resulting �2 torsion angles in the range 48 ±
55�. The structures in theVA class[11, 13] have normal dipeptide
conformations with � between �150.5� and �169.2� and �2


between �129.0� and �150.6�. In previously investigated
alcohol and DMSO solvates of LL[15±17] and LF,[18] the peptide
molecules have semi-extended to extended conformations
with �2 in the range �81.3� to �159.0�.


For LL and LF the side chain of the first residue is trans,
while a less common gauche� orientation is observed for FL
and FF. The side chain of the second residue is gauche� for
all four structures. As for rotation about the C��C� bond, �2,1


and �2,2 torsion angles for the second �-Phe residue of FF
residue are 165.9� and �18.1�, respectively. These values are
far from the energy minima at �90�,[23] and together with the
twisted backbone they make the FF molecule a true oddball
from a conformational point of view.


Crystal structures : The reason why the dipeptides in the FF
class occur in such unusual conformations becomes clear from
the display of crystal packings in Figure 3. Very obvious
channels are present in all structures: small for LL, LF, and
FL, in which four dipeptide molecules constitute the circum-
ference of a hydrophilic region, large in FF, for which
translation of six molecules creates each channel. All side
chains appear to emanate from the channel core, which is
filled with water molecules. The structures can, on a slightly
larger scale, be looked upon as idealized closepacking of
hydrophobic tubes or rods. Apart from FF, which has


crystallographic hexagonal symmetry (Figure 3d), this stack-
ing is particularly evident for FL, as seen in Figure 3c. From
consideration of the cell dimensions and the packing dia-
grams, the diameter of each rod can be roughly estimated to
be in the range 17 ä (�b for LL) to 24 ä (�a and b for FF).


It is not uncommon that hydrophilic groups within a certain
molecule segregate into columns (usually associated with
hydrogen bonding) that run through a matrix of hydrophobic
groups, but the title compounds are the first unblocked linear
peptides to have structures with hydrophilic columns and an
overall one-dimensional hydrogen-bond pattern. The water-
filled nature of the columns, generated by supramolecular
self-assembly of comparatively small molecules, is further-
more quite unique regardless of type or class of molecule.


Macroscopic behavior: The structures of the title compounds
manifest themselves in a very illustrative manner through the
macroscopic behavior of the crystals. Their hydrophobic
surfaces make them extremely water repellent, and, in
contrast to what is observed for other hydrophobic dipeptides,
vigorous stirring is required to immerse the peptide samples in
water prior to crystallization. The crystals are, on the other
hand, instantly immersed in organic solvents, although the
solubility is actually very low, about 0.08 mgmL�1 for FF in
benzene at room temperature. Favorable aromatic interac-
tions between the solute and the solvent can evidently not
compensate for the lack of efficient shielding of the localized
positive and negative charges in the zwitterions.


Hydrogen bonds : The hydrogen bond pattern between
peptide molecules is qualitatively the same in all four title
structures and is illustrated for FF in Figure 4. In graph-set
terminology, a head-to-tail hydrogen-bonded chain of dipep-
tide molecules defines a first-level C(8) pattern,[24] that is, a
chain with a repeat unit of eight atoms. In the VA class of
structures there is just one C(8) chain, in shape of a right-
handed helix. In the FF class there are two C(8) chains, one
right-handed helix with a pitch of one unit cell length for each
turn and one left-handed with a pitch of three (LL, LF and
FL) or five (FF) unit cells lengths for each turn (Figure 4).
Together with additional �N(amide)�H ¥ ¥ ¥ carboxylate hy-
drogen bonds in a C(6) chain, the two helices create a rigid
tubular scaffolding of peptide molecules in all four structures.
There is a nice resemblance to hydrogen bonding in the cation


Table 1. Torsion angles [�].


LL (A)[a] LL (B) LF (A) LF (B) FL (A) FL (B) FF (A) VA[b]


�1 (N1-C�
1 -C1�-N2) 129.6(2) 127.8(2) 125.0(5) 124.3(5) 152.6(4) 155.3(4) 157.8(4) 162.9(6)


�1(C�
1 -C1�-N2-C�


2 � 174.9(2) 177.9(2) 179.8(4) � 174.2(4) � 176.9(4) � 177.0(4) � 179.1(4) 176.0(6)
�2(C1�-N2-C�


2 -C2�) 47.9(3) 51.0(3) 47.7(6) 49.1(6) 52.6(5) 51.9(6) 55.4(5) � 150.6(6)
�T (N2-C�


2 -C2�-O2�)[c] 50.6(3) 51.7(3) 52.7(7) 54.1(6) 39.2(6) 44.9(6) 43.8(5) � 28.2(9)
�1


1 (N1-C�
1 -C�


1-C
�
1� 176.9(2) 173.7(2) 178.4(5) 175.7(4) 63.3(5) 61.4(5) 66.8(5)


�2�1
1 (C�


1 -C�
1-C


�
1-C


�1
1 � 59.2(3) 60.5(3) 59.3(6) 61.5(7) 93.1(5) 93.0(6) 87.4(5)


�2�2
1 (C�


1 -C�
1-C


�
1-C


�2
1 � � 177.8(2) � 175.8(2) � 178.9(5) � 175.2(5) � 88.4(5) � 87.7(6) � 92.0(5)


�1
2 (N2-C�


2 -C�
2-C


�
2� � 65.8(3) � 60.1(3) � 61.0(6) � 55.1(6) � 61.9(5) � 64.9(5) � 69.2(5)


�2�1
2 (C�


2 -C�
2-C


�
2-C


�1
2 � 168.4(2) 167.6(2) 122.9(5) 113.0(5) 167.8(4) 172.4(4) 165.9(4)


�2�2
2 (C�


2 -C�
2-C


�
2-C


�2
2 � � 68.7(3) � 69.2(3) � 56.5(7) � 65.2(7) � 69.9(6) � 64.7(6) � 18.1(6)


� (C�
1-C


�
1 ¥ ¥ ¥C�


2 -C�
2� � 1.5(2) 1.9(2) � 0.1(5) 3.0(5) 33.9(4) 34.9(4) 40.2(4) � 169.2(6)


[a] The label in parenthesis identifies the peptide molecule in the asymmetric unit. [b] �-Val-�-Ala.[11] [c] Measured to the O atom giving the smallest positive
or negative value.
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channel gramicidin A, which in the most recent X-ray
structure[25] is shown to have a double-stranded right-handed
helix with hydrogen bonds more or less parallel to the helix
axis.


The inherent packing problem of hydrophobic dipeptides,
as discussed above, is solved in the FF family of structures by
donation of the third and last amino H atoms of each peptide
to solvent water molecules in the channel core. Water
molecules also provide additional donors for the carboxylate
groups.


Solvent water : The most simple water structures are present
in LL and LF. Water molecule C has a bridging function
between the N1A amino group and the carboxylate O2B
(Figure 2a and b), while molecule D links O atoms in two
different carboxylate groups. Water molecule D is not fully
occupied; this is presumably a result of the short H ¥ ¥ ¥H
distance (�2.1 ä) between H1C and H1D. It is possible, by
using a molecular graphics program, to find at least three
alternative orientations for molecule D with other sets of
acceptors that would eliminate this conflict, but no trace of
alternative orientations was found for LL in the well-defined
electron density map (for LF it is less well defined). There are
no hydrogen bonds between water molecules related by the
twofold screw axis.


The slightly larger dimensions of the water channel in the
FL structure mean that two water molecules cannot have the
same bridging functions as in the structures of LL and LF.
Instead, nine partially occupied water positions were found
(Figure 2c), most of them quite well defined, with occupancies
ranging from 0.50(3) to 0.13(2). Together, the water molecules
constitute a single hydrogen bonding entity, and not two as for
LL and LF. For FF the water structure is even more complex.
The nine water molecule positions (Figure 2d), with occupan-
cies ranging from 0.38(2) to 0.15(1) can be divided into three
hydration layers (Figure 3d), one close and connected to the
charged amino and carboxylate groups (layer 1), one at the
hexagonal axis (layer 3) and one (layer 2) between layer 1 and
layer 3. The refined isotropic displacement factors are high for
all positions, and particularly for that in layer 3.


Channel structures and dimensions : The two molecules in the
dimers constituting the asymmetric units of the closely related
LL and LF structures are rotated almost exactly 120� relative
to each other (Figure 2a and b); this means that when a dimer
is rotated 180� by a twofold screw axis, there is a 60� rotation
between peptide molecules at the junction between two
dimers (Figure 3a and b). This gives a rectangular central
channel with van der Waals× dimensions 2.5� 6.0 ä. For FL,
on the other hand, the relative rotations are 102� between


Figure 3. The unit cell and molecular packing of a) LL viewed along the a axis, b) LF viewed along the b axis, c) FL viewed along the a axis, and d) FF viewed
along the c axis. Water molecules are shown as small spheres.
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Figure 4. Water positions (with van der Waals× surface) inside a single
channel in the FF structure. Hydrogen bonds between peptide molecules
are shown as dashed lines. Peptide side chains have been omitted for clarity.
Note that peptide bond �C�O groups do not accept any H atoms.


peptide molecules in the dimer and 78� between neighboring
peptide molecules in opposite dimers (Figure 2c). Each
hydrophobic tube then attains a conspicuous pseudotetrago-
nal symmetry, as seen in Figure 3c. The channels dimensions
are 4.0� 6.0 ä.


In Figure 5 the much larger channel in the FF structure
(diameter 10 ä) is compared with the channel of the idealized
cyclo[-(�-Gln-�-Ala-�-Glu-�-Ala)2-] structure (diameter
7 ä).[3] Apart from small deviations in shape, the most


Figure 5. Comparison of the hole in the center of an idealized cyclo[-(�-
Gln-�-Ala-�-Glu-�-Ala)2-] molecule[3] as viewed from the top (left) with a
channel in the FF structure (right).


obvious difference between the two is that the FF channel is
lined with hydrogen-bond donors and acceptors in charged
groups (-NH3


� and -COO�), while the polar but uncharged
groups of the octapeptide channels are all engaged in
hydrogen bonds. The same is true for the gramicidin A
channels.[25]


A number of dipeptides (and other peptides) have crystal
structures with cavities containing cocrystallized achiral
organic molecules, usually the solvent used. In a special series
of investigations, Ogura and co-workers have demonstrated
enantioselective inclusion of alkyl phenyl sulfoxides for the
dipeptide (R)-phenylglycine-(R)-phenylglycine.[26] The crystal
structures of the complexes are divided into hydrophobic and
hydrophilic layers. The inner surfaces of the channels formed
by the title compounds are distinctly chiral, and it is not
unreasonable to assume that they too could act as chiral
receptors (or selectors).


Transchannel transport : For the cyclic octapeptides, not only
dynamic movement of water molecules through the channels
has been demonstrated,[4] but also, by incorporation into
liposomes, high transport activities for K� and Na� ions.[2] In
comparison, the strong hydrogen bonding of the solvent
molecules of LL and LFmost likely makes migration of water
molecules through the channels a very slow process. The FL
channels, however, are larger and have a number of partly
occupied water positions. This indicates that some net flow of
water molecules through the channels is possible. With the
much larger FF channels, dynamic transport of a range of
species can reasonably be expected. It is as yet uncertain,
however, whether larger molecules such as glucose can be
transported efficiently. The cyclic octapeptide lacks such
activity, while the cyclic decapeptide cyclo[-(�-Trp-�-Leu)4-�-
Gln-�-Leu-] with a 10 ä pore size, has been shown to
transport glucose efficiently.[5] Work is in progress to study
incorporation of FF channels into biological membranes.


Conclusion


The four hydrophobic dipeptides presented here form unique
crystal structures with hydrophilic channels embedded in a
hydrophobic matrix created by the peptide side chains. The
structure of �-Phe-�-Phe constitutes a particularly attractive
candidate as a model for membrane channels due to the
substantial size of the hydrophilic channels (van der Waals×
diameter of about 10 ä), through which transportation of
water, simple ions, and larger molecules like glucose can
theoretically take place. It may also be possible to exploit the
channels as chiral receptors.


Experimental Section


Crystal growth : Obtaining suitable single crystals devoid of organic
solvents constituted a major obstacle in carrying out this investigation.
Some experiments with acetonitrile, a less potent hydrogen bond acceptor
than DMSO and the alcohols used earlier[15±18] (and a nondonor) were
carried out, but evaporation from an aqueous solution of the peptide served
as the main crystallization method. As a rule of thumb, the concentration of
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a compound should be in the range 5 ± 200 mgmL�1 for good crystals to
form.[27] The solubility of LL, 23 mgmL�1, is satisfactory in this respect, but
the values 7.9 mgmL�1 for FL and 5.4mg mL�1 for LF are quite low, and
2.5 mgmL�1 for FF is outside the given range. LL crystals could actually be
grown by slow evaporation at room temperature, but the other peptides
yielded needles that were far to thin (�10 �m diameter) to be useful. To
increase solubility, evaporations from warm aqueous solutions, as per-
formed previously for, for instance, �-Tyr-�-Phe,[28] were then attempted.
The required crystals failed to appear, however, until it was discovered that
the speed with which the evaporation took place was a critical parameter.
Surprisingly, it had to be quick rather than slow. After a series of
experiments still very thin, but useful crystals were obtained for all three
peptides when evaporation of 3 mL of a saturated solution took place in
about 15 minutes, an astonishingly fast pace. The temperatures were 60 �C
for LF and FL, and 80 �C for FF.


X-ray Diffraction : The crystallographic data are reported in Table 2. Data
were measured at 150 K on a Siemens SMART 1000 CCD-diffractometer
with MoK� radiation (	� 0.71069 ä). The data collection with SMART[29]


nominally covered almost a sphere of reciprocal space, usually by a
combination of three sets of exposures with the detector set at 2�� 26�. The
crystal-to-detector distance was 4.0 cm for FF and 5.0 cm for the other data
collections. Data integration and cell refinement were carried out by
SAINT,[30] while empirical absorption correction was carried out by
SADABS.[31] SHELXTL[32] was used for structure solution by direct
methods as well as subsequent full-matrix least-squares refinement on F 2.
O, N and C atoms were refined anisotropically, except those O atoms with
occupancy �0.5 associated with solvent water molecules in FL and FF,
which were refined isotropically. H atoms bonded to N in LL were also
refined isotropically. Other H atoms were placed geometrically and either
constrained to keep all C�H or N�H bond lengths as well as all C-C-H or
C-N-H angles on any one C or N atom the same (H atoms bonded to C for
LL, H atoms bonded to N for FL and FF) or kept in theoretical positions (H
atoms bonded to C for FL and FF, all peptide H atoms for LF). Water H
atoms were refined isotropically for LL, but could not be located in the
electron density map of LF. H atoms were instead introduced in theoretical
positions so as to mimic the hydrogen bonding of LL. No water H atoms
were introduced for FL and FF.


Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publications no. CCDC 16337, CCDC 16338, CCDC 16339, and
CCDC 16340 for LL, LF, FL, and FF, respectively. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44)1223-336033; e-mail : deposit@
ccdc.cam.ac.uk).


Cambridge Structural Database searches : Dipeptide structures were
retrieved from the database[16] (April 2001 release) by means of the
program ConQuest 1.2. Subsequent screening of the hits removed duplicate
entries as well as the entries for a few mixed ��� or ��� dipeptides. When
several different solvates existed for the same compound, only the number
of structures representing truly different crystal packing arrangements
were retained.
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Towards Rational Design of Fast Water-Exchanging Gd(dota-Like) Contrast
Agents? Importance of the M/m Ratio**


Frank A. Dunand,[a] Rachel S. Dickins,[b] David Parker,[b] and Andre¬ E. Merbach*[a]


Abstract: 1H NMR line-shape analysis
and magnetisation-transfer experiments
at variable temperature and pressure
have been used to elucidate the solution
dynamics of both M and m isomers of
three [Eu(dota-tetraamide)(H2O)]3�


complexes. The direct 1H NMR obser-
vation of the bound water signal allows
the water-exchange rates on each isomer
to be measured individually. They are
definitely independent of the ligand for
both M and m isomers (M : k298


ex � 9.4�
0.2� 103 s�1 for [Eu(dotam)(H2O)]3�,
8.2� 0.2� 103 s�1 for [Eu(dtma)(H2O)]3�


and 11.2� 1.4� 103 s�1 for [Eu(dotmam)-
(H2O)]3� ; m : k298


ex � 474� 130� 103 s�1


for [Eu(dotam)(H2O)]3�, 357� 92�
103 s�1 for [Eu(dtma)(H2O)]3�), and
proceed through a dissociative mecha-
nism (M isomers: �V≥��4.9 cm3mol�1


for [Eu(dotam)(H2O)]3� and
�6.9 cm3mol�1 for [Eu(dtma)(H2O)]3�).


The overall water exchange only de-
pends on the M/m isomeric ratio. The m
isomer, which exchanges more quickly,
is favoured by �-substitution of the ring
nitrogen. Therefore the synthesis of
DOTA-like ligands, which predominant-
ly form complexes in the m form, should
be a sufficient condition to ensure faster
water exchange on potential GdIII-based
contrast agents. Furthermore the activa-
tion parameters for the water-exchange
and isomerisation processes are both
compatible with a nonhydrated complex
as intermediate.


Keywords: contrast agents ¥ lantha-
nides ¥ ligand design ¥ magnetic
resonance imaging ¥ solution
dynamics ¥ water exchange


Introduction


Since the introduction of Gd complexes as MRI contrast
agents, there has been an intense research effort to under-


stand their physico-chemical properties.[1±3] One of the
important points to be understood in order to design new
GdIII-based MRI contrast agents is the relationship between
the complex structure and the rate and mechanism of the
water-exchange process as this is one of the limiting factors,
along with the tumbling time and the electronic relaxation
rate.[4, 5] Our interest here embraces the solution dynamics of
[Ln(dota-like)(H2O)] complexes (DOTA� 1,4,7,10-tetraaza-
1,4,7,10-tetrakis(carboxymethyl)cyclododecane). These com-
pounds exist in two diastereomeric forms, M and m : The M
isomer has a square antiprismatic geometry, while the m
isomer has a twisted square antiprismatic arrangement of the
ligand.[6] Basically, the two structures display a different
orientation of the two square planes formed by the four
nitrogens and the four oxygens; they make an angle of about
40� in M-type structures, whereas this angle is reversed and
reduced to about 28� in the m-type derivatives. Such arrange-
ments appear common to all chelates containing DOTA-like
ligands. Unfortunately when one analyses the 17O transverse
relaxation rates of the free water by the Swift and Connick
method, it is very hard to obtain information about the
individual exchange rates.


EuIII, the neighbour of GdIII, is often used, as structural
NMR is possible on its equivalent complexes. Recently, the
bound water signal could be observed by NMR at low
temperature in a mixture of water and CD3CN on the
positively charged EuIII complex of DOTAM, the tetraamide
derivative of DOTA, as a consequence of a very slow water-
exchange rate (DOTAM� 1,4,7,10-tetrakis(carbamoylmeth-
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Supporting Information for this article is available on the WWW
under http://wiley-vch.de/home/chemistry/ or from the author. Exam-
ple of the 4-site exchange analysis; temperature and pressure depend-
ence of the bound water-proton line widths of [Eu(dtma)(H2O)]3� ;
temperature and dependence of the bound water-proton line widths of
[Eu(dotmam)(H2O)]3� ; Two-dimensional EXSY 1H NMR spectra of
[Eu(dtma)(H2O)]3� and [Eu(dotmam)(H2O)]3� ; temperature depend-
ence of the M/m equilibrium constant as well as Max1 and meq2 proton
line widths of the RRRS/SSSR isomer of [Eu(dotmam)(H2O)]3� ;
pressure dependence of the Max1 line widths isomer of [Eu-
(dotmam)(H2O)]3� ; pressure dependence of the M/m equilibrium
constant of the RRRR/SSSS and RRRS/SSSR isomers of [Eu-
(dotmam)(H2O)]3� ; volume profiles for the M/m systems; thermody-
namic, kinetic and activation parameters describing the RRRS/SSSR,
RSRS and RRSS isomers of [Eu(dotmam)(H2O)]3� ; experimental
data for the temperature and pressure dependence of the line
widths, interconversion rates and equilibrium constants of
Eu(dtma)(H2O)]3� and [Eu(dotmam)(H2O)]3�.
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yl)-1,4,7,10-tetraazacyclododecane).[7] This allowed the unam-
biguous determination of the individual water-exchange rates
on each isomer. The rate was 50 times faster on the m species,
which therefore contributes 80% of the observed water-
exchange rate.[8, 9]


Lately, the influence of the different water-exchange rates
of the two isomers has been detected on slowly exchanging
bis- or tetraamide DOTA-derivative GdIII complexes from the
temperature dependence of the 17O transverse relaxation
rates of the free water.[10, 11] Important errors are probably
related to this indirect determination of the exchange rates as
many processes are involved in the 17O transverse relaxation
rates. Nevertheless Woods et al., neglecting the contribution
of the M isomer, found the same water-exchange rate for the
m isomers of [Gd(dota)(H2O)]� , [Gd(dotma)(H2O)]� and
three isomers of an �-substituted DOTA-derivative complex
(DOTMA� 1,4,7,10-tetrakis(methylcarboxymethyl)-1,4,7,10-
tetraazacyclododecane). They thus proposed a direct corre-
lation between the isomeric composition and the observed
water-exchange rate.[11]


Our goal is here to directly and independently measure the
water exchange for each isomer in a series of three tetraamide
DOTA-derivative EuIII complexes (Figure 1), and hence
determine unambiguously the role of the M/m isomeric ratio.
We also intend to extend our understanding of the correlation
between water exchange and M�m interconversion[9] by
solving the solution dynamics on the basis of diverse variable-
temperature and -pressure 1H NMR experiments.
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Figure 1. Schematic representation of the three studied ligands.


Results


Structural aspect : The 1H NMR spectra of [Eu(dotam)-
(H2O)]3� and [Eu(dtma)(H2O)]3� (DTMA� 1,4,7,10-tetrakis-
(N-methylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane)


have already been published and are typical for complexes
possessing a C4 axis of symmetry for both M and m isomers.[8]


A second small series of signals, visible in the case of
[Eu(dtma)(H2O)]3�, is probably due to a minor species
with a different binding geometry of the proton and methyl
substituents in the methylamide unit (�4%). In the
[Eu(dotmam)(H2O)]3� complex (DOTMAM� 1,4,7,10-tetra-
kis(methylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane),
the substitution on the �-C of the amide arm produces a new
chiral centre. The stereogenicity at carbon is the source of the
four isomers observed in solution (see Figures 2 and 3):
i) the four centres have the same absolute configuration


(RRRR/SSSS), the complex retains its C4 symmetry, and
only one signal is observed for each proton of the ligand (4);


ii) the R and S configurations alternate around the ligand
(RSRS), hence the complex has a C2 symmetry and two
signals are observed (3,10);


iii) one centre differs from the others (RRRS/SSSR), the
complex has a C1 symmetry and four signals are observed
(1,5,6,9);


iv) two R centres alternate with two S centres, the complex
has a C1 symmetry and four signals are observed (2,7,8,11).


The attribution of the RRRR/SSSS and RSRS isomers is
obvious. The RRRS/SSSR and RRSS isomers were attributed
on the basis of related analyses[11, 12] in which �-substituted
complexes were diastereospecifically synthesised.


Water exchange : The slow water exchange allows the
observation of the bound water signal by 1H NMR of the
[Eu(dtma)(H2O)]3� and [Eu(dotmam)(H2O)]3� complexes, as


Figure 2. 1H spectra of the [Eu(dotam)(H2O)]3� (219 K), [Eu-
(dtma)(H2O)]3� (220 K) and [Eu(dotmam)(H2O)]3� (219 K) complexes
(M or m isomers) depicting the bound water signals and the ligands signals
used for the analysis (CD3CN/H2O 100:1, 9.4 T).
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Figure 3. 1H NMR spectrum of the [Eu(dotmam)(H2O)]3� complex
(CD3CN/H2O 100:1, 9.4 T, 219 K) showing the attribution of the M axial
resonances: RRRR/SSSS� 4; RSRS� 3,10; RRSS� 2,7,8,11; SRRR/
RSSS� 1,5,6,9.


was the case for [Eu(dotam)(H2O)]3�.[7±9] In the case of
[Eu(dtma)(H2O)]3�, the signal is detected for both M and m
isomers, and two signals are even visible for the M isomer
(vide supra). For the [Eu(dotmam)(H2O)]3� complex, four M
signals arise, one for each of the four isomers described above,
while no m signals could be detected (see Figure 2). We have
previously demonstrated by 17O NMR that the exchange
phenomenon observed on the bound water proton corre-
sponds to the exchange of the entire water molecule.[9] Hence,
we can use the temperature dependence of the 1H NMR
bound water signals to determine the water-exchange rates
and their activation parameters.


At the temperatures at which the bound water signals are
observable, the slow exchange approximation [Eq. (1)] ap-
plies.


�WB
1�2 �


1


Tmeas
2B


� 1


T2B


� 1


�B


(1)


WB
1�2 is the measured half width of the bound water signal,


1/T2B is the transverse relaxation rate in the absence of
exchange and �B is the residence time of the water molecule in
the first coordination sphere. The temperature dependence of
the water-exchange rate kex (� 1/�B) can be described by the


Eyring equation [Eq. (2)], in which the symbols have their
usual meaning.
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�B


� kex� k298
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1/T2B is assumed to follow an exponential Arrhenius law
[Eq. (3)] incorporating different contributions (dipolar and
contact for proton).
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The bound water line widths have been fitted to Equa-
tions (1) ± (3) (Figure 4) to yield the kinetic parameters


Figure 4. Temperature dependence of the bound water proton transverse
relaxation rates of the M and m isomers of the [Eu(dotam)(H2O)]3� (�: M,
�: m), [Eu(dtma)(H2O)]3� (�: M, �: m) and [Eu(dotmam)(H2O)]3� (�: M)
complexes (CD3CN/H2O 100:1, 9.4 T).


reported in Table 1 and partly in the Supporting Information
(Table S20). For the M isomer of [Eu(dtma)(H2O)]3� or
[Eu(dotmam)(H2O)]3�, the analysis was performed with the
main signal only, but the smaller signal(s) show the same
temperature dependence (see Supporting Information Fig-
ures S2 and S4).


At a given temperature, the water-exchange rate depends
on pressure following Equation (4), in which �V≥ is the
activation volume of the water-exchange reaction and kex,0 is
the exchange rate at zero pressure.


kex� kex,0 exp
���V�


RT
P
�


(4)


The measured line width is related to kex by Equation (1).
The effect of pressure on the transverse relaxation rate in the
absence of exchange (1/T2B) can be neglected: first because


Table 1. Kinetic and activation parameters describing the water exchange as determined by line-shape analysis of the 1H NMR bound water signals of the M
and m isomers of the [Eu(dotam)(H2O)]3�, [Eu(dtma)(H2O)]3� and [Eu(dotmam)(H2O)]3� complexes.


[Eu(dotam)(H2O)]3� [a] [Eu(dtma)(H2O)]3� [Eu(dotmam)(H2O)]3�


M m M m M m


k250 [103 s�]1 0.090� 0.008 10.2� 1 0.066� 0.005 7.9� 0.6 0.111� 0.015 ±
k298 [103 s�1] 9.4 � 0.2 474 � 130 8.2 � 0.2 357 � 92 11.2 � 1.4 ±
�H≥ [kJmol�1] 57.5 � 1 47.2� 3 59.7 � 1 46.7� 3 57.2 � 3 ±
�S≥ [J K�1mol�1] � 24.1 � 4 � 22 � 11 � 30.3 � 4 � 18.0� 10 � 24.4 � 10 ±
�V≥ [cm3mol�1] � 4.9 � 1 ± � 6.9 � 0.5 ± ± ±


[a] In order to allow comparison of the results, we report here for [Eu(dotam)(H2O)]3� the values obtained by the fit of the 1H NMR data only in ref. [25].
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the overall contribution of 1/T2B, calculated from the param-
eters obtained in the variable temperature study [Eq. (3)], is
less than 10% for the 1H NMR measurements at 285 K;
second because the pressure dependence of 1/T2B itself is
known to be small.[13]


In the case of [Eu(dtma)(H2O)]3�, the line width of the
bound water signal of the M isomer was measured at different
pressures from 0.1 to 200 MPa. The evolution of ln (1/Tmeas


2 �of
the proton signal upon changes in pressure is shown in the
Supporting Information (Figure S3). The activation volume
calculated from the 1H NMR data is �V≥� 6.9�
0.5 cm3mol�1.


M�m interconversion :


Generalities and theory : Two sources of helicity are present in
[Eu(dota-like)(H2O)]3� complexes.[14] One is due to the four
5-membered rings formed by the binding of the amide arms to
EuIII, whose absolute configuration is described by � or �.
The second is due to the four 5-membered rings formed by the
binding of the cyclen to EuIII, its absolute configuration is
described by ���� and ����. Hence two different processes
can lead to an M�m interconversion: i) a rotation of the
amide arms around the N(cycle)�C bond leading to a �-�
configurational change; ii) an inversion of the cyclen cycle
configuration (����-����). The enantiomerisation most prob-
ably proceeds by successive occurrence of these two pro-
cesses. Scheme 1 summarises these concepts in a visual
manner.


Scheme 1. Schematic representation of the four possible conformational
isomers of DOTA-derivative complexes and their interconversion path-
ways. The protons as well as the coordinated water molecule located above
the plane of the four carboxylates have been omitted for clarity.


The 1H NMR ligand resonances for [Eu(dotam)(H2O)]3�


and [Eu(dtma)(H2O)]3� have already been attributed in
previous papers.[7, 8] From Scheme 1 it is clear that the arm
rotation does not affect the geometry of the cyclen unit, and
hence a ring axial proton remains axial upon arm rotation. On
the other hand, the ring inversion moves a proton from an
axial position into an equatorial position (and vice versa).


Consequently the four resonances depicted by Max1, max1, Meq2


and meq2 in Figure 2 form a closed 4-site exchange system.
Two-dimensional-EXSY 1H NMR experiments were per-


formed at 284 K with a mixing time of 100 ms on both
[Eu(dtma)(H2O)]3� and [Eu(dotmam)(H2O)]3� complexes. In
the case of [Eu(dtma)(H2O)]3�, cross-peaks corresponding to
arm rotation, ring inversion and enantiomerisation are visible,
while for [Eu(dotmam)(H2O)]3� only ring inversion is de-
tected (See Supporting Information Figure S5). Moreover the
signals that are part of the same Max1, max1, Meq2 and meq2


system were identified from these experiments.
This exchange behaviour was further confirmed by magnet-


isation-transfer experiments on [Eu(dtma)(H2O)]3� (261 K)
and [Eu(dotmam)(H2O)]3� (273 K). All magnetisation-trans-
fer experiments were performed by using an I-Burp shaped
pulse for the selective inversion of the Max1 signal. For
[Eu(dotmam)(H2O)]3�, the analysis was performed on the
two main RRRR/SSSS and RRRS/SSSR isomers.


When one process is favoured over the others, like ring
inversion in the case of [Eu(dotmam)(H2O)]3�, the intensities
of the two signals involved (Max1 and meq2) can be fitted to the
McConnell equations.[15, 16] When two processes are in con-
currence, we are in a 4-site exchange case.


The time dependency of the magnetisation in a magnet-
isation-transfer experiment in which i sites are involved can be
described by modified Bloch equations[17] in which the
chemical exchange is taken into account.[18]


dMzi


dt
��i	i�


�Mzi


�1i


�
�n


j�1


kjiMzj �
M�


i


T1i


(5)


where:


1


�1i


� 1


�i


� 1


T1i


1


�i


�
�
j�1


kij


Since the relaxation times are measured in the absence of
the rf (radio frequency) field, the term �i	i can be neglected
(�i�
Hi and 	i is the component of the spin magnetisation out
of phase with the rf field).M�


i is the equilibrium magnetisation
and T1i is the longitudinal relaxation time of the ith site.


If one considers that the enantiomerisation is only possible
through successive arm rotation and ring inversion, the
differential equations describing the time evolution of the
magnetisation only depend on two first-order rates and two
populations as depicted in Scheme 1; where ka is the rate of
the arm rotation leading from the M to the m isomer, kr is the
rate of the ring inversion leading from the M to the m isomer
and pM and pm are the populations of the M and m isomers,
respectively. On this basis the rate of the arm rotation leading
from m to M can be written as (pM/pm)ka . The magnetisation-
transfer experiment following the selective inversion of the
M1 site is described by the following set of differential
equations:


dM1


dt
� M�


1 �M1


T1M1


�kaM1�krM1 �
pM


pm


kam1 �
pM


pm


krm2 (6)


dm1


dt
� m�


1 �m1


T1m1


� kaM1 � krM2�
pM


pm


kam1�
pM


pm


krm1 (7)
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dm2


dt
� m�


2 �m2


T1m2


� krM1 � kaM2�
pM


pm


kam2�
pM


pm


krm2 (8)


dM2


dt
� M�


2 �M2


T1M2


�kaM2�krM2 �
pM


pm


kam2 �
pM


pm


krm1 (9)


An example of the analysis of such a system is shown in the
Supporting Information (Figure S1).


Quantitative analysis : [Eu(dtma)(H2O)]3� : As we have just
pointed out, both arm-rotation and ring-inversion exchanges
are observed and, hence, they both contribute significantly to
the line-broadening upon temperature changes. A simple line-
shape analysis would not give information about the kinetic
and activation parameters of the individual processes. There-
fore magnetisation-transfer experiments were performed at
various temperatures between 261 and 282 K. They were
analysed with the differential Equations (6) to (9) to provide
ka , k�a , kr and k�r at each temperature. The temperature
dependence of the Max1 and max1 line widths were then
measured. These experiments were both performed in a 1:1
mixture of CD3CN and D2O in order to avoid the presence of
nonhydrated complexes in solution. The line width of a ligand
proton belonging to the M species can be described by simply
modifying Equation (1) [Eq. (10)], in which 1/T2B contains the
dipolar and contact contribution to the transverse relaxation
rate, and ka and kr are the two possible exchange contributions
(k�a , k�r in the case of m).


�WB
1�2 �


1


Tmeas
2


� 1


T2B


� ka � kr (10)


ka and kr follow an Eyring [Eq. (2)] and 1/T2B an exponen-
tial Arrhenius [Eq. (3)] dependence with temperature. The
rates and the line widths were then fitted simultaneously to
Equations (2), (3) and (10) to afford the parameter values
reported in Table 2 (and partially in the Supporting Informa-
tion Table S21). The goodness of this analysis is clearly
depicted in Figure 5.


In the same way, the pressure dependence of the rates and
line widths were fitted simultaneously (Figure 6) by using
Equations (4) and (10). As explained for the water exchange,
the pressure dependence of 1/T2B was assumed to be
negligible (contribution to the line width is less than 20%
with only a small variation with pressure).


Figure 5. a) Temperature dependence of the 1H NMR transverse relaxa-
tion rates of the Max1 (�) and max1 (�) of the [Eu(dtma)(H2O)]3� complex
(CD3CN/D2O 1:1, 9.4 T). b) Temperature dependence of the M	m arm
rotation (�), ring inversion (�) and m	M arm rotation (�), ring inversion
(�) rates of the [Eu(dtma)(H2O)]3� complex as obtained by magnetisation
transfer on the Max1 and max1 signal (CD3CN/D2O 1:1, 9.4 T). The solid lines
represent the best simultaneous fit to all experimental data points in the
Figure, and the dotted lines represent the exchange contribution to the line
widths (see text and Table 2).


Quantitative analysis : [Eu(dotmam)(H2O)]3� : We have shown
that the exchange contribution to the line width is exclusively
due to the ring inversion process (vide supra). Thus the line-
shape analysis will give direct information about the kinetic
and activation parameters that describe the ring inversion. As
for [Eu(dtma)(H2O)]3�, these experiments were performed in
a 1:1 mixture of CD3CN and D2O in order to avoid the
presence of nonhydrated complexes in solution. The equilib-
rium constantK�M/m (measured directly from the integrals)
was also taken into account in the analysis as it can be


Table 2. Kinetic, activation and thermodynamic parameters describing the solution behaviour of the three studied complexes. The fitting method for each
case is explained in details in the text.


[Eu(dotam)(H2O)]3� [Eu(dtma)(H2O)]3� [Eu(dotmam)(H2O)]3� [a]


Arm rotation Arm rotation Ring inversion Ring inversion
M	m m	M M	m m	M M	m m	M M	m m	M


k250 [103 s�1] 68 � 10 310 � 10 4.4� 0.3 27.7� 4 0.9� 0.1 3.1� 0.3 1.8� 0.5 0.4� 0.1
k298 [103 s�1] 1700 � 200 7650 � 200 671 � 43 3192 � 330 79.5� 5 430 � 53 232.9� 25 70.7� 8
�H≥ [kJmol�1] 39.1� 2 39.1� 2 62.5� 2 58.8� 3 55.9� 1 61.0� 3 60.2� 3 63.9� 3
�S≥ [J K�1mol�1] � 52.1� 7 � 39.4� 7 � 18.7� 6 � 19.4� 10 � 21.1� 5 � 10.1� 10 � 2.3� 11 � 4.8� 11
�V≥ [cm3mol�1] � 0.5� 0.3 � 0.5� 0.7 � 0.7� 2 ± � 3.3� 0.9 ± � 1.6� 2 � 1.1� 0.6
K250 4.5[b] 4.2� 0 0.23� 0.01
K298 4.5[b] 5.2� 2 0.30� 0.01
�H0 [kJmol�1] ± [b] 2.8� 3 3.7 � 1
�S0 [J K�1mol�1] ± [b] � 23.2� 10 2.6 � 3
�V0 [cm3mol�1] 0� 1 � 2.6� 2 � 1.7 � 6


[a] RRRR/SSSS isomer. [b] Undetectable variation, hence no thermodynamic parameters given.
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Figure 6. Pressure dependence of the 1H NMR transverse relaxation rates
of the Max1 signal at 284 K (�); as well as of the arm rotation (�) and ring
inversion (�) rates at 271 K as obtained by magnetisation transfer for the
[Eu(dtma)(H2O)]3� complex (CD3CN/D2O 1:1, 9.4 T). The lines represent
the best simultaneous fit to all experimental data points in the Figure (see
text and Table 2).


expressed directly from the rate constants K� k�r/kr . The
ring-inversion rate measured by magnetisation transfer at
273 K was introduced into the analysis to constrain the
exchange rate beyond the exchange domain. We show in
Figure 7 the temperature dependence of the line widths and
equilibrium constant as well as the ring-inversion rate
obtained by magnetisation transfer for the RRRR/SSSS
isomer. The parameters obtained from their analysis are


Figure 7. a) Temperature dependence of the 1H NMR transverse relaxa-
tion rates of the Max1 (�), max1 (�) and meq2 (�) signals and ring inversion
rate measured by magnetisation transfer (�) of the RRRR/SSSS isomer of
the [Eu(dotmam)(H2O)]3� complex (CD3CN/D2O 1:1, 9.4 T). b) Temper-
ature dependence of the equilibrium constant K�M/m (�). The solid lines
represent the best simultaneous fit to all experimental data points in the
Figure and the dotted lines represent the exchange contribution to the line
widths (see text and Table 2).


reported in Table 2 (and partially in the Supporting Informa-
tion Table S22). The analysis of the pressure dependence was
performed separately for transverse relaxation rates and the
equilibrium constant (see Supporting Information Figures S7
and S8). The fit of the RRRS/SSSR system is also shown in the
Supporting Information (Figure S6), as well as all parameters
describing the solution behaviour of the RRRS/SSSR, RRSS
and RSRS isomers (Tables S17 ± S19, S23).


Discussion


Water exchange : Recently Woods et al.[11] indirectly estimat-
ed the exchange rate of the m isomers of a series of pure
diastereomers of GdIII tetra(carboxyethyl)dota complexes on
the basis of the temperature dependence of the 17O NMR
transverse relaxation rate of the free water. They assumed the
contribution of the M isomer to be negligible and, from the
overall exchange rate and the molar fraction of the m isomer,
found the same exchange rate on m for all species.


Here, we could directly and individually determine the
water-exchange rates of the individual isomers of a series of
[Eu(dota-tetraamide)(H2O)]3� complexes. From the kinetic
parameters reported in Table 1, as well as from Figure 4, it is
obvious that the water exchange of both M and m isomers is
independent of the ligand, it is even the same for all isomers of
[Eu(dotmam)(H2O)]3� (See Supporting Information, Fig-
ure S4). Therefore, if we extend this behaviour to gadolinium
we can conclude that the overall water-exchange rate on
Gd(dota-like) complexes is only determined by the ratio of
the M and m isomers. This is an important feature in our
desire to better understand how to rationally design new
contrast agents with enhanced relaxivity.


M�m interconversion : Previous studies of [Ln(dota)-
(H2O)]� complexes with 1H two-dimensional EXSY[19, 20] or
variable-temperature 13C NMR[6, 21] showed that the arm
rotation is faster than the ring inversion. The introduction of a
substituent at the � position of the ring nitrogen drastically
slows down the arm rotation, so that ring inversion becomes
the faster process.[12]


The series of ligand studied here clearly shows the influence
of the substituent on the rate of the interconversion processes.
The arm rotation is slowed down in the case of DTMA but
remains the fastest process. �-Substitution however imparts
such steric hindrance on the arm rotation process that it can
no longer be detected. The ring inversion rate remains of the
same order of magnitude for each complex (see Table 2). We
reanalysed the magnetisation-transfer experiment on the
DOTAM complex at 250 K with the four-site system, the rate
of kr (1.0� 0.6 s�1) is the same as for DTMA.


Furthermore, the equilibrium constant K�M/m is con-
firmed to be linked to the rigidity brought by the steric
hindrance due to the substitution on the arm. In particular, the
�-substituted RRRR/SSSS isomers tends to stabilise the m
form of the complex; the introduction of a bulky amide also
seems to follow this tendency.[8, 11, 12]
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Solution dynamics : The thermodynamic and activation pa-
rameters allow us to visually represent the solution dynamics
by free energy (Figure 8) and volume (Supporting Informa-
tion, Figure S9) profiles. In fact, the parameters obtained for


Figure 8. Free-energy profiles for the M/m systems, considering non-
hydrated eight-coordinated intermediates M� and m� in both the water-
exchange and the interconversion processes. In the case of the intercon-
version transition state: black level� arm rotation; grey level� ring
inversion. The levels of the RRRR/SSSS species are considered for the
[Eu(dotmam)(H2O)]3� complex.


DTMA and DOTMAM extend the validity of the model
proposed for DOTAM[9] considering nonhydrated eight-
coordinated intermediates M� and m� in both the water-
exchange and isomerisation processes. Two experimental
observations confirm this trend: i) the activation volume of
the water exchange of [Eu(dtma)(H2O)]3� is clearly positive
(�V≥� 6.9� 0.5 cm3mol�1); this shows the mechanism to be
dissociative; ii) the observation of an exchange (broadening
of the ligand signals corresponding to the water-exchange
rate) with a nonhydrated species in solution in the presence of
a very low quantity of water (Supporting Information, Fig-
ure S10).


Conclusion


1H NMR line-shape analysis and magnetisation-transfer
experiments at variable temperature and pressure have been
used to elucidate the solution dynamics of [Eu(dota-tetra-
amide)(H2O)]3� complexes. The water-exchange rate is def-
initely independent of the solution structure for both M and m
isomers, and, hence, the overall water exchange only depends
on the M/m isomeric ratio. The faster exchanging m isomer is
favoured by �-substitution of the ring N. Therefore, the
synthesis of DOTA-like ligands that predominantly form
complexes in the m form should be a sufficient condition to
ensure fast water exchange for potential GdIII-based contrast
agents.


Experimental Section


Ligands and complex synthesis : The DTMA and DOTAM ligands and
their complexes were prepared as previously described.[7, 8, 22]


1,4,7,10-tetrakis(methylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane
(DOTMAM): A slurry of 1,4,7,10-tetraazacyclododecane (200 mg,
1.16 mmol) and potassium carbonate (880 mg, 5.8 mmol) in dry DMF
(5 mL) was added to a solution of 2-bromopropionamide (880 mg,
5.8 mmol) in dry DMF (5 mL). The solution was heated for 24 h, the
solvent removed under reduced pressure, and the resultant residue was
partitioned between water (10 mL) and dichloromethane (10 mL). The
aqueous layer was separated, washed with dichloromethane (2� 10 mL),
evaporated and taken up into dry methanol (10 mL). The methanol was
filtered, the solvent was removed under reduced pressure, and the residue
taken up in methanol again. This process was repeated three times. The
resultant residue was recrystallised from water to yield a colourless solid.
Yield: 260mg, 50%; 1H NMR (300 MHz, D2O, TMS): �� 3.37 (brm, 4H;
CH), 2.63 ± 2.54 (brm, 16H; ring CH2), 1.05, (brdd, 12H; Me); MS (ESI):
m/z (%): 457 (100) [MH]� , 248 (20) [MCa2�]; elemental analysis calcd (%)
for [C20H40N8O4.H2O]: C 49.58, H 8.67, N 23.1; found C 49.75, H 8.88, N
23.0.


[Eu(dotmam)(H2O)](CF3SO3)3 : This was prepared as described for the
corresponding DTMA complex. MS (ESI): m/z (%) 202.7 (100) [EuL3�],
304.5 (30) [EuL2�], 379.4 (10) [EuLCF3SO3


2�]; elemental analysis calcd
(%) for [C23H40EuF9N8O10S3]: C 27.41, H 4.06, N 11.11; found C 27.66, H
4.17, N 10.95.


Sample preparation : The solutions for NMR analysis were prepared by
dissolution of the solid complex [Eu(L)(H2O)](SO3CF3)3 in CD3CN and
H2O or D2O with a drop of TMS as an internal reference. The EuIII


concentration varied from 5 to 20m�, and the water content was 1% for
the solutions containing H2O and 50% for the solutions containing D2O.


Variable temperature NMR : The 1H NMR spectra were measured on a
Bruker DPX-400 spectrometer. The temperature was stabilised by a
Bruker BVT-3000 temperature control unit, and checked by a substitution
method.[23]


Variable Pressure NMR : The 1H NMR measurements were performed by
using a narrow-bore 5 mm home-built 1H-specific high-pressure probe
head on a ARX-400 Bruker spectrometer.[24] The pressure was produced by
a manual pump, and C2Br2F4 was used as pressurisation liquid. The
temperature was stabilised by using industrial alcohol in a Huber
cryothermostat HS80 and checked with a Pt probe (Pt-100 �) connected
to a calibrated digital Data Tracker 130 (Data Oricess Instrument, USA).


Data treatment : The NMR signals were fitted by a lorentzian function with
the program NMRICMA 2.8 for MATLAB¾ (L. Helm, A. Borel, Institut
de Chimie Mine¬rale et Analytique, Universite¬ de Lausanne, Switzerland).
The half-width of the 1H NMR lines were corrected by subtracting the half-
width of the TMS line (inhomogeneity, line broadening). The integrals
were calculated by multiplying the fitted half-width by the height of the
lines. The simultaneous fitting of the data (line width and/or magnetisation
transfer) to obtain the kinetic and thermodynamic parameters was
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performed by the programs VISUALISEUR 2.2.4 and OPTIMISEUR
2.2.4 for MATLAB¾ (F. Yerly, 1999, Institut de Chimie Mine¬rale et
Analytique, Universite¬ de Lausanne, Switzerland).
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Highly Selective Guest Uptake in a Silver Sulfonate Network Imparted by a
Tetragonal to Triclinic Shift in the Solid State


Silja K. M‰kinen, Natalia J. Melcer, Masood Parvez, and George K. H. Shimizu*[a]


Abstract: The silver sulfonate network
presented herein, silver 3-pyridinesulfo-
nate, reversibly and selectively absorbs
MeCN while undergoing a major struc-
tural rearrangement. The origin of this
structural flexibility is a coupling of the
weak coordinating ability of the SO3


group with the geometrically pliant
silver(�) center. Single crystal and pow-
der X-ray structures of both the desol-
vated and solvated forms are presented


in addition to the mechanism of their
reversible interconversion. A heteroge-
neous gas chromatographic study show-
ing selective extraction of the MeCN is
also presented. Extended solid frame-


works which reorder to any extent are
not common but the structure presented
herein transforms from a tetragonal to a
triclinic crystal system. The results in-
dicate that cooperative interactions in
systems based on supposedly weaker
interactions can yield softer yet func-
tional networks with behavior unlike
that observed in more rigid inorganic
frameworks.


Keywords: cooperative phenomena
¥ inclusion compounds ¥ silver ¥
sulfonate ligands ¥ supramolecular
chemistry


Introduction


Coordination frameworks exhibiting permanent porosity
have now been realized.[1] These compounds couple the
functionality of a porous architecture with the structural
diversity inherent to coordination compounds. To maintain
the integrity of these networks, building units based on strong
metal�ligand bonds, such as metal carboxylate[2] or metal
phosphonate,[3] are typically employed. An alternative ap-
proach would be to employ multiple weaker interactions in a
cooperative fashion, one of the hallmarks of supramolecular
chemistry.[4] With regards to the assembly of extended net-
works, cooperative hydrogen bonding has been employed
with great success by Ward et al. in their guanidinium
sulfonate inclusion family.[5] These softer organic networks
have considerable conformational flexibility which leads to
extensive inclusion abilities. With respect to inorganic frame-
works, it is widely considered that in order for an extended
inorganic network to be functional, it must be structurally
rigid as with zeolite networks.[6] Inorganic networks coupling
stability with flexibility would, in principle, offer an added
dimension of functionality to a solid. Our approach to this is
to employ more weakly ligating groups and soft metal centers


to generate frameworks complementary to purely inorganic
solids.


Recently, we,[7] and others,[8, 9] have been interested in
studying the flexible coordination of metal sulfonates owing
to the weak Lewis basic properties of sulfonate anions. There
is a structural analogy of sulfonates with phosphonates
although the sulfonates are mono- versus dianionic. Metal
phosphonates are an extensively studied class of layered
compounds owing to the regular motifs observed for a broad
range of phosphonate R group.[3] In these two-dimensional
networks, the inorganic component serves as a rigid backbone
for the pendent organic groups and has led to materials
applications ranging from CO2 sensors,[10] to photolytic H2


production[11] to non-linear optical activity.[12] Sulfonate
coordination chemistry has been much less studied. With
regards to silver(�), a consistently observed trend is that, in a
1:1 assembly, silver sulfonates form layered networks.[7a,b, 8]


While these structures are also two-dimensional, the analogy
with metal phosphonates does not extend greatly beyond this.
Whereas metal phosphonates exhibit very consistent lamellar
structures with a broad range of R group, in layered Ag
sulfonates, a change as minor as going from benzenesulfo-
nate[7b] to p-toluenesulfonate[7a] results in an increased tilt in
the R group and a change in the coordination mode of the SO3


group from �6 to �5. Each individual sulfonate interaction is
weaker, however, the overall network stability is determined
via cooperative bonding of the multiple coordinating sites on
each -SO3 group yielding very stable systems.[13] To compare
the ligating properties of these two functional groups, a


[a] Prof. Dr. G. K. H. Shimizu, S. K. M‰kinen, N. J. Melcer, Dr. M. Parvez
Department of Chemistry, University of Calgary
2500 University Drive N.W.
Calgary, Alberta T2N 1N4 (Canada)
Fax: (�1)403-289 9488
E-mail : gshimizu@ucalgary.ca
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phosphonate can be thought of as ™nailing∫ an organic group
to the inorganic layer. For the -SO3 group, a more accurate
portrayal would be to adhere the organic group to the
inorganic layer with a ™ball of Velcro∫ in light of the multiple,
weaker interactions with the metals and the roughly spherical
shape of the SO3 group.


The current work presents a silver(�) sulfonate network
incorporating both strong Ag ±pyridine interactions and
weaker Ag ± sulfonate interactions in forming an extended
network. The result is a three-dimensional framework capable
of sorbing and desorbing MeCN in a highly selective fashion.
Remarkably, this occurs despite the network requiring major
structural rearrangement (tetragonal to triclinic crystal sys-
tems) to take up the sorbate. The flexibility of the framework
stems from the combination of the weaker interaction of
sulfonates with metal ions and the inherent pliant coordina-
tion sphere of silver(�), a d10 metal ion with no crystal field
stabilization energy.[14] Single crystal structures and thermal
analysis of both the dense and solvated forms of the complex
are reported. In addition, PXRD data showing the sorption
phenomenon, and a GC experiment to illustrate both
selectivity and that dissolution, as a mechanism for MeCN
uptake, is not occurring, are presented.


Results and Discussion


3-Pyridinesulfonic acid and Ag2CO3 were suspended in a 2:1
molar ratio in methanol and sonicated for 20 minutes. Over
this time, CO2 gas evolved as the CO3


2� was converted to
carbonic acid and the green color of Ag2CO3 changed to that
of the saturated white product. Diffusion of isopropyl ether
into a MeOH solution of the product gave small cube-like
crystals of [Ag(3-pySO3)]� , 1, suitable for a CCD X-ray
analysis. PXRD confirmed that this single crystal material was
representative of the phase of the bulk solid. Diffusion of
ethyl acetate into a MeCN solution of the white product gave
prismatic crystals of [Ag(3-pySO3)(MeCN)0.5]� , 2, suitable
for an X-ray analysis.


The silver complexes presented herein are a result of two
competing structural tendencies. Silver sulfonates have a
strong predisposition to form layered networks.[8a,b, 9] For
monodentate pyridine-based ligands with silver(�), the most
typically observed coordination mode is a 2:1 linear com-
plex.[15] The ligand, 3-pyridinesulfonate (L) presents both
pyridine and sulfonate moieties within the same monoanionic
unit.[16] Thus, if the linear coordination of the pyridine groups
is to be satisfied, only a single other silver ion could be present
to interact with the two sulfonate groups. This would exclude
the 1:1 silver sulfonate ratio observed in layered structures.
The result is an alternative framework constrained by the
mismatch of these competing structural motifs.


Structure 1, [Ag(3-pySO3)]�: The structure of the dense form
of the network, compound 1, is a three-dimensional solid
containing ribbons of silver ions. The asymmetric unit of this
structure consists of one equivalent of silver(�) ions, spread
over three sites in a 2:1:1 ratio, and a single type of
monoanionic 3-pySO3 molecule (Figure 1). Ag1 occupies


Figure 1. ORTEP plot of structure 1 showing the complex bridging mode
of the ligand. The asymmetric unit is labeled. Ellipsoids of 35% probability
are shown. The c axis runs parallel to the Ag1�Ag2 contact.


50% of the silver sites and is the only silver center which
forms bonds to the N atom of the pyridine moiety. The
coordination sphere about Ag1 is a highly distorted tetragonal
geometry comprised of two trans pyridine N donors (Ag1�N1
2.143(2) ä), two weakly interacting trans sulfonate oxygen
atoms (Ag1�O3 2.710(2) ä), and even longer contacts to two
adjacent silver centers (Ag1�Ag1 2.9878(7) ä, Ag1�Ag2
3.0148(4) ä). Ag2, which occupies 25% of the silver sites,
has a less distorted tetragonal geometry comprised of four
equivalent sulfonate oxygen atoms in an equatorial plane
(Ag2�O2 2.377(2) ä) and axial contacts to two Ag1 centers
with the previously quoted distance. Ag1 and Ag2 form the
ribbons of silver ions permeating this structure along the
crystallographically unique c axis in the tetragonal geometry
(Figure 2). The metals centers repeat in a Ag1-Ag2-Ag1 unit,
as there are twice as many Ag1 centers, with distances shorter
than the sum of the van der Waals radii (3.44 ä).[17] Ag3,
which occupies the final 25% of silver sites, is tetrahedrally
coordinated by four equivalent sulfonate oxygen atoms
(Ag3�O1 2.380(2) ä). These atoms, along with the ligands,
form a square arrangement, surrounding each Ag1-Ag2-Ag1
ribbon, down the c axis. Overall, the coordination mode of the


Figure 2. View perpendicular to the unique c axis, between the two a axes,
in the tetragonal structure of 1 with parallel ribbons of Ag ions permeating
the structure. Large spheres all represent silver but crystallographic
equivalents are shaded differently.
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ligand can be described as �4, �4 as each O and N atom forms a
single bond to a different silver center. Two sulfonate oxygen
atoms, O1 and O3, and the pyridyl N atom form the
coordinating ™sleeve∫ for the Ag1-Ag2-Ag1 ribbon. Crystal
data are summarized in Table 1. Selected bond distances and
angles are shown in Table 2.


Structure 2, [Ag(3-pySO3)(MeCN)0.5]�: The structure of
[Ag(3-pySO3)(MeCN)0.5]� , 2, is comprised of linked 24-
membered rings (Figure 3). Ag(pyridine)2 units in a distorted
linear geometry (Ag1�N1 2.148(5) ä, Ag1�N2 2.161(5) ä,


�N1-Ag-N2� 164.3(2)�) form the top and bottom borders of
each ring and the sides are comprised of SO3


� groups bridged
by a second silver center, Ag2. The coordination sphere of
Ag2 is a distorted tetrahedron comprised of three oxygen
atoms, from three different sulfonate groups, and a molecule
of MeCN (Ag2�O1 2.455(6) ä, Ag2�O5 2.333(5) ä, Ag2�O6
2.318(4) ä, Ag2�N3 2.203(6) ä). The rings have approximate
dimensions 7.9(1) ä high by 14.6(1) ä wide, defined by the
transannular Ag�Ag distance, as oriented in Figure 3. The
MeCN molecules bound to Ag2 are situated on opposite


Figure 3. ORTEP plot with labeling scheme showing the 24-membered
rings of structure 2 linking to the eight-membered rings. Thermal ellipsoids
of 50% probability are shown. Note the anti orientation of the MeCN
molecules.


sides of the plane of the ring. The 24-membered rings orient
along the c axis to form channels. Each channel is occupied by
two MeCN molecules, bound to an Ag2 atom from an
adjacent 24-membered ring. The extended packing of the
structure (Figure 4) reveals that the 24-membered rings are


Figure 4. View of the extended structure of 2 down the c axis, showing the
linking of the 24-membered, MeCN-filled channels by the eight-membered
rings. Large spheres all represent silver but crystallographic equivalents are
shaded differently.


Table 1. Crystal data and refinement summaries for structures 1 and 2.


Formula C20H16N4O12S4Ag4 (1) C12H11N3O6S2Ag2 (2)


Mw 1064.09 573.10
crystal system tetragonal triclinic
space group I4≈ P1≈


a [ä] 12.3336(5) 10.373(4)
b [ä] 12.3336(5) 11.252(5)
c [ä] 9.0174(5) 8.123(3)
� [�] 90 105.43(4)
� [�] 90 112.22(3)
� [�] 90 89.70(3)
V [ä3] 1371.71(11) 841.3(5)
Z 2 2
�calcd [g cm�3] 2.576 2.262
� [mm�1] 3.190 2.58
crystal dimensions [mm3] 0.28� 0.22� 0.11 0.30� 0.19� 0.08
� [ä] 0.71073 0.71073
� range [�] 2.34 to 30.48 2.69 to 25.05
reflections 1788 I� 4.0	I 1973 I� 3.0	I
total unique reflections 2086 2993
total measured reflections 5889 3171
R [I� 2	(I)] 0.0231 0.031
Rw 0.0451 0.032
goodness of fit 0.855 1.36
last D-map [eä3]
deepest hole � 0.568 � 0.540
highest peak 0.411 0.530


Rf� (�(Fo�Fc)/� (Fo), Rw� (�
(Fo�Fc)2/� 
(Fo)2)0.5.


Table 2. Selected bond lengths and angles for structure 1.[a]


Bond Length [ä] Bond Length [ä]


Ag1�N1 2.143(2) Ag1�Ag1 2.9878(7)
Ag2�O2 2.377(2) Ag1�Ag2 3.0148(4)
Ag3�O1 2.380(2) Ag1�O3 2.710(2)
S1�O1 1.439(2) S1�O2 1.436(2)
S1�O3 1.442(2)


Bond Angle [�] Bond Angle [�]


N1-Ag1-N1a 172.4(2) N1-Ag1-Ag1a 86.21(8)
N1-Ag1-Ag2 93.79(8) Ag1-Ag1a-Ag2 180.0
O2-Ag2-O2a 174.8(2) O2-Ag2-O2b 90.12(1)
O2-Ag2-Ag1 92.62(9) O2b-Ag2-Ag1 87.38(9)
Ag1-Ag2-Ag1a 180.0 O1-Ag3-O1a 104.73(6)
O1b-Ag3-O1a 119.4(1) O3-Ag1-N1 89.15(8)
O3-Ag1-O3a 157.1(1) O3-Ag1-Ag1a 101.5(1)
O3-Ag1-N1 92.35(8) O3-Ag1-Ag2 78.54(8)


[a] Symmetry transformations used to generate equivalent atoms: No. 1:
�x�2, �y�2, z ; No. 2: y, �x�2, �z ; No. 3: x�1³2, y�1³2, z�1³2 ; No. 4:
�x�3³2, �y�3³2, z�1³2 ; No. 5: �y�3³2, x�1³2, �z�1³2 ; No. 6: y�1³2, �x�3³2,
�z�1³2 ; No. 7: y, �x�2, �z�1; No 8: y� 1³2, �x�3³2, �z�1³2 ; No. 9: �x�1,
�y�2, z : No. 10: x� 1³2, y� 1³2, z� 1³2.
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cross-linked down the a axis, by the previously mentioned
Ag2�O5 interaction, to form smaller eight-membered rings.
There is also a weak interaction between Ag1 and O6
(Ag1�O6 2.619(3) ä) which links the channels in the b
direction. This interaction, coupled with the constraints of
forming the 24-membered ring, results in the distorted linear
geometry of Ag1. Crystal data are summarized in Table 1.
Selected bond distances and angles are shown in Table 3.


Interconversion of structures 1 and 2 : Significantly, structures
1 and 2 can be interconverted by the reversible sorption and
removal of MeCN. Differential scanning calorimetry (DSC)/
thermogravimetric analysis (TGA) of 2 gave a baseline signal
to 170 �C at which point loss of the MeCN molecules (7.26%
of sample weight) was observed. No further transitions were
observed until 320 �C at which point an irreversible endother-
mic transition, associated with the sample turning black, was
observed. In a study of layered networks, we have observed
loss of AgI-bound MeCN at 95 �C (cf. b.p. (MeCN) 82 �C).[18]


The observed value of 170 �C in 2 for loss of MeCN indicates
the solvent molecules are tightly bound by the framework and
that there are likely significant stabilizing interactions with
the surrounding channel. PXRD of the desolvated structure
showed that the sample was identical to structure 1. Structure
1 would reabsorb MeCN and convert to structure 2 if left in
contact with MeCN vapor over a period of 10 ± 14 days.
Alternatively, treatment of 1 with a small drop ofMeCN while
in the PXRD sample holder very rapidly (the time required to
start the PXRD) converted the structure to 2. This requires a
major reorganization required on the part of the network as
shown in the shift of tetragonal unit cell parameters for 1, and
triclinic for 2. Figure 5 shows the interconversion of the two
structures as monitored by PXRD. The solvation/desolvation
cycle was repeated twenty times with complete framework
integrity.[19]


The tetragonal to triclinic structural rearrangement exhib-
ited by 1 to form 2 is quite remarkable. From the perspective
of a purely inorganic network, it is difficult to perceive a
framework reordering to such an extent although thermal
phase transitions between monoclinic and orthorhombic
crystal systems have been observed in zeolite-like solids.[20]


Coordination networks with ™sponge-like∫ properties (i.e.,
they swell to incorporate guest molecules), incorporating


Figure 5. Powder X-ray diffraction patterns illustrating the interconver-
sion of 1 and 2. a) Simulated PXRD of structure 1 from the single-crystal
data. b) The desolvated framework, identical if obtained directly on a
sample of 1 or, as shown, by desolvating 2. c) 1 immediately (ca. 5 s) after
treatment with a drop of MeCNwhile in the PXRD sample holder, showing
conversion to 2. d) Simulated PXRD of 2 based on the single-crystal data.


flexible organic linkers, have also been reported.[21] However,
we are aware of only a few examples where the origin of this
flexibility is the actual metal coordination sphere and the
ligand interaction.[22±26] Cariati et al. have reported a Cu-
iodide structure with 4-picoline that converts between a one-
dimensional step-polymer and a cubane tetramer upon
toluene inclusion.[22] This requires a monoclinic to tetragonal
shift, however, the extended structure is not maintained. Long
et al. have reported an infinite network of Re-chalcogenide
clusters bridged to CoII by cyano groups.[23] These authors
demonstrate vapochromic behavior, after loss of water,
stemming from an octahedral to tetrahedral rearrangement
of the Co centers in the solid state. Selectivity of guest uptake
is also observed in this case, however, the structure of the
desolvated network was not determined. Ciani et al. have
reported a CuI 1,2,4,5-tetracyanobenzene extended network
which loses THF to rearrange from a monoclinic form to a
more dense orthorhombic form.[24] Reversibility of the process
was not facile as immersion of the desolvated material in
THF(l) for a week was required. It should be noted that, of
these three structures, two contain CuI, another d10 ion, and
the third contains CoII, which has the lowest ligand field
energetic preference for octahedral versus tetrahedral geom-
etry. Finally, Ripmeester and Soldatov have performed very
thorough work on a CuII-acetylacetonate derivative which
converts, with guest inclusion, between a porous cyclic
hexamer structure and a dense phase of discrete complexes.[25]


Table 3. Selected bond lengths and angles for structure 2.[a]


Bond Length [ä] Bond Length [ä]


Ag1�N1 2.146(6) Ag1�N2 2.160(6)
Ag2�N3 2.204(7) Ag2�O1 2.455(6)
Ag2�O5 2.333(5) Ag2�O6 2.318(5)
S1�O1 1.437(6) S1�O2 1.450(6)
S1�O3 1.427(6) S2�O4 1.436(5)
S2�O4 1.449(5) S2�O4 1.454(6)


Bond Angle [�] Bond Angle [�]


N1-Ag1-N2 164.2(2) N3-Ag2-O6 125.6(3)
N3-Ag2-O5 114.3(2) O5-Ag2-O6 106.7(2)
N3-Ag2-O1 105.5(2) O1-Ag2-O6 84.0(2)
O1-Ag2-O5 117.8(2)


[a] Symmetry transformations used to generate equivalent atoms: No. 1:
�x, �y, �z.
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The linking interaction in this example is a Cu ±methoxy O
bond which is cleaved in going from the porous (trigonal)
from to the dense (orthorhombic) form. None of the
structures discussed above undergoes the extent of structural
rearrangement (tetragonal crystal system to triclinic) ob-
served in the present work while maintaining a connected
extended structure.


A mechanism for the interconversion of structures 1 and 2
may be proposed based upon a comparison of the two single
crystal structures. Structure 2 contains two types of Ag ion in a
1:1 ratio, those sulfonate-ligated and those pyridine-ligated.
Upon removal of the MeCN from 2, the structure collapses to
fill the void space which would otherwise exist. The Ag ±O
interactions, ranging from 2.310 ± 2.619 ä, would be expected
to cleave rather than the stronger Ag�pyridine bonds (Ag�N
2.148 ± 2.161 ä). Figure 6a is a view of structure 2 where the
MeCN molecules in the lower half have been artificially
deleted. The proposed mechanism of conversion may be
considered very much like the collapse of a cardboard square
by bending one side to force it into the box×s cavity. The
rearrangement begins with the ™folding in∫ of one of the
sulfonate-ligated silver ions, the side of the square, to fill the
void generated by the loss of MeCN. This places this Ag ion in
proximity to the pyridine bound silver ions. This motion
would necessitate the translation of the second, originally
equivalent, sulfonate-ligated silver ion in the same direction
but away from the void (out of the square) to generate a third
type of Ag center in the framework. Figure 6b shows a view of
structure 1 along the diagonal between the a and b axes. As
described earlier in this article, three different types of silver
ion are observed in 1 in a 2:1:1 ratio, twice as many pyridine-
ligated silver centers being present as each sulfonate-ligated.
This is exactly the ratio which would result from the proposed
rearrangement mechanism. Furthermore, Figure 6b shows
that one of the sulfonate-ligated silver centers is now in
proximity (ca. 3.0 ä) from the pyridine-ligated silver ions and
that the other sulfonate-ligated silver ion is folded away from


Figure 6. Illustration of the mechanism of interconversion of a) structure
2, on the left, to b) structure 1, on the right. MeCN molecules have been
artificially deleted in 2 to illustrate the void which would exist. Large
spheres all represent silver but the crystallographically equivalents are
colored differently (pink, green, turquoise) to indicate this.


the pyridine-ligated silver centers. This is again, exactly as
would be anticipated based on the proposed mechanism.
Significantly, in order for the network to rearrange in the
manner proposed, only weak Ag ±O interactions need be
broken. This occurs as the sulfonate group rotates and new
Ag ±O interactions form. None of the stronger Ag�N bonds is
cleaved.


In this example, two factors contribute to the ability of the
network to rearrange. Firstly, the ™ball of Velcro∫ coordina-
tion of the sulfonate group allows the compromise of one
weak Ag ±O interaction while a new Ag ±O interaction
forms, enabling a reasonable continuum of silver ion ligation
by the sulfonate oxygen atoms. Secondly, silver(�) itself is
notorious for having a pliant coordination sphere stemming
from its d10 electronic configuration. Therefore, no single
geometry is overwhelmingly energetically favored.[14]


Selectivity of inclusion : In the above PXRD experiments, it
was noted that if propionitrile or butyronitrile was substituted
for MeCN in the above procedures (i.e., wetting and vapor
diffusion), the PXRD indicated no change from structure 1.
TGA analysis of these same compounds, revealed the loss of
the nitrile at the boiling point of the pure solvent, and
indicated no interaction with the network. The implication of
these observations was that structure 1 was selective for the
uptake of MeCN. To further verify this observation, an
experiment was performed where the desolvated compound,
1, was suspended in a solution of mixed nitriles in tetradecane.
Tetradecane was chosen as 1 had no solubility in this solvent
and did not interfere with detection of the other analytes via
gas chromatography. The purpose of this experiment was two-
fold. In addition to confirming that structure 1 was indeed
selective for the sorption of MeCN over other nitriles, the
experiment would verify that the observations in the PXRD
did correspond to a structural change with sorption rather
than a dissolution/recrystallization event.


A sample of the desolvated complex, 1, was treated with a
mixture of two equivalents of each of acetonitrile, propioni-
trile, butyronitrile, and hexanenitrile, as a 10% total solution
in tetradecane to prevent dissolution, and analyzed by gas
chromatography. The results of the GC experiments con-
firmed the resorption of MeCN and also quantified the
selectivity of the phenomenon. The process occurred with
complete selectivity over butyronitrile and hexanenitrile, and
a 2.25:1 selectivity over propionitrile. In the absence of
acetonitrile, propionitrile is not taken up by the framework.
Given the connectivity of the framework, many channels
would open simultaneously in the presence of MeCN and
under this circumstance, propionitrile is included.[27] Given
the fact that MeCN and EtCN contain identical functionality
and differ by only a methylene group, this level of selectivity is
remarkable. Other solvents which afforded no change in the
PXRD of 1 were THF, benzene, EtOH and even MeOH.


Conclusion


While a rigid coordination network displaying permanent
porosity is undoubtedly appealing,[1] framework flexibility is a
quality zeolite-like networks do not possess and this softer
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class of solids may provide a complementary approach to
porous materials. The present work shows a robust network
(�300 �C) which is able to rearrange to accommodate MeCN
with high selectivity despite relying on weakly ligating
sulfonate groups.


In a general sense, this complex illustrates the promise of
network structures based upon weaker interactions. In a
recent Concepts paper, Kahn discusses the potential of
designing novel magnetic materials based upon flexible
coordination frameworks.[28] In these materials, magnetism
would be regulated by reversible structural changes in the
network. Each form, as brought on by guest inclusion, would
allow a different degree of spin ± spin interactions. The use of
more weakly interacting groups in the generation of extended
inorganic frameworks may, at first, seem counterintuitive.
However, as shown, the resulting structures are not simply less
stable analogues, but rather, a different type of framework
with properties unlike those observed in more rigid structures.


Experimental Section


General procedures and instrumentation : Powder X-ray diffraction data
were collected on a Scintag SDX2000 powder diffractometer in the
Geology and Geophysics Department at the University of Calgary. DSC
and TGA were performed on a Netzsch 449C simultaneous thermal
analyzer under a nitrogen atmosphere. Gas chromatography was per-
formed on a Hewlett ± Packard 5971A GC/MSD. All chemicals were
purchased from Aldrich Chemical Company and used as received.


Synthesis of silver 3-pyridinesulfonate, Ag(3-PySO3): Ag2CO3 (0.276 g,
1.0 mmol) and 3-pyridinesulfonic acid (0.318 g, 2.0 mmol) were added to
methanol (25 mL), the pale green mixture was sonicated in an ultrasonic
bath for 20 min. During the reaction, CO2 gas was found to evolve, and the
powder changed color from the original green of Ag2CO3 to white. The
precipitate was filtered and washed with methanol. The methanol solutions
were evaporated to yield further white solid. Both white solids were found
to be identical and were identified as [Ag(3-PySO3)]� , 1. Combined yield:
0.518 g (97.5%). elemental analysis calcd (%) for: C 22.57, H 1.52; found: C
22.50, H 1.55; FT-IR data (KBr): �� � 3033 (w), 3020(w), 2364 (m), 1585(m),
1418(m), 1229 (s), 1200(s), 1142(m), 1047(s), 1011(s), 807(m), 749 cm�1(m).


Colorless single crystals of [Ag(3-PySO3)]� , 1, were grown from a MeOH
solution by diffusion of isopropyl ether. Colorless single crystals of


[Ag(3-PySO3)(MeCN)0.5]� , 2, were grown from a MeCN solution via
diffusion of ethyl acetate.


General X-ray crystallography : Crystals were selected under an optical
microscope, coated in oil and frozen onto a glass fiber. Data for


[Ag(3-PySO3)]� , 1, were collected on a Bruker SMART APEX CCD
diffractometer (MoK� radiation, �� 0.71073 ä) using the 
 scan mode
(3�� 2� � 57.3�). The structure was solved by direct methods and refined
by full-matrix least squares, based on F 2, using SHELXTL.[29] Data for
[Ag(3-PySO3)(MeCN)0.5]� , 2, were collected on a Rigaku AFC6S diffrac-
tometer using the 
-2� scan mode (3�� 2�� 50.1�) and solved using the
teXsan software program.[30] For both structures, silver and sulfur atoms
were located first and the remaining atoms found by difference Fourier
maps. All non-hydrogen atoms were refined anisotropically. For 1 and 2,
relevant crystallographic data and selected bond distances and angles are
shown in Tables 1 and 2, respectively.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-164218 (1)
and CCDC-133086 (2). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


GC Experiment : Equimolar amounts of acetonitrile, propionitrile, butyro-
nitrile, and hexanenitrile, corresponding to two equivalents per binding site
of MeCN (1.0 equiv with respect to total Ag), were mixed in tetradecane to
make a 10% solution. This mixture was treated with dried 1 for 15 minutes
and rapidly filtered. A standard mixture was prepared and treated in a
similar manner to ensure no solvent losses were due to evaporation. GC
analysis showed a significant loss of the MeCN signal. Comparable results
were obtained using one molar equivalent of the nitriles per Ag binding site
(0.5 equiv with respect to the total amount of Ag). As it turned out that it
was difficult to accurately integrate the MeCN peak after sorption in this
experiment, the results were quantified based upon the experiment
employing two equivalents of nitrile per binding site.
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a-Homo-DNA and RNA Form a Parallel Oriented Non-A, Non-B-Type
Double Helical Structure
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Abstract: Cross-talking between nucle-
ic acids is a prerequisite for information
transfer. The absence of observed base
pairing interactions between pyranose
and furanose nucleic acids has excluded
considering the former type as a (poten-
tial) direct precursor of contemporary
RNA and DNA. We observed that a-
pyranose oligonucleotides (a-homo-
DNA) are able to hybridize with RNA
and that both nucleic acid strands are
parallel oriented. Hybrids between a-
homo-DNA and DNA are less stable.
During the synthesis of a-homo-DNA
we observed extensive conversion of N 6-
benzoyl-5-methylcytosine into thymine


under the usual deprotection conditions
of oligonucleotide synthesis. a-Homo-
DNA:RNA represents the first hybrid-
ization system between pyranose and
furanose nucleic acids. The duplex
formed between a-homo-DNA and
RNA was investigated using CD, NMR
spectroscopy, and molecular modeling.
The general rule that orthogonal orien-
tation of base pairs prevents hybridiza-
tion is infringed. NMR experiments


demonstrate that the base moieties of
a-homo-DNA in its complex with RNA,
are equatorially oriented and that the
base moieties of the parallel RNA
strand are pseudoaxially oriented. Mod-
eling experiments demonstrate that the
duplex formed is different from the
classical A- or B-type double stranded
DNA. We observed 15 base pairs in a
full helical turn. The average interphos-
phate distance in the RNA strand is
6.2 � and in the a-homo-DNA strand is
6.9 �. The interstrand PÿP distance is
much larger than found in the typical A-
and B-DNA. Most helical parameters are
different from those of natural duplexes.


Keywords: a-homo-DNA ´ base-
pair orientation ´ DNA recognition
´ oligonucleotides ´ RNA


Introduction


Although all naturally occurring nucleic acids have not been
analyzed with respect to their configurational uniformity,
natural a-oligonucleotides have not been identified. How-
ever, nucleosides with an a-ribose moiety have been isolated
from natural sources, that is 1-(a-d-ribofuranosyl)-5,6-di-
methyl-benzimidazole,[1] a-NAD,[2] and a-adenosine.[3] Stud-
ies on prebiotic synthesis demonstrate that when a dry
mixture of adenine and ribose in the presence of Mg2� and
inorganic polyphosphate was heated for two hours at 100 8C,
a-adenosine and b-adenosine are formed in a 1:1 ratio (total


yield 8 %).[4] This demonstrates that the likelihood of
formation of both anomers under presumed prebiotic con-
ditions is equal. The extensive work on the evaluation of a-
oligonucleotides for antisense purposes was preceded by the
first synthesis of dinucleoside monophosphates containing a-
nucleosides by A. Holy[5] and U. SeÂquin.[6] Using simple
Dreiding stereomodels, U. SeÂquin predicted that oligonucleo-
tides consisting of a-nucleotide units might be able to
hybridize with complementary b-strand in a parallel way.[7]


He concluded that ªthe replication of genetic material might
also have proceeded with a-nucleotidesº. Experimentally it
was demonstrated that a-deoxyribonucleotides hybridize in a
parallel way with their b-counterpart.[8, 9] RNase H is not able
to degrade RNA in an a-oligodeoxyribonucleotide:RNA
duplex.[10, 11] a-Deoxynucleosides preferentially adopt the
S-type sugar conformation, as a result of a cooperative
stereoelectronic effect of nucleobase and 3'-hydroxyl
group.[12] 1H NMR studies of an a-oligodeoxynucleotide
annealed to its b-complement demonstrate that the confor-
mation of the parallel duplex belongs to the right-handed B
family and that the sugar moieties in the a- and b-strand adopt
the C2'-endo puckering conformation.[8, 13, 14] a-Oligonucleo-
tides targeted to the cap site of rabbit b-globin mRNA reduce
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protein synthesis in a dose-dependent manner.[15] Other
modified a-oligonucleotides which are able to form duplexes
with natural nucleic acids are a-phosphorothioates,[16, 17] oligo-
a-d-bicyclodeoxynucleotides,[18] a-(P-NH2)phosphor-ami-
dates,[19] a-N-alkylphosphoramidates,[20] a-(N3'!P5')phos-
phoramidates,[21] a-methylphosphonates,[22] 5-propynyl-a-oli-
gonucleotide,[23] a-LNA,[24] and a-l-ribo-LNA.[25, 26] The con-
clusion of this research is that a wide variety of a-furanose-
oligonucleotides are able to hybridize with b-furanose oligo-
nucleotides in both the deoxyribose (DNA) and ribose
(RNA) series and that both strands are parallel oriented. In
one exception [oligo-a-(dT)8:oligo-b-(rA)8] antiparallel an-
nealing was described.[27] The configuration at the anomeric
center in furanose oligonucleotides is likely to be decisive for
the strand orientation but not for the selectivity in the
hybridization with DNA and RNA.


Investigations on pyranose nucleosides are inspired by the
search on nucleic acid alternatives which possess a potentially
natural type of molecular structure (i.e., a sugar moiety
belonging to the family of aldo sugars) and the ability for
informational base pairing in the Watson ± Crick mode.[28] b-
Homo-DNA or oligo(2',3'-dideoxy-b-d-glucopyranosyl) nu-
cleotides is an artificial oligonucleotide which was used as a
model system for the study of the family of hexopyranosyl
oligonucleotides.[29] b-Homo-DNA shows stronger Watson ±
Crick base pairing than DNA and RNA and has a base-
pairing system which is orthogonal to that of the natural
systems.[26] b-Homo-DNA does not cross-pair with DNA.[29, 30]


a-Homo-DNA, however, has not been thoroughly studied, so
far. We previously observed that a-homo-DNA-thymidylate
does not hybridize with natural oligodeoxyadenylate;[31] this
was attributed to the conformational preference of the a-
dideoxyhexopyranose nucleoside. 1-(2,3-Dideoxy-erythro-a-
d-hexopyranosyl)thymine crystallizes in the 1C4 conformation
with an equatorially oriented heterocyclic base and axially
oriented 4'-hydroxyl and 5'-hydroxymethyl moiety
(Scheme 1).[32] Based on our experiences with hexitol nucleic


Scheme 1. Conformational equilibrium of 2,3-dideoxy-erythro-a-d-hexo-
pyranosyl nucleoside. The thymine nucleoside crystallizes in the 1C4


conformation.


acids,[33] the absence of hybridization between a-homo-DNA-
oligothymidylate and DNA-oligoadenylate can be explained
by the wrong preorganization of the a-homo-DNA oligomer
(the hexitol nucleoside bases are oriented orthogonally to the
bases of a-hexopyranose nucleosides). However, we did not
have any experimental evidence to confirm this hypothesis.
Here, we investigated the potential base pairing between a-
homo-DNA and b-d-deoxyribonucleic acids and b-d-ribonu-
cleic acids of mixed sequences. This study was inspired by our
observations that a) the conformation of a nucleoside may be
different before and after incorporation in an oligonucleo-


tide,[34] and b) several modified oligonucleotides discriminate
between DNA and RNA for their pairing properties,[35, 36] and
c) results obtained with polyA:polyT hybrids are not good
models for the study of mixed-sequence duplexes.


Results and Discussion


Synthesis of nucleosides : The 2,3-dideoxy-d-glucopyranosyl
nucleosides with a thymine, N 4-benzoylcytosine, and adenine
base moiety are obtained as minor products during the Lewis
acid catalyzed condensation reaction between methyl 4,6-di-
O-acyl-2,3-dideoxy-a-d-glucopyranoside[37] or 3,4,6-tri-O-ace-
tyl-d-glucal[30] and the silylated nucleobases. In the latter
example, condensation is followed by hydrogenation of the
2',3'-double bond. The a-/b-mixture of the nucleoside with an
N 6-benzoyladenine base moiety is difficult to separate.[37] The
a-isomer could be enriched in solution by the crystallization
of a substantial part of the b-isomer.[37] Complete separation
of both anomers was carried out after 6'-O-monomethoxy-
tritylation. The 5-methyl-N 6-benzoylcytosine analogue was
synthesized from the thymine nucleoside using literature
procedures.[38] The structure of 1-(2,3-dideoxy-erythro-a-d-
hexopyranosyl)thymine was confirmed by X-ray diffraction
analysis.[32] Monomethoxytritylation of the primary hydroxyl
group, followed by activation of the secondary hydroxyl group
into a phosphoramidite (Figure 1), allowed us to synthesize


Figure 1. Structure of the phosphoramidite building blocks used for the
synthesis of a-homo-DNA.


several oligonucleotides which sequences are depicted in
Table 1. As determined using 1H NMR spectroscopy,[37] 1-(4,6-
di-O-acetyl-2,3-dideoxy-a-d-erythro-hexopyranosyl)thymine
and 1-(4,6-di-O-acetyl-2,3-dideoxy-a-d-erythro-hexopyrano-
syl)-N 6-benzoylcytosine adopt a conformation with an equa-
torial base moiety, and so does 1-(2,3-dideoxy-a-d-erythro-
hexopyranosyl)-5-methyl-N 6-benzoylcytosine. This is in ac-
cordance with published results describing the X-ray analysis
of the thymine congener.[32] The equatorial position of the
base in the a-anomer infers a pyranose nucleoside in the 1C4


conformation instead of the usual 4C1 conformation. Appa-
rently, the occurrence of this conformation is driven by the


Table 1. Molecular masses of 2,3-dideoxy-a-d-hexopyranosyl-containing
oligonucleotides measured by electrospray mass spectrometry.


Sequence or composition Monoisotopic mass Mass found


a-h(TCMeTCMeCMeT) 1981.5 1981.6
a-h(T4CMe


2) 1982.5 1982.7
a-h(T5CMe) 1983.5 1983.6
a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT) 3885.9 3886.4
a-h(T13) 4210.8 4211.3







a-Homo-DNA 5183 ± 5194
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steric influence of the nucleobase and is opposite to the
conformation that would have been expected based on the
steric effect of the hydroxymethylene group and on the
dominant influence of the anomeric effect. Rather surpris-
ingly, however, in the case of 1-(6-O-monomethoxytrityl-2,3-
dideoxy-a-d-erythro-hexopyranosyl)-N 6-benzoyladenine, the
base moiety is axially oriented and both 4'- and 6'-substituents
are equatorially oriented.


This immediately follows from the rather small vicinal
coupling constant between H1' and both H2' hydrogens, so
that in the 1H NMR spectrum the H1' signal appears as a
triplet, corresponding to an equatorial hydrogen. It thus
seems that in the case of purines as the base moiety, the
conformation of the sugar does not change from 4C1 to 1C4 in
going from the b to the a-anomer as it does within the
pyrimidine series.


This conclusion was also confirmed by the observation of a
similar small coupling (and thus equatorially positioned
hydrogen) for H1' of 9-(2,3-dideoxy-a-d-glucopyranosyl)-
N 2-isobutyryl-guanine[37] (compound 22 in that report).


Oligonucleotide synthesis and mass spectrometric analysis :
The synthesis of a-homo-DNA was performed in the same
way as the regular DNA synthesis with similar coupling yields.
However, when benzoyl protected 5-methylcytosine nucleo-
sides were incorporated, and deprotection was carried out
using ammonia in H2O, several peaks were observed when
running an anion-exchange HPLC analysis at pH 12. These
oligomers were isolated and analyzed using mass spectrom-
etry. These data can be interpreted by the conversion of one or
several 5-methylcytosine bases in thymine residues. Oligonu-
cleotides, in which a single CMe to T conversion took place,
would have a molecular ion one mass unit higher; a double
conversion would lead to an increase of two mass units.
Although it is possible to deduce the sequence of oligonu-
cleotides from CAD mass spectra, it was not applicable in this
case because the fragmentation behavior does not follow the
rules known for DNA or RNA. Instead, the relative numbers
of CMe and T residues were assessed from the intensities of the
signals for the base anion losses from CAD data for a-
h(TCMeTCMeCMeT) (see Figure 2). The doubly charged ion
[Mÿ 2H]2ÿ was selected as precursor and the collision energy
was set high enough (150 eV) to release all the bases. For the
oligonucleotide containing three CMe and three T residues we
found a relative intensity of 24.4 % for the base anion [CMe]ÿ .
Assuming that the base anion intensity depends on its
structure and is proportional with the number of bases,
relative intensities of (24.4/3� 2)/(100/3� 4)� 100 %�
12.2 % and (24.4/3� 1)/(100/3� 5)� 100 %� 4.9 % are ex-
pected for one and two conversions of CMe to T, respectively.
The experimental values 14.2 and 5.8 are in good agreement
with the theoretical values. Similar conversions of CMe to T
were observed for the 12-mer.


We previously observed that upon base protection of
5-methylcytosine with an acyl group, the equilibrium shifts
in the direction of the 4-imino tautomer.[39] By treatment in
basic conditions, both N 4-debenzoylation as well as hydrolysis
of the 4-imino function can be expected (Scheme 2). This
observation warrants for a careful control of oligonucleotide


Figure 2. Parts of the collisionally activated dissociation mass spectra for
A): a-h(TCMeTCMeCMeT), B): a-h(T4CMe


2), and C): a-h(T5CMe) showing the
loss of the base anions from the oligonucleotides. The [CMe]ÿ/[T]ÿ intensity
ratio follows the base content in the oligonucleotides.


Scheme 2. Deprotection of N 4-benzoyl-5-methylcytosine bases using con-
centrated ammonia partially leads to thymine formation as side reaction.


integrity when the N-benzoyl group is used as protecting
group for the 5-methylcytosine base moiety. In this case, we
isolated the oligomers with the correct mass and used them for
the hybridization studies. All other oligonucleotides show the
correct mass as shown in Table 1.


Thermal stability studies : a-Homo-oligoT and a-homo-oli-
goA do not form stable complexes with their DNA comple-
ment at 0.1m NaCl (Table 2). However, a-homo-(A)13 hybrid-
izes with oligo(dT)13 at 1m NaCl. a-Homo-oligoT and a-
homo-oligoA are able to form duplexes with RNA. Likewise,
a-homo-oligonucleotides demonstrate self pairing as a com-
plex formed between a-h(T)13 and a-h(A)13 has a Tm of 23.8 8C
at 0.1m NaCl. The stability of these duplexes is comparable to
the stability of regular d(T)13:r(A)13 and r(U)13:r(A)13 dup-
lexes (Tm: 26 8C) and is dependent on the salt concentration.
a-Homo-oligoA does not self associate as no Tm is observed
when heating a solution of single stranded a-homo-oligoA.
The Tm of the a-homo-oligoA:a-homo-oligoT association and
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of a-homo-oligoA:r(U)13 is nearly the same. Likewise, mixed
pyrimidine sequences of a-homo-DNA hybridize with their
RNA complement and this as well for a 6-mer as for a 12-mer.
With the 12-mer also weak hybridization with the DNA
complement is observed. Similar RNA selective hybridization
properties are described with, for example, l-ribonucleic
acids.[35] Hybridization is observed between [(l)-dU]20 and
poly(rA) and between [(l)-rU]12 and poly(rA). Neither [(l)-
dU]20 nor [(l)-rU]12 hybridizes with poly(dA). The synthesis of
the mixed sequence allows us to determine the orientation of
the complementary strands in the duplex. It is observed that
with a-homo-DNA and RNA, the parallel annealing gives the
most stable duplexes (in contrast to hybridization of natural
nucleic acids). Although an exact comparison cannot be made
(due to the presence of 5-methylcytosine bases in the a-homo-
oligomers) it is generally observed that the a-homo-DNA:
RNA duplexes are somewhat less stable than the correspond-
ing DNA:RNA duplexes. For example, the stability of the a-
homo-DNA:RNA 12-mer (parallel) at 1m NaCl is the same as
the stability of the DNA:RNA complex (antiparallel) at the
same salt concentration, although the former duplex contains
seven 5-methylcytosine bases instead of the cytosine bases.
Because of the different strand orientation it is not always
straightforward to interpret the data. However, the DNA:
RNA duplex formed between a polypyrimidine (DNA) and
polypurine (RNA) strand (which is used to compare stability
with a-homo-DNA containing duplexes) is more stable than
the polypurine (DNA):polypyrimidine (RNA) duplex. The
dsRNA complex remains the most stable association.


We also have evaluated whether the parallel duplex formed
between the a-homo-DNA 12-mer and its RNA complement
is susceptible to cleavage by E. coli RNaseH. However, we did
not observe any cleavage reaction under those circumstances


where a reference antiparallel DNA/RNA duplex is com-
pletely degraded (data not shown).


CD Spectral analysis : The CD spectrum was taken of the
parallel hybrid formed between a-homo-DNA 12-mer (Ta-
ble 2, Tm: 67 8C) and its RNA complement at 0.1m NaCl. This
spectrum is characterized by the occurrence of a negative
Cotton effect at 260 nm (Figure 3). Although natural nucleic
acids are hybridizing in an antiparallel way, we used them as


Figure 3. CD spectra of a-homo-DNA:RNA duplexes compared with the
spectra of natural nucleic acids duplexes. Spectra were recorded at 10 8C
(buffer 0.1m NaCl, 0.02m potassium phosphate at pH 7.5, and 0.1 mm
EDTA) with a concentration of 4 mm of each strand.


reference for the interpretation of the spectra obtained with
a-homo-DNA. Parallel or antiparallel orientation of the
sugar-phosphate backbone should not induce drastic changes
in the CD spectra when helix parameters remain the same.
However, in order to make parallel annealing possible, it is
expected that some of the helix parameters must alter and this
will have its reflection on the CD signals.[40] Nevertheless, we
determined the CD spectra (see Table 2 for Tm values) of the
dsRNA (Tm: 72 8C), RNA:DNA (Tm: 47 8C), DNA:RNA (Tm:
64 8C), and dsDNA (Tm: 50 8C) duplexes from which the first
(dsRNA) and the third (DNA:RNA) hybrids have a poly-
purine RNA strand, although in opposite orientation to the
RNA strand of the a-homo-DNA:RNA duplex. The second
(RNA:DNA) and last (dsDNA) hybrids have a DNA poly-
purine strand of the same sequence and orientation as the
above-mentioned RNA strand. All hybrids have DNA or
RNA polypyrimidine strand of the same sequence and
orientation as the a-homo-DNA 12-mer. A striking differ-
ence, however, is that the RNA strands are composed of
uracil/cytosine bases, the DNA strands have thymine/cytosine
bases and the a-homo-DNA possesses thymine/5-methylcy-
tosine bases. It has been described in literature that the
presence of a methyl group in the major groove may affect the
conformation of the oligonucleotide in solution depending on
the sequence and conditions. In some cases, introduction of
5-methylcytosine does not significantly influence DNA con-
formation[41] while, in other cases, A to B or B to Z transitions
are promoted.[42] However, as pyranoses mainly occur in one


Table 2. Tm values of a-homo-DNA complexes and reference duplexes of
natural nucleic acids.[a]


a-homo-DNA (6'! 4') DNA complement RNA complement
0.1m NaCl 1.0m NaCl 0.1m NaCl 1.0m NaCl


a-h(T)13 NM NM 28.0 37.0
a-h(A)13 NM 28.5 22.8 40.2
a-h(TCMeTCMeCMeT)
antiparallel ND NM ND NM
parallel ND ND 24.0 28.4
a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT)
antiparallel NM NM 49.6 58.5
parallel 26.2 33.1 67.3 72.1


DNA/RNA (5'! 3') DNA complement RNA complement
0.1m NaCl 1.0m NaCl 0.1m NaCl 1.0m NaCl


d(T)13 ND ND 32.2 42.4
d(A)13 ND ND 13.9 35.2
d(TCTCCTCTCCCT)
antiparallel 50.0 58.0 64.0 72.9
parallel 32.7 45.0 49.4 60.1
d(AGGGAGAGGAGA)
antiparallel ND ND 47.0 ND
r(UCUCCUCUCCCU)
antiparallel ND ND 72.0 ND
parallel ND ND 56.2 ND


[a] Melting temperature [8C] were determined at 260 nm, pH 7.5 (20 mm
KH2PO4, 0.1 mm EDTA) with a concentration of 4 mm of each oligonucleotide;
NM: no melting curve observed; ND: not determined.
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of the two chair conformations, we do not expect that the
replacement of cytosine by 5-methylcytosine will have a
drastic influence on duplex conformation (easy pseudo-
rotation influencing local helix geometry will not take
place).


The dsRNA, DNA:RNA, and RNA:DNA duplexes show a
typical A-form geometry with a maximum around 260 ±
270 nm. The CD spectrum of the dsDNA shows a positive
signal at 275 nm and a negative signal at 235 nm, which is
expected for a b-type structure. However, the CD spectrum of
the a-homo-DNA:RNA duplex is completely different from
all other reference spectra and, above 240 nm, is somewhat
the mirror-image of the RNA:DNA curve. It may be
concluded that the geometry of the a-homo-DNA:RNA
parallel duplex is different from that of regular antiparallel
nucleic acids aggregates. As the nature of the duplex cannot
be extracted from these CD experiments, we compared the
experimental data with those described in literature for
parallel oriented a-DNA:b-DNA duplexes of related sequen-
ces.[40, 41] The CD spectra of a-CCTTCC and a-(Tp)7T are
characterized by a negative band around 265 nm, while the
spectra of b-CCTTCC and b-(pT)8 show a positive band at a
slightly higher wavelength.[40, 43] This was explained by quasi-
topological enantiomeric behavior of a- and b-anomers (the
a-anomer as geometric mirror image of the b-anomer with
respect to a plane parallel to the sugar moiety).[43] The CD
spectrum of the complex formed between a-CCTTCC and b-
GGAAGG shows a negative signal at 280 nm while the CD
spectrum of the duplex formed between a-GGAGG and b-
CCTTCC shows a positive signal at the same wavelength. The
sign of the Cotton effect is apparently dependent on the
sequence and annealing mode. A comparison of the spectrum
obtained of a-homo-DNA:RNA and of a-(Tp)7T:oligo(rA) is
difficult to make as the former is a parallel duplex and the
latter is an antiparallel hybrid.[25] The data we obtained for the
a-homo-DNA:RNA duplex correspond to the results de-
scribed for the a-polypyrimidine-DNA:b-polypurine-DNA
sequence[40] and suggest that the geometry of both duplexes is
similar but not identical.


Molecular modeling : Molecular modeling has been used to
obtain initial parameters for the duplex formed between a-
homo-DNA and RNA. For building the model an a-homo-
DNA with pyrimidine bases was used, which are identical to
the oligonucleotide for which experimental Tm data are
available (Table 2, a-h(TCMeTCMeCMeTCMeTCMeCMeCMeT).
Three models were envisaged (Table 3). As hybridization
experiments show that a-homo-DNA forms parallel duplexes
with RNA and only very weak duplexes with DNA, model 3
(Table 3) is less likely than model 1 and model 2. Indeed,


model 3 was very unstable as could be observed by computer
calculations.


NMR experiments, X-ray diffraction, and conformational
search indicate that a-homo-nucleosides with a pyrimidine
base moiety preferentially occur in a 1C4 conformation with an
equatorially oriented base moiety. The axial conformation is
about 6 to 8 kcal molÿ1 higher in energy for one monomer unit
(Table 4).


If the duplex would adopt an A-like conformation with the
a-homo-DNA bases axially oriented, the loss in energy in
going from the equatorial to the axial conformation must be
compensated by stacking interactions and interstrand hydro-
gen bonding. Stacking and hydrogen-bond interactions could
provide enough stabilization energy (stacking AG:TC
ÿ9.81 kcal molÿ1 for a dimer in b-DNA, hydrogen bonding
in GC pairÿ16 kcal molÿ1 andÿ7.8 kcal molÿ1 for AT pair[71])
for the chair inversion of all the pyranose nucleosides in the
oligomers. Looking at the structural and energetic require-
ments of the a-homo-DNA for hybridization, model 1 might
fit the best. Unfortunately, this model gave unstable duplexes
during the molecular dynamics simulations. Model 2, starting
from the Arnott A conformation, resulted at first sight into
stable duplexes and we continued working with this model.
During the molecular dynamics simulation, however, the helix
started to unwind and became somewhat more stretched. The
ultimate and penultimate a-homo-DNA monomers (at the 4'-
end) changed their sugar puckering from 4C1 (chair with axial
base) to 1C4 (chair with equatorial base) while the RNA ribose
sugars remained in their C3'-endo puckering. After 200 ps
molecular dynamics simulation, model 2 was altered and a
new duplex was created having all bases in the a-homo-DNA
chain equatorially oriented. Continuing molecular dynamics
simulations for another 100 ps did not change this conforma-
tion. The structures during the simulation were carefully
monitored for minor changes but the duplex apparently
reached a stable conformation after 200 ps. The energy of the
a-homo-DNA chain obtained with Amber was about
50 kcal molÿ1 more stable than the a-homo-DNA in an initial
structure from the model 2 simulation. The final model is
shown in Figure 4. A close-up of one base pair showing clearly
the 1C4 sugar conformations of the a-homo-DNA and the C3'-
endo conformation of the complementary RNA is shown in
Figure 5.


The results of the curvature analysis using the Curves 5.0
program, are given in Tables 5 and 6. The analysis was done
using one optimal linear axis (A Curves analysis which
calculated an optimally curved axis produced a completely


Table 3. The starting structures for the a-homo-DNA:RNA duplex that
were considered for model building.


Model duplex starting a-homo-DNA RNA base Strand
conformation base orientation orientation alignment


1 Arnott A eq ax parallel
2 Arnott A ax ax parallel
3 Arnott B eq eq parallel


Table 4. Conformational search of 2',3'-dideoxy-a-d-glucopyranosyl and
2',3'-dideoxy-b-d-glucopyranosyl nucleosides: Energies [kJ molÿ1] of the
mononucleosides (Amber, GB/SA solvent model).


Base Thymine Adenine
conformation equatorial axial DE equatorial axial DE


a ÿ 319 ÿ 284 35 ÿ 327 ÿ 301 26
b ÿ 310[a] ÿ 284[a] 26 ÿ 317 ÿ 310 7


[a] Values from ref. [70].
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Figure 5. Three-dimensional picture of a a-h(T):r(A) nucleotide pair
clearly showing the pseudoaxially oriented adenine in RNA and the
equatorially oriented base in the a-homo-nucleotide.


curved axis which followed the midpoints of the base pairs but
did not represented the helical symmetry.).


The average helical parameters describe a helix with base
pairs displaced over 5.7 � into the minor groove and inclined
over ÿ0.28 with respect to the helical axis. The base pairs
generally show no propeller twisting (ÿ28). The average rise
consists of 3.56 � and the mean helical twist 24.08, implying 15
base pairs in a full helical turn. For the local helical
parameters, where the notion of a helical axis is abandoned,


an average slide of 7.1 � and an
average roll of 18.08 are found.
Figure 4 shows the side and top
view of this double helix de-
picted next to the well known
Arnott A-helix. It is clear that
the major groove width is much
larger than of regular A- or
B-type duplexes.


The dihedral angles (Table 7)
do not give a regular pattern.
However, all dihedral angles
(Tables 5, 6) except c in the a-
homo-DNA chain are closer to
the torsion angles found for
B-DNA right-handed helices.
The torsion angles in the RNA
chain are more in the ranges
observed for the A-DNA right-
handed helices.[45]


The sugar ring puckering pa-
rameters (Table 8) reveal that
the sugar rings in the a-homo-
DNA chain adopt a chair con-
formation slightly distorted to-
wards the half-chair conforma-
tion (mean q� 1698) with a
mean puckering amplitude
slightly lower than the one for
an ideal cyclohexane chair con-
formation (0.53 � versus
0.63 �). The bases are posi-
tioned in an equatorial orienta-
tion. The ribose sugars have a
C3'-endo conformation (pucker
phase angle P �188).


Closely related to the sugar
puckering and the backbone
torsional angles is the distance
between adjacent phosphates


of the same oligonucleotide chain. The different sugar
puckerings as observed for the different helical types imply
different intraphosphate distances. The C2'-endo puckering
mode observed for B-type helices pushes adjacent phosphates
of one chain about 7 � apart. The C3'-endo puckering of the
A-type helices is associated with a shorter intraphosphate
distance of only 5.9 �, giving rise to underwound helices
compared with those of the B-family. The average intra-
phosphate distance (6.2 �) together with the ribose C3'-endo
puckering with axially oriented bases give the RNA strand
some properties of an A-helix (d� 808 versus 838 for an
A-helix). In the a-homo-DNA chain the intraphosphate
distance is 6.9 � which is more similar to a B-helix (7 �).
This can be explained by the slightly distorted chair con-
formation with equatorially oriented bases (d� 1598 versus
1578 for a B-helix). In general, however, the geometry of the
duplex formed between a-homo-DNA and RNA is signifi-
cantly different from A- and B-type duplexes and shows much
more irregularities.


Figure 4. Top and side view of the structure of oligonucleotide hybrids composed of parallel oriented a-homo-
DNA and RNA (a-TCMeTCMeCMeTCMeTCMeCMeCMeT:r-AGAGGAGAGGGA). The a-homo-DNA nucleotides
have equatorially oriented bases while the RNA chain has pseudoaxially oriented bases. For comparison purposes
an ideal A-RNA helix is also shown. Pictures generated using Bobscript.[71, 72]
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NMR analysis : A preliminary NMR study on the a-homo-
(TCTAAACTC):RNA complex was started to obtain exper-
imental data verifying the modeling results. In a first stage
single stranded a-homo (TCTAAACTC) was studied in D2O.
So far signals from the nine sugar moieties in the oligomer are
identified using COSY,[46] TOCSY,[47] and NOESY[48] spectra
in D2O. As a starting point in the assignment strategy, the H1'
signals at d� 5.6 to 6.1 were used. Each of these anomeric
protons shows a strong and a weak COSY crosspeak in the
high field region between d� 1.4 to 2.5. Similar to H2'1 and
H2'2 in deoxyriboses of DNA,[49] , H2'1, H2'2, H3'1 and H3'2
of the non-oxygenated carbons are expected to resonate at
this chemical shift. The H2' with a strong J coupling to H1',
also shows a strong geminal coupling to the H2' that is weakly
coupled to H1' and a strong coupling to one of the H3' signals
in the same high field region (d� 1.4 to 2.5). The latter H3' has
strong intraresidue NOE to H1' and a proton signal at d�


Table 5. Helical parameters as calculated with Curves 5.0. The analysis was done making use of one optimal linear axis, part a.


Global helical
parameters


Dis- Axial Helix Tilt Inclina- Propeller Minor
groove


Minor
groove


Major
groove


Major
groove


Inter-
strand


Helical Pitch
location rise twist [8] tion [8] twist


width depths width depths P ± P distance
symmetry height


[�] [�] [8] [8]
[�] [�] [�] [�] [�]


[�]


rA24 ± a T1 6.57 1.73 22.27 10.82 ÿ 26.33 ÿ 10.30 X X X X 17.11
rG25 ± a C3 6.54 2.96 30.12 11.19 ÿ 15.52 ÿ 8.95 7.70 1.18 X X 16.98
rA26 ± a T5 6.32 3.92 12.52 2.61 ÿ 4.32 4.08 7.19 2.68 X X 17.50
rG27 ± a C7 5.29 3.69 29.80 2.67 ÿ 1.71 ÿ 3.20 8.40 3.04 X X 17.48
rG28 ± a C9 6.01 2.98 23.68 12.45 0.96 0.56 8.51 2.23 22.76 12.17 17.95
rA29 ± a T11 6.57 4.56 20.51 ÿ 1.82 13.41 8.75 6.58 1.95 22.48 3.86 16.92
rG30 ± a C13 5.84 4.66 16.36 ÿ 1.27 11.60 3.71 6.16 2.42 25.25 7.84 16.66
rA31 ± a T15 4.87 3.89 26.61 ÿ 1.80 10.33 ÿ 9.47 6.51 2.74 25.86 6.96 17.72
rG32 ± a C17 4.95 3.99 33.15 ÿ 8.48 8.53 7.41 6.91 2.66 X X 17.84
rG33 ± a C19 4.70 3.20 22.56 3.66 0.05 ÿ 3.43 8.20 1.30 X X 17.97
rG34 ± a C21 4.92 3.54 26.89 ÿ 6.35 3.72 ÿ 5.94 8.66 1.41 X X 16.56
rA35 ± a T23 5.34 X X X ÿ 2.64 ÿ 5.88 X X X X X
Average 5.66 3.56 24.04 2.15 ÿ 0.16 ÿ 1.89 2.16 24.09 7.71 17.34 15-1 75.7


A[a] ÿ 5.3 2.73 32.7 17 12 11.0 2.8 2.7 13.5 5.9 11-1 30.9
B[a] 0 3.38 36.0 ÿ 2.1 2.4 5.7 7.5 11.7 8.5 7.0 11-1 33.8


[a] Values from refs. [44] and [73].


Table 6. Helical parameters as calculated with Curves 5.0. The analysis was
done making use of one optimal linear axis, part b.


Local helical parameters Slide [�] Roll [8]


rA24 ± a T1 2.59 0.34
rG25 ± a C3 ÿ 1.41 98.18
rA26 ± a T5 2.44 106.80
rG27 ± a C7 ÿ 1.15 ÿ 9.01
rG28 ± a C9 ÿ 0.83 61.40
rA29 ± a T11 1.61 ÿ 36.27
rG30 ± a C13 2.51 83.73
rA31 ± a T15 3.51 ÿ 72.53
rG32 ± a C17 ÿ 3.02 ÿ 73.53
rG33 ± a C19 2.99 29.53
rG34 ± a C21 2.77 9.78
rA35 ± a T23 X X
Average 7.09 18.04


A ÿ 2.13 8.95
B ÿ 0.33 ÿ 0.28


Table 7. Dihedral angles of the a-homo-DNA strand and the RNA strand in the duplex.


a-homo- a b d e g j c RNA a b d e g j c


DNA


T ± ± 162 ± ÿ 178 ± 165 A ± ± 74 ± 45 ± ÿ 160
CMe ÿ 68 165 161 ÿ 105 42 144 136 G ÿ 72 ÿ 172 73 ÿ 170 73 ÿ 68 ÿ 170
T ÿ 68 ÿ 178 154 ÿ 158 46 ÿ 133 132 A 99 ÿ 172 73 ÿ 157 50 ÿ 50 ÿ 163
CMe 85 ÿ 178 155 ÿ 91 ÿ 163 158 114 G ÿ 176 64 ÿ 157 ÿ 95 ÿ 68 ÿ 171
CMe ÿ 77 ÿ 166 144 179 54 ÿ 94 141 G ÿ 93 179 83 ÿ 167 65 ÿ 52 ÿ 162
T ÿ 69 ÿ 159 164 ÿ 162 17 ÿ 116 159 A 143 ÿ 159 78 179 55 ÿ 71 ÿ 159
CMe ÿ 85 172 158 ÿ 86 38 149 133 G 97 180 85 ÿ 136 ÿ 164 ÿ 68 171
T 121 ÿ 179 175 ÿ 116 ÿ 172 179 117 A 139 ÿ 167 81 ÿ 179 ÿ 164 ÿ 72 ÿ 150
CMe 46 ÿ 163 150 ÿ 178 60 42 132 G ÿ 70 ÿ 178 97 ÿ 152 ÿ 96 ÿ 63 175
CMe 38 ÿ 172 159 54 57 17 157 G 130 180 79 ÿ 177 ÿ 172 ÿ 65 ÿ 145
CMe 26 32 162 60 26 57 161 G ÿ 71 ÿ 168 85 ÿ 151 62 ÿ 71 ÿ 167
T ÿ 80 169 164 ÿ 160 32 ÿ 63 142 A ÿ 163 ÿ 171 88 ÿ 160 ÿ 155 ÿ 68 ÿ 145


av ÿ 12 169 159 193 78 162 141 av 203 186 80 197 139 ÿ 65 196
(sd) (73) (45) (8) (72) (65) (89) (16) (sd) (80) (7) (8) (13) (84) (7) (13)


A ÿ 88 ÿ 155 83 ÿ 179 54 ÿ 52 ÿ 155
B ÿ 46 ÿ 147 157 155 36 ÿ 96 ÿ 98
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4.0 ± 4.5, which was assigned to H4' based on the TOCSY
spectrum. None of the H4' signals showed any strong COSY
crosspeaks. Using the H4' to H5' crosspeaks in the TOCSY
spectrum, H5' signals could be assigned. Attempts to stereo-
specifically distinguish H6'1 and H6'2 were unsuccessful. The
one-dimensional 31P spectrum showed only broad signals
clustered around d� 0, hampering through bond sequential
assignment of the sugar moieties by 1H,31P correlation spectra.
Most likely, flexibility of the backbone in the single stranded
oligomer is causing conformational averaging at the phos-
phodiester linkage resulting in a broadening of the 31P NMR
signals.


The data obtained on the sugar ring systems in the single
stranded oligomer allow to determine the conformation of
sugars in a-homo(TCTAAACTC). An asymmetric six-mem-
bered ring system theoretically has two low energy chair
conformations that may interconvert through the boat and
twist forms as intermediates (Figure 6). Structural data


Figure 6. The two chair conformations of a-homo-DNA (a: with equato-
rial base moieties; b: with axial base moieties). The conformation ªaº
predominates in single strand a-homo(TCTAACTC) as deduced from 3J
values and NOE contacts.


observed by NMR are considered as the result of conforma-
tional averaging in solution.[50] Strong 3JHH coupling (�9 Hz)
of one of the H2' to H1' as well as to one of the H3' is only
possible when all of these protons are predominantly in a
cross-diaxial position, where dihedral torsion angles between
the considered protons are about 180� 308. The absence of
any COSY crosspeaks from H4' signals can be explained by an
equatorial position of the latter, giving rise to small 3JH4',H5' ,
3JH4',H3'1, and 3JH4',H3'2 couplings (theoretically 2 ± 3 Hz).[51] Only
a chair-like predominant conformation of the six-membered


sugar ring with the base in an equatorial position, as depicted
in Figure 6 a, is in agreement with these experimental data.
The observed intraresidue NOE contacts from H1' to H2'1,
H2'2', H3', and one of the H6' protons confirm this as the
major type of sugar conformation.


In the second stage of the NMR study, an equimolecular
amount of a complementary RNA nonamer was added to the
sample described before. The sequence of the RNA 5'-
AGAUUUGAG-3' was chosen to favor a duplex formation of
a-homo(TCTAAACTC) and RNA with parallel oriented
strands. One-dimensional spectra of non-exchangeable
anomeric and base protons were used to monitor the degree
of complex formation during the titration. At 5 8C, the 1H as
well as the 31P NMR spectra in D2O of the RNA:a-homo-
DNA complex gave nicely resolved sharp signals, with
chemical shifts clearly different from those of the single
stranded oligomers; this is indicative for a strong and stable
complex between both molecules at the measuring conditions
(Figure 7). A one-dimensional jump-return spectrum[52] in
90 % H2O showed several imino signals at d� 10 to 14, typical
for Watson ± Crick base pairing.[53] Nine different imino
signals could be distinguished using a two-dimensional water-
gate NOESY, consistent with nine base pairs between the two
parallel oriented strands.


Figure 7. One-dimensional NMR spectra in D2O of the a-homo-DNA (A)
and RNA oligonucleotides (B) compared with the same spectral region of
the complex (C).


Patterns from a-homo-DNA sugar proton signals in COSY,
TOCSY, and NOESY spectra of the complex with RNA were
very similar to those in the single stranded a-homo-DNA.
Also in this sample, strong 3JHH coupling (�9 Hz) of one of
the H2' to H1' as well as to one of the H3' was observed in all
a-sugars. Intrasugar NOE contacts of H1' to H2'1, H2'2, H3'1,
and one of the H6' protons, characteristic for a sugar ring in
chair conformation with the base in an equatorial position, are
visible in a NOESY spectrum with mixing time of 150 ms.


Ribose sugars in the RNA part of the complex behave
remarkably different from the single-stranded RNA. In the
latter, the H1' signals are split by an observed 3JH1',H2' of about
5 Hz, a typical average for fast interconversion between
N-type and S-type conformation with 3JH1',H2' of �1 Hz and


Table 8. Sugar puckering parameters of the nucleotides.


a-homo-DNA q [8] f [8] Q [�] RNA q [�] P [8]


T 159.0 351.0 0.48 A 0.43 16.59
CMe 176.3 178.0 0.56 G 0.48 14.09
T 160.1 334.6 0.55 A 0.46 2.59
CMe 171.1 336.0 0.48 G 0.40 28.55
CMe 163.0 316.5 0.48 G 0.29 13.14
T 169.7 258.9 0.48 A 0.44 18.65
CMe 170.6 247.5 0.51 G 0.37 19.50
T 167.6 15.8 0.56 A 0.37 25.61
CMe 175.5 196.7 0.55 G 0.40 355.06
CMe 170.4 255.6 0.57 G 0.38 17.52
CMe 179.4 48.5 0.57 G 0.41 352.33
T 170.7 328.9 0.55 A 0.38 10.57


av 169 239 0.53 av 0.40 12.85
(sd) (6) (107) (0.04) (sd) (0.05) (10.69)
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�10 Hz, respectively.[54] The same anomeric RNA protons in
the complex with a-homo-DNA are singlets, without observ-
able splitting from 3JH1',H2' , characteristic for an N-type sugar
conformation with 3JH1',H2' in the same range as the H1'
linewidth.


The molecular modeling and NMR experiments have been
done with a different duplex sequence because of historical
reasons. Modeling and synthesis were started at the same time
but evolved differently. Yet we may conclude that, as the
NMR experiments of the duplex with a more complex
sequences than the modeled duplex confirm some conforma-
tional properties of the model, the overall conformation of the
duplexes is, most likely, similar for both sequences.


Conclusion


Two main criteria for selecting nucleic acid alternatives as
potential competitors of RNA for the generation of a genetic
system, were proposed: a) a potentially natural type of
molecular structure that is a sugar moiety belonging to the
family of aldosugars and b) the capacity for informational
base pairing in the Watson ± Crick mode.[28] In these studies, b-
homo-DNA was first used as artificial model for the family of
hexopyranosyl oligonucleotides.[29] Later, the hydroxylated
(b-allo, b-altro, b-gluco) analogues were synthesized and it
was concluded that they could not be viable competitors of
RNA because of functional reasons.[28] As demonstrated with
b-homo-DNA[27] and pentopyranosyl oligomers,[55, 56] b-pyra-
nose oligonucleotides form very stable, quasi-linear and
antiparallel oriented Watson ± Crick base-pairing systems.
However, b-pyranose oligonucleotides do not cross-pair with
natural nucleic acids which argues against their potential role
as direct precursor of RNA in an evolving biological system.
We investigated the hybridization properties of the isomeric
oligonucleotides (a-homo-DNA) and, likewise, used the
dideoxy analogues as model system. We observed that a-
homo-DNA is a self-pairing system with the properties of
cross-pairing with its RNA complement and less well with
DNA complement, by parallel strand orientation. The base
moieties in the a-homo-DNA strand are equatorially oriented
and those in the RNA strand are pseudoaxially oriented
(Figure 5). The geometry of the duplex is significantly differ-
ent from those of existing double stranded nucleic acids and
can be classified as a non-A-, non-B-type helix with an
average of 15 base pairs per turn. The geometry of the duplex
can be considered as intermediate between the natural A-type
helix and the unnatural ladder-like structure.


In the furanose series, the a-oligonucleotides are able to
hybridize with the b-nucleic acids.[8, 9] . This is, likewise, the
case with locked nucleic acids where a-l-ribo-LNA (oligo-
thymidylate) recognizes DNA and RNA (oligoadenyl-
ate).[25, 26] These results led the authors to suggest that
ªconstitution (rather than configuration) could have been a
decisive factor in an early-stage combinatorial chemical
evolution of present [b-pentofuranose] nucleic acid struc-
tureº.[26] In the pyranose series, configuration plays an
important role in hybridization properties. While b-homo-
DNA does not hybridize with natural nucleic acids, a-homo-


DNA does. Previously, cross-pairing capability of a-l-lyxo-
pyranosyl (3'! 4') oligonucleotides with DNA was observed,
although the nature of the hybridization mode was described
by the author as ªcapriciouslyº.[28] Explanations for the
emergence of RNA as a dominant player in the origin of life
are based on its selection either by combinatorial generation
and functional selection, either by synthetic contingency or as
the result of an evolving biological system that later became
extinct.[57] One possibility for this last hypothesis is that
furanose nucleic acids evolved from pyranose nucleic acids.
The former polymers have more conformational diversity,
which might be important for evolution and transfer of
information. The pyranose nucleic acids might have been a
predecessor of the furanose nucleic acids, but then became
extinct because of functional criteria. We demonstrate here
that informational base pairing is possible between a-homo-
DNA and RNA. The a-homo-DNA remains an artificial
model and the data obtained should be confirmed for a-
glucose-DNA. A strong argument against an evolutionary
pathway involving a-glucose-DNA is the absence of a role for
the product of the thermodynamically controlled aldolization
(b-pyranoses) in favor of a compound formed by kinetically
controlled reaction (a-pyranoses). Although it may be
hypothesized that a-glucose nucleotides may have been ªan
element of a kinetically labile reaction library possessing
informational capacity and with the potential to evolve to
constitutionally more robust variants in which the information
is preservedº,[58] it now seems clear (based on this and
previous work with hexopyranose oligonucleotides) that
hexopyranose DNA was, most likely, not a direct precursor
of our contemporary nucleic acids. Arguments why hexopyr-
anose nucleic acids failed as RNA competitors have been
previously discussed.[28]


Experimental Section


General methods : UV spectra were recorded with a Philips PU8740 UV/
Vis or Uvikon 940 spectrophotometer. The 1H and 13C NMR spectra were
recorded with a Varian Gemini 200 or Unity 500 spectrometer. Tetra-
methylsilane (TMS) was used as internal standard for the 1H NMR spectra
(s� singlet, d� doublet, t� triplet, m�multiplet), and the center peak of
the solvent CDCl3 (d� 77.0) for the 13C NMR spectra. Mass spectrometry
measurements were obtained using a Kratos Concept IH mass spectrom-
eter with liquid secondary ion mass spectrometry (LSIMS) ionization.
NPOE (2-nitrophenyl octyl ether) was used as the matrix. Exact mass
measurements were performed on a quadrupole/orthogonal-acceleration
time-of-flight (Q/oaTOF) tandem mass spectrometer (qTof2, Micromass,
Manchester, UK) equipped with a standard electrospray ionization (ESI)
interface. Samples were infused in a 2-propanol/water 1:1 mixture at
3 mLminÿ1. Pyridine was heated under reflux overnight on potassium
hydroxide and distilled. Dichloromethane was stored on calcium hydride,
refluxed, and distilled. Precoated Macherey ± Nagel Alugram SIL G/UV
254 plates were used for thin-layer chromatography (TLC) and products
were visualized with UV light. Column chromatography was performed on
Acros Organics silica gel (0.2 ± 0.5 mm, pore size 4 nm).


6''-O-Monomethoxytritylation of the a-dd-homo nucleosides


Reactions were carried out on a 1 mmol scale using 1.1 equivalents of
monomethoxytrityl chloride in dry pyridine (10 mL) at room temperature
overnight. After addition of a saturated NaHCO3 solution (1 mL), the
reaction mixture was evaporated, diluted with CH2Cl2 (30 mL), and washed
with H2O (3� 30 mL). The organic layer was dried, evaporated and the 6'-
O-monomethoxytritylated nucleoside was purified by column chromatog-
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raphy (hexane/EtOAc 2:8 for thymine; hexane/EtOAc 5:5 for 5-methyl-
cytosine; CH2Cl2/MeOH 98:2 for cytosine), except for the adenine
analogue which was purified by preparative TLC (EtOAc/toluene/MeOH
95:5:1).


1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-thy-
mine (55 %): exact mass calcd for C31H32N2O6Na [M�Na]�: 551.2158, found
551.2142.


1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-5-
methyl-N 4-benzoylcytosine (50 %): exact mass calcd for C38H38N3O6


[M�H]�: 632.2760, found 632.2774.


1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-N 4-
benzoylcytosine (50 %): exact mass calcd for C37H36N3O6 [M�H]�:
618.2603, found 618.2604.


1-(6-O-Monomethoxytrityl-2,3-dideoxy-a-dd-erythro-hexopyranosyl)-N 6-
benzoyladenine (67 %): exact mass calcd C38H36N5O5 [M�H]�: 642.2716,
found 642.2717.


The 1H NMR and 13C NMR spectra are collected in Table 9.


Oligonucleotide synthesis


Analytical details for the phosphoramidite building blocks are as follows:


1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-thymine : Rf (hexane/acetone/
TEA 49:49:2)� 0.45; exact mass calcd for C40H50N4O7P [M�H]�:
729.3417, found 729.3422; 31P NMR: d� 148.63, 148.47.


1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 4-benzoylcytosine : Rf (hexane/
acetone/TEA 49:49:2)� 0.47; exact mass calcd for C46H53N5O7P [M�H]�:
818.3682, found 818.3663; 31P NMR: d� 148.64, 148.61.


1-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 4-benzoyl-5-methylcytosine : Rf


(hexane/acetone/TEA 49:49:2)� 0.61; LSIMS (NPOE): m/z : 832 [M�H]� .


9-(6-O-Monomethoxytrityl-4-O-[N,N-diisopropyl(2-cyanoethyl)phosphor-
amidite-2,3-dideoxy-a-dd-glucopyranosyl)-N 6-benzoyl adenine : Rf (hexane/
acetone/TEA 49:49:2)� 0.32; exact mass calcd for C47H53N7O6P: [M�H]�:
842.3795, found 842.3790; 31P NMR: d� 148.65, 148.23.


Oligonucleotide synthesis was carried out on an automated DNA
synthesizer with the phosphoramidite approach, model ABI 392 (Applied
BioSystems). Condensations were run at 0.12m of the respective modified
building blocks for 10 min to ensure adequate coupling yields. The
sequences obtained were deprotected and cleaved from the solid support
by treatment with concentrated ammonia at 55 8C for 16 h. After a first


purification on a NAP-10 column (Sephadex G-25-DNA grade), a mono-
QHR 10/10 anion-exchange column/Pharmacia) was used with the follow-
ing gradient system: A) NaOH, pH 12.0 (10 mm), NaCl (0.1m); B) NaOH,
pH 12.0 (10 mm), NaCl (0.9m). The low-pressure liquid chromatography
system consisted of a Merck ± Hitachi L6200A Intelligent pump, a Mono-Q
HR 10/10 column, a Uvicordu SII2138 UV detector (Pharmacia-LKB) and
a recorder. Product-containing fractions were immediately neutralized by
addition of aqueous ammonium acetate. Following concentration, the
eluent was desalted on a NAP 10 column and lyophilized.


UV-melting experiments and thermodynamic data : UV-melting experi-
ments were recorded with a Uvikon 940 or a Carry 100 Bio spectropho-
tometer. Samples were dissolved in a buffer solution containing NaCl (0.1
or 1m), potassium phosphate (0.02m, pH 7.5) and EDTA (0.1 mm). The
oligomer concentration was determined by measuring the absorbancy at
80 8C in pure water and assuming extinction coefficients in the denaturated
state as used for natural DNA. The concentration in all experiments was
4 mm of each strand. Cuvettes were kept at a constant temperature with
water circulating through the cuvette holder and with a thermistor
immersed directly in the cuvette. For the melting experiments, temperature
control and data acquisitions were carried out automatically with an IBM/
PC AT-compatible computer. The samples were heated and cooled at a rate
of 0.2 8C minÿ1 with data sampling every 30 s. Tm values were determined
from the maximum of the first derivative curve.


CD spectra : CD spectra were measured at 10 8C with a Jasco 600
spectropolarimeter in thermostatically controlled 1 cm cuvettes corrected
with a Lauda RCS 6 bath. The oligomers were dissolved and analyzed in
buffer containing NaCl (0.1m), potassium phosphate (0.02m, pH 7.5) and
EDTA (0.1 mm) and at a concentration of 4 mm of each strand.


Mass spectrometric analysis of oligonucleotides : Oligonucleotides were
purified by RP HPLC on a C18 column prior to mass spectrometric
analysis. A linear gradient of A: ammoniumbicarbonate (25 mm in H2O,
pH 7.0) and B: acetonitrile (80 % in H2O) was applied. Mass spectra were
acquired in negative ionization mode on a quadrupole/orthogonal-accel-
eration time-of-flight (Q/oaTOF) tandem mass spectrometer (qTof 2,
Micromass, Manchester, UK) equipped with a standard electrospray
ionization (ESI) interface. Samples were infused in acetonitrile/water 1:1
at 3 mL minÿ1. Collisionally activated dissociation (CAD) was performed
with argon in the collision cell and a collision energy of 150 eV.


Model building


Conformational search : The model building and conformational analysis of
the a-homo-DNA monomer was done using Macromodel 5.0.[59] The


Table 9. NMR data for 6-O-monomethoxytrityl-2,3-dideoxy-a-d-erythro-hexopyranosyl nucleosides (coupling constants in Hz).[a, b]


------------------------------


B T C5Me-N4-Bz C-N4-Bz A-N6-Bz
Pos 1H 13C 1H 13C 1H 13C 1H 13C


1' 5.760 79.34 5.796 79.43 5.787 80.70 6.056 75.36
(dd, J� 2.9/9.9) (dd, J� 2.5/9.5) (dd, J� 3.4/9.3) (t, J� 4.4)


2'
�


1.70 ± 2.15 (m)


�
24.25


�
1.75 ± 2.15 (m)


�
24.40


�
2.12 (m)


�
24.83 2.98 (m), 2.10 (m) 25.44


3' 25.95 25.98 1.75 ± 1.95 (m) 26.07 218 (m), 1.75 (m) 26.79
4' 3.881 64.31 3.893 64.31 3.908 64.66 3.795 66.98


(m, SJ� 10) (m, J� 10) (dt, J� 3.4/3.9) (dt, J� 5.5/10.0)
5' 4.103 78.21 4.136 78.79 4.155 79.12 3.604 79.97


(dd, J� 17) (m, J� 16) (dt, J� 3.9/6.3) (q, J� 7.6)


6'


3.456 3.452 3.484 3.471
�


(dd, J� 5.7/9.9)


�
62.28


�
(dd, J� 5.7/9.9)


�
62.28


�
(dd, J� 5.9/9.8)


�
62.52


�
(dd, J� 5.5/10.0)


�
64.31


3.317 3.321 3.362 3.417
(dd, J� 7.0/9.9) (dd, J� 7.0/9.9) (dd, J� 6.8/9.8) (dd, J� 6.0/10.0)


N 4 8.65 (br) ± 8.36 (br) ± 8.79 (br) ± 9.44 (br) ±
5-Me 1.922 (d, J� 1.1) 12.38 2.115 (d, J� 1.2) 13.48 ± ± [5] ± 123.22
5 ± 110.84 ± 111.84 7.252 (d, J� 7.3) 96.45 [8] 8.249 (s) 141.83
6 ± 135.82 8.310 (s) 136.97 8.135 (d, J� 7.3) 144.80 [4] ± 149.75
2 ± 149.96 ± 147.72 ± 154.04 [2] 8.780 (s) 152.60
4 ± 163.71 ± 147.72 ± 162.07 [6] ± 151.72


[a] The resonances for the protecting groups are omitted for clarity: [f.e. for B�C-N4-Bz: 1H: a) MMTr: 3.800 (s, 3H), 68.48 (d, 2H), 7.20 ± 7.45 (m, 12H);
b) Bz: 7.48 (t, 2 H), 7.60 (t, 1H), 7.89 (d, 2 H); 13C: a) MMTr: 55.25, 87.01, 113.30 (2), 127.13 (2), 127.96 (4), 128.29 (4), 130.30 (2), 135.02, 143.87 (2), 158.74.
b) Bz: 127.54 (2), 129.01 (2), 133.23, 133.13, 166.7. [b] For B�C-N4-Bz, all assignments were checked by 2D-COSY and 6 HSQC experiments on a Unity 500
spectrometer.
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building and molecular dynamics simulation of the polymer duplexes was
done using midasplus[60] and Amber 4.1.[61]


Charge and force field parameter development : The force field parameters
and partial charges for RNA were taken from the Amber 4.1 force field
parameter database.[62] The force field parameters for the a-d-glucose sugar
were taken from Amber 4.1 without modification. Some missing angle and
improper torsion parameters and force constants for the 5-Me-Cytosine
base were taken from comparable angles from the Amber 4.1 force field.
Partial atomic charges of the a-homo-DNA nucleotide were obtained by a
two-stage fitting procedure (RESP)[63] of the charges to the 6-31G* derived
electrostatic potential from a Gamess calculation.[64]


Duplexes: The building and molecular dynamics simulation of the polymer
duplexes was done using Midasplus[60] and Amber 4.1.[62] The a-homo-
DNA:RNA parallel duplex (a-TCMeTCMeCMeTCMeTCMeCMeCMeT:r-
AGAGGAGAGGGA) was built starting from a 12-mer Arnott A-type
antiparallel double RNA helix (A:U and G:CMe base pairs) (model 1 and 2)
and starting from a twelvemer Arnott B-type double stranded DNA helix
(model 3). The duplexes were soaked in a rectangular box of explicit TIP3P
water molecules[65] and 22 Na� counterions. After equilibration, the
molecular dynamics simulation was started (with particle mesh Ewald
conditions,[66] initial box size 69.3� 47.7� 48.5 �3; total number of atoms is
13951) to verify the stability of the model structures.


Calculation of structural parameters : Curvature : The curvature analysis
was done using the Curves 5.0 program.[67] The analysis was done making
use of one optimal linear axis.


Sugar puckering parameters : The puckering parameters of the six-
membered hexopyranose rings were calculated according to Cremer and
Pople.[68] The ribose puckering parameters were calculated following
Altona and Sundaralingam.[69]


NMR sample preparation and NMR spectrometry of oligonucleotides


Sample preparation : Oligonucleotide strands were dissolved in D2O and
the pD was adjusted to 7. The RNA solution (OD� 68) was titrated with
the complementary a-homo-DNA solution to obtain an equimolar mixture.
After adding each aliquot of the a-homo-DNA solution, the mixture was
briefly heated to 80 8C and slowly cooled to room temperature to allow for
duplex formation. The degree of complex formation was monitored by one
dimensional proton NMR. After reaching the 1:1 RNA:a-homo-DNA
titration point the sample was lyophilized and dissolved in 0.75 mL D2O
yielding a 1.2 mm duplex solution. For measurements in H2O, the sample
was lyophilized and dissolved in a 0.75 mL 90 % H2O/10 % D2O mixture.


NMR spectrometry : NMR spectra were recorded on a Varian 500 Unity
spectrometer operating at 499.505 MHz. Quadrature detection was ach-
ieved by States ± Haberkorn hypercomplex mode.[74] Spectra were pro-
cessed using Vnmr software package (Varian).


For samples in H2O one dimensional spectra in were recorded using a
jump-return observation pulse.[52] A two dimensional of a-homo-DNA:
RNA sample in H2O was recorded at 5 8C with a 150 ms mixing time using
the watergate sequence,[75] with a sweep width of 11000 Hz in both
dimensions. The spectrum was recorded with 64 scans for each FID and
4096 data points in t2 and 512 FIDs in t1.


The two-dimensional DQF-COSY,[46] TOCSY,[47] and NOESY[48] spectra of
the a-homo-DNA and a-homo-DNA:RNA samples dissolved in D2O were
recorded with a spectral width of 4200 Hz in both dimensions. DQF-COSY
spectra were recorded with 4096 data points in t2 and 400 increments in t1.
For the TOCSYexperiment, a Clean MLEV17[76] was used during the 65 ms
mixing time. The spectrum was acquired with 32 scans, 4096 data points in t2


and 512 FIDs in t1. The NOESY spectra were recorded with mixing times of
150 and 300 ms. Each experiment had 32 scans for each FID, 2048
datapoints in t2 and 256 increments in t1. All two-dimensional spectra data
were apodized with a shifted sine bell squared function in both dimensions.
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Regiocontrolled One-Step Synthesis of 3,3�-Disubstituted 2,2�-Bipyridine
Ligands by Cobalt(�)-Catalyzed Cyclotrimerization


Jesu¬ s A. Varela,[a] Luis Castedo,[a] Miguel Maestro,[b] Jose¬ MahÌa,[b] and Carlos Saa¬*[a]


Abstract: A one-step, regioselective
synthesis of annelated symmetric and
asymmetric 3,3�-disubstituted 2,2�-bipyr-
idines by cobalt(�)-catalyzed [2�2�2]
cycloadditions between 5-hexynenitrile
and 1,3-diynes is described. In the sym-
metric case, the total regioselectivity of
the first cycloaddition is ensured elec-
tronically by the conjugation of the
triple bonds, and for aminomethylated
diynes that of the second is ensured by
the cobalt coordinating to the amino-


methyl rather than to the hexynenitrile
nitrogen. In the asymmetric case, the
first cycloaddition took place chemo-
selectively, which in the case of bis(tri-
methylsilyl)-1,3,5-hexatriyne (viewed as
a 1,3-diyne) is explained by semiempir-
ical calculation of LUMO coefficients.


The copper(�) complex of 6b, constitut-
ing the first reported complex of the
form ML2 (L is a symmetric 3,3�-disub-
stituted 2,2�-bipyridine), has been pre-
pared. It had UV/Vis and NMR spectra
reflecting the 3-substituent-induced mu-
tual torsion of the bipyridine rings in the
cis conformation, as was confirmed by
x-ray diffractometric determination.
The bipyridine 6c forms the dinuclear
complex [Cu2(6c)2(CH3CN)2]2� in the
solid state.


Keywords: alkynes ¥ cobalt ¥
coordination chemistry ¥ cyclo-
trimerization ¥ N ligands


Introduction


The compounds 2,2�-bipyridines and other oligopyridines are
particularly attractive building blocks for the preparation of
supramolecular structures[1] because they easily form well-
defined chelate complexes with many metals.[2] In recent
years, they have been used to create exotic structures such as
molecular knots,[1] catenanes,[3] well-defined helicates,[4] mo-
lecular grids,[5] rotaxanes,[6] nanocyclic architectures,[7] and
liquid crystals.[8] Additionally, many of their transition metal
complexes have interesting paramagnetic, optical, photo-
physical, and redox properties, which can be controlled by
choice of the appropriate oligopyridine.


In view of these fascinating applications, there is a need to
develop efficient synthetic routes to desired bipyridine units.
Most of the methods commonly used to synthesize function-
alized bipyridines are based on Pd- or Ni-catalyzed heteroaryl
C�C coupling reactions (Stille, Negishi, or Suzuki cross-
couplings)[9, 10] or on the Krˆhnke[11] and Potts[12] strategies, all
of which often require multiple steps and are unsuitable for


the preparation of 3,3�-disubstituted bipyridines. The 3,3�-
substitution pattern is very attractive because a) metal com-
plexes of ditopic 3,3�-crown ether 2,2�-bipyridine ligands have
shown promise for use as antitumor agents[13] or as molecular
machines based on allosteric effects,[14] and b) this pattern can
also be used in the design of efficient chiral catalysts.[15] An
attractive new approach to 3,3�-disubstituted bipyridines is
based on pioneer work by Wakatsuki,[16] Bˆnnemann,[17] and
Vollhardt[18] on the synthesis of pyridines by cobalt(�)-cata-
lyzed or mediated [2�2�2] cyclotrimerization of alkynes and
nitriles.[19] We recently published a preliminary communica-
tion on the application of this method to the one-step
synthesis of annelated symmetrical 3,3�-disubstituted 2,2�-
bipyridines by cobalt(�)-catalyzed [2�2�2] cyclotrimerization
of 5-hexynenitrile with 1,3-diynes.[20] As far as we know, this
was the first one-step construction of 2,2�-bipyridines from
acyclic precursors. Here we present a full account of this work
and of our recent findings on the regioselectivity of the
reaction with symmetrically substituted diynes, the regio- and
chemoselectivities of the reaction with asymmetric diynes,
and the coordination properties of the bipyridines synthe-
sized, including the first preparation of a ML2 complex
(M�metal, L� a symmetric 3,3�-disubstituted 2,2�-bipyridine).


Results and Discussion


[2�2�2] Cocyclizations with symmetrical 1,3-diynes: regio-
selectivity : At the beginning of this work, symmetrical 1,3-
diynes had only been used in cobalt chemistry for dimeriza-
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tion.[21, 22] We believed it would be interesting to evaluate their
behavior in CoI-catalyzed [2�2�2] cocyclizations because, in
principle, this would allow functionalized biaryl ligands to be
assembled in one step. For the sake of comparison, in all our
studies of CoI-catalyzed [2�2�2] cyclotrimerization we used
5-hexynenitrile (1) as one of the cocyclization partners.


[CpCo(CO)2]-catalyzed cocyclization of 1 with 1,4-bis(tri-
methylsilyl)-1,3-butadiyne (2a) produced a 77% yield of
pyridine 3 (Scheme 1). The structure of 3 was inferred by
preparing its monodesilylated product (K2CO3 in MeOH)


Scheme 1. [CpCo(CO)2]-catalyzed cycloaddition of 1 to symmetrical
1,3-diynes 2a ± f.


and observing NOEs between the protons of the remaining
TMS group and the aromatic proton, and this indicated that
the alkyne substituent must be in position 2, and the product
was therefore pyridine 5 (Scheme 1). The cocyclization reac-
tion needed irradiation for only 1 h, and required no high
dilution techniques. Interestingly, neither the regioisomer 4
(Scheme 2, R�R��TMS) nor �4-cyclobutadienecobalt com-
plexes of the diyne[21] were observed in the reaction mixture;


N


N
N R


R' R


R


4 8


Scheme 2. Regioisomers not found.


this unprecedented regioselectivity was subsequently ex-
plained by calculations (see below).


Suspecting that steric hindrance by the TMS group at
position 3 of the pyridine ring might be blocking the second
cycloaddition (since unsubstituted 2-(trimethylsilyl)ethynyl-
pyridine does undergo cycloaddition),[23] we then used the
sterically less demanding 2,4-hexadiyne 2b. The second
cocyclization now occurred as expected, producing a 1.7:1
ratio of the 2,2�-bipyridine 6b and the 2,3�-bipyridine 7b as the
main reaction products in, respectively, 30% and 18%
isolated yields after chromatographic separation (Scheme 1
and Table 1).[24] Compound 2,2�-bipyridine 6b was distin-
guished from 3,3�-bipyridine 8b (Scheme 2, R�Me) by
HMQC (heteronuclear multiple quantum coherence) and
HMBC (heteronuclear multiple bond correlation) experi-
ments, which showed a three-bond 1H-13C correlation be-
tween the aromatic proton and the methyl group. The 3,3�-
bipyridine 8b was not detected in the reaction mixture.


As far as we know, this was the first one-step construction of
a 2,2�-bipyridine from acyclic precursors. Although the yield
may seem modest, it compares well with those of multistep
syntheses[9±12] and was unaffected by scaling up from the 0.3 to
the 6.8 mmol scale.


Having thus found that bulky substituents on the diyne
partner can prevent the formation of the second pyridine ring,
we decided to investigate the influence of electronic factors on
the course of the reaction. Cocyclization of 1 with 2,4-
hexadiyn-1,6-diol (2c) gave a complex mixture fromwhich the
2,2�-bipyridine 6c could only be isolated in 9% yield, but
reaction with the methyl ether 2d[25] proceeded smoothly,
giving a 73:27 mixture of the 2,2�-bipyridine 6d (46% isolated
yield) and the 2,3�-bipyridine 7d (17% isolated yield); see
Table 1. The identity of 6c was confirmed by reciprocal NOEs
between the aromatic proton and the methylene of the
hydroxymethyl group, and this ruled out the regioisomeric
3,3�-structure, and that of 6d by a combination of HMQC and
HMBC experiments.


Abstract in Spanish: Se describe la sÌntesis regioselectiva en un
solo paso de 2,2�-bipiridinas 3,3�-disustituidas, tanto sime¬trica
como asime¬tricamente, mediante reacciones de cicloadicio¬n
[2�2�2] catalizadas por CoI entre el 5-hexinonitrilo y 1,3-
diinos. En el caso de los diinos sime¬tricos, la regioselectividad
en la primera cicloadicio¬n se debe al efecto electro¬nico causado
por la conjugacio¬n de los triples enlaces mientras que la
regioselectividad en la segunda cicloadicio¬n, en el caso del
diino aminometilado, es debida a la coordinacio¬n del nitro¬geno
del aminometilo al cobalto en vez del resto nitrilo. Con los
diinos asime¬tricos, se observa que la primera cicloadicio¬n es
quimioselectiva y para el caso del bis(trimetilsilil)-1,3,5-hexa-
triino se puede explicar mediante ca¬lculos semiempÌricos de los
coeficientes LUMO. Se han preparado por primera vez
complejos de CuI con estructura ML2 en los que sus datos
espectrales de UV/Vis y RMN reflejan la torsio¬n de los anillos
de bipiridina causada por la presencia de sustituyentes en
posiciones 3 y 3�. Se pudo confirmar en algu¬n caso este
efecto mediante el espectro de difraccio¬n de rayosX. En el
caso de la bipiridina 6c se obtuvo el complejo dinuclear
[Cu2(6c)2(CH3CN)2]2� en forma cristalina.


Table 1. Results of cocyclization of 1 with symmetrical diynes 2a ± 2 f.


Diyne[a] Products 2,2�:2,3� ratio (6 :7) [%][b] Yield [%][c]


1 2a 3a ± 77
2 2b 6b, 7b 63:37 48
3 2c 6c ± 9
4 2d 6d, 7d 73:27 63
5 2e 6e, 7e 80:20 45
6 2 f 6 f, 7f 58:42 18


[a] Typically, 0.1 g was employed. For 2b and 2e, reactions with 0.5 g
(6.41 mmol) and 2.3 g (6.8 mmol), respectively, were also performed.
[b] The two isomers are easily separable by column chromatography or
preparative TLC (silica gel); for example, Rf : 6d� 0.52; Rf : 7d� 0.37.
[c] Combined yields of 6� 7 after separation by chromatography.
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With a view to facilitating subsequent manipulation of the
substituent, and to evaluate the influence of a bulky group
separated from the diyne unit by �CH2O�, the triethylsilyl
ether 2e[26] was also employed. Not unexpectedly, with 2e the
bulk of the triethylsilyl group did not impede the second
cyclization, and there was in fact a slight improvement in the
ratio of the 2,2�-product (6e, 36% yield) to the 2,3�-product
(7e, 9% yield); see Table 1. By contrast, with 2 f,[27] in which
carbonyl groups are conjugated to the diyne triple bonds,
there was only an 18% combined yield of the 2,2�- and 2,3�-
bipyridines 6 f and 7 f in 1.4:1 ratio (Table 1). The low yield of
this latter reaction may be due to the starting diyne 2 f being
unstable, both neat and in solution.


A common feature of all the above cycloadditions is their
high regioselectivity in the first cocyclization; no 3,3�-bipyr-
idines 8 were observed in any case (Scheme 3). Assuming the
commonly accepted mechanism for the oxidative coupling
reaction, the electronic influence of the adjacent alkyne
during metallacycle formation seems in this respect com-
pletely to override the electronic and/or steric properties of
the other substituent.
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Scheme 3. Cobaltacycle intermediates 9 and 10.


To gain further understanding of these experimental results,
we performed calculations on the starting diyne and the
metallacycles. Since Hoffmann et al. have suggested that the
alkyne partner enters the intermediate metallacycle with the
biggest lobe of its LUMO � to the metal,[28] we calculated
LUMO coefficients for the various diynes by using semi-
empirical methods.[29] All the diynes have their biggest
LUMO lobes on the terminal diyne carbons (Scheme 4),
which may explain why no 3,3�-bipyridines were obtained.


In addition, B3LYP/LANL2DZ ab initio calculations[30] of
the energies of the intermediate metallacycles in the reactions
of 2a[31] and its desilylated analogue show that the cobalta-
cycle 9, in which the ethyne is � to the cobalt, has in both
cases, lower energy than that of 10 (Scheme 4). Assuming that
both electronic and steric factors are operative in 9a, and only


Scheme 4. Relative magnitudes of LUMO coefficients of symmetrical 1,3-
diynes and energies (hartrees) of intermediate cobaltacycles (1 hartree�
627.5 Kcalmol�1).


electronic factors in 9b, and that electronic and steric factors
have opposite regiodirective influence, it would appear that it
is the electronic factor that is responsible for the observed
regioselectivity.[32] As far as we know, this would be the first
case of a [2�2�2] cycloaddition reaction in which the
regiochemical outcome is completely controlled, both mech-
anistically and energetically, by the electronic influence of the
alkyne partner (here, the diyne).[33]


The results listed in Table 1 show that by choosing diyne
substituents with a suitable combination of steric and
electronic properties it is possible to achieve a 2,2�:2,3�
regioisomer ratio of 4:1. Since the best results were obtained
with 2d and 2e, another effect we thought it would be
interesting to evaluate was the presumed coordination of
diyne substituent heteroatoms to the cobalt during the
formation of the second cobaltacycle intermediate
(Scheme 5). Specifically, we envisaged that replacing the
oxygens of 2d and 2e with more avidly coordinating
heteroatoms such as sulfur or nitrogen might improve the
2,2�:2,3� ratio (chelation control).


N
Co


C
N


CpX


X


X = OCH3 (2d), SEt (2g), NMe2 (2h)


¨


Scheme 5. Chelation control.


Unfortunately, the propargylic disulfide 2g (R�CH2SEt),
prepared in 90% yield by copper-catalyzed oxidative homo-
coupling[34] of ethyl 2-propynyl sulfide,[35] was too unstable to
be used. However, with the amine derivative 2h (R�
CH2NMe2)[36] both [2�2�2] cycloadditions were completely
regioselective, giving the 2,2�-bipyridine 6h in fairly good
yield (49%) as the only product (Scheme 6). A combination
of DEPT (distortionless enhancement by polarization trans-
fer), HMQC, and HMBC experiments confirmed the struc-
ture of 6h showing 1H-13C correlation between the aromatic
proton and the methylene carbon group of the dimethylami-
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Scheme 6. [CpCo(CO)2]-catalyzed cycloaddition of 1 to diyne 2h.


nomethyl substituent. In view of the aforementioned obser-
vation, the complete regioselectivity of the reaction with 2h
seems likely to be due to two electronic effects, that of the
conjugated diyne unit on the formation and energy of the first
cobaltacycle (Scheme 4) and the chelation effect of the
nitrogen during the formation of the second cobaltacycle
(Scheme 5).


The hypothesis of chelation control during the formation of
the second intermediate cobaltacycle is supported by the
results of HF/3-21G ab initio calculations on the three
possible metallacycles (Scheme 7), which showed that the
2,2�-precursor cobaltacycles 11 and 12[37] have much lower
energies than the 2,3�-precursor 13, and that 11, in which the
amino group is coordinated to the cobalt, has lower energy
than 12, in which it is the nitrile group that coordinates.
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Scheme 7. Cobaltacycle intermediates 11 ± 13.


[2�2�2] Cocyclizations with asymmetric 1,3-diynes: chemo-
selectivity : We next examined the chemoselectivity of the
reactions of the asymmetric 1,3-diyne 2 j[38] and the 1,3,5-
hexatriyne 2k, which may also be considered as an asymmet-
ric 1,3-diyne (Scheme 8).


[CpCo(CO)2]-catalyzed cocyclization of 1 and 2 j afforded a
mixture of silylated products from which pyridine 14 was
easily isolated in 27% yield. To facilitate the separation and
identification of the remaining products, the mixture was


Scheme 8. [CpCo(CO)2]-catalyzed cycloaddition of 1 to asymmetric
alkynes 2j and 2k.


treated with K2CO3 in MeOH, and this, after chromatography,
allowed the isolation of the 2,2�-bipyridine 15 j and its
desilylated derivative 15 j� (R1�TMS, R2�CH2OH) in 2%
and 17% yield, respectively, and of the 2,3�-bipyridine 16 j��
(R1�H, R2�CH2OTES)[39] in 15% yield (Scheme 8). The
identities of these products were confirmed by NOE studies.
For pyridine 14, reciprocal NOEs between aromatic and
benzylic (ArCH2OTES) protons indicated the ortho position
of one group to the other. In the case of 15 j�, NOEs between
one of the aromatic protons and the TMS group, and between
the other and the methylene of the hydroxymethyl group,
show that 15 j� must be a 2,2�-bipyridine. In the 1H NMR
spectrum of 16 j��, a singlet at low field (�� 8.43) is attribut-
able to a proton � to the nitrogen in the pyridine ring, and the
other two aromatic protons show NOEs with the methylene,
showing that this compound must be a 2,3�-bipyridine.


Since the reaction of the asymmetric diyne 2 j afforded no
products corresponding to initial formation of the pyridine 4
(Scheme 2, R�CH2OTES, R��TMS), regioisomer of 14, it
conserved the regioselectivity observed with symmetric
diynes, at least when the initial cycloaddition involved the
CH2OTES-substituted ethyne moiety. The absence of 17
(Scheme 9) and its corresponding regioisomer 4 (Scheme 2,
R�TMS, R��CH2OTES) from the reaction mixture also


Scheme 9. [CpCo(CO)2]-catalyzed cycloaddition of 1 to pyridine 17.


clearly suggested that the initial cycloaddition was strongly
chemoselective, and that it took place only at the CH2OTES-
substituted ethyne moiety, since the TMS groups of these
species would be likely to prevent a second cycloaddition (cf.
the results obtained with 2a). To support this latter reasoning,
we prepared 17 (by treatment of pyridine 5 with BuLi and
paraformaldehyde, followed by reaction of the resulting
alcohol with TESCl; overall yield 80%), and then subjected
a solution of 17, 1, and the catalyst in toluene to three hours
irradiation; although an 18% yield of 15 j was obtained, the
recovery of 40% of 17 strongly suggested that in the reaction
of 2 j it cannot ever have been formed, and hence that the first
cycloaddition in this reaction was strongly chemoselective. It
is nevertheless worth noting the contrast between the 0%
yield of bipyridine obtained with compound 3, in which the
ethyne substituent has a TMS group, and the 18% obtained
with 17, which has an electronically more favorable ethyne
substituent that, furthermore, places the bulky SiEt3 group
farther from the triple bond than is the TMS group on the
ethyne in 3.


Experiments were carried out with the 1,3,5-hexatri-
yne 2k,[40] considered as an asymmetric 1,3-diyne, in order to
investigate the effect of conjugation with another triple bond
on the chemoselectivity of the reaction. Cocyclization of 1
with 2k afforded two products that were identified, by a
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combination of HMQC, HMBC, and NOE experiments, as
the 2,2�-bipyridine 15k (10%) and the 2,3�-bipyridine 16k
(21%) (Scheme 8). The initial cycloaddition is likely to have
occurred at the central triple bond;[41] if it had occurred at a
terminal triple bond, the diyne substituent of the resulting
pyridine would have been ortho to a TMS substituent that
would probably have blocked further cycloaddition, at least at
the proximal triple bond of the diyne, and the mixture of
products in fact contained neither this intermediate pyridine
nor any di(pyridyl)acetylene. Initial cycloaddition on the
central triple bond must have been followed by further
cycloadditions on both the ethyne ortho to the pyridine
nitrogen (giving 15k) and the meta ethyne (giving 16k). Note
that both this second set of cycloadditions created rings with
the first pyridine in position 2�. A third set of cycloadditions
on the remaining ethyne is presumably prevented by steric
hindrance.


Semiempirical calculations[29] showed the largest LUMO
lobes of diyne 2 j to be located on the terminal carbons C1
and C4, and those of 2k on the central carbons C3 and C4
(Scheme 10). The latter finding would explain the observed
chemoselectivity of the first cycloaddition in the reaction of
2k, and the former the regioselectivity of the formation of 14,
but the apparently negligible difference between the C1 and
C4 LUMO coefficients of 2 j can hardly account for the
chemoselectivity of the first cycloaddition to this diyne.


OSiEt3
TMS TMSTMS


2j 2k


0.37 0.27 0.400.39 0.31 0.34 0.40


Scheme 10. Relative magnitudes of LUMO coefficients for diyne 2 j
and 2k.


Coordination complexes : Compound 2,2�-bipyridine is exten-
sively used as a neutral metal-chelating ligand as a result of its
redox stability and ease of pre-functionalization.[2] However,
symmetrical 3,3�-disubstituted 2,2�-bipyridines have been used
relatively rarely, at least partly because of the difficulty of
their preparation. Probably because of the lack of research in
this area, there have been no reports of complexes of the form
ML2 with M a tetracoordinated metal and L a symmetric 3,3�-
disubstituted 2,2�-bipyridine; most complexes of these ligands
are of the formML3, with M an octahedrally hexacoordinated
Fe0,[42] NiII,[42] RuII,[43] CoIII,[44] or RhIII.[45] We therefore
investigated whether our new symmetric 3,3�-disubstituted
2,2�-bipyridines would form complexes of the previously
unknown ML2 type.[46]


Complex of CuI with 6b : Compound 18, a cationic complex of
stoichiometry [Cu(6b)2]� , was obtained in 90% yield by
mixing 2 equiv of 6b and 1 equiv of [CuI(CH3CN)4]PF6 in
CH2Cl2 at RT (Scheme 11). The coordination of the ligands
was reflected by downfield shifts in the NMR signals of the
aromatic and methyl protons (��� 0.22 and 0.28 ppm,
respectively), and by the appearance of a metal-ligand
charge-transfer band at 392 nm in the UV/Vis spectrum.
Since this band usually appears at around 440 nm in CuI


Scheme 11. CuI complexes of 3,3�-disubstituted 2,2�-bipyridines.


complexes of 2,2�-bipyridines, shifting to shorter wavelengths
only when retrodonation is hampered,[47] its position in 18may
be taken to reflect the mutual torsion of the rings of each
bipyridine due to the steric influence of the substituents at
positions 3 and 3� when the cis conformation necessary for
chelation is adopted. This torsion was confirmed by x-ray
diffractometric determination of the structure of crystals of 18
obtained by slow diffusion into ether of a solution of 18 in
dichloromethane (Figure 1, Table 2), and this also showed the
expected distorted tetrahedral coordination polyhedron (with
Cu�N distances close to 2 ä) and that the two bipyridines are
not equivalent (in particular, N�C�C�N� 41� in one and 36�
in the other); see Table 3.


Figure 1. ORTEP representation of the cation [Cu(6b)2]� (18). Hydrogen
atoms are omitted for clarity.


Complex of CuI with 6c : In view of the above result, we
investigated whether placing a substituent bulkier than Me at
positions 3 and 3�, like 6c, might lead to a nontetrahedral
complex. The FAB and HRMS spectra of the yellow complex
obtained by the same method as for 18 showed peaks at 655
indicative of [Cu(6c)2]� . The NMR signals of the aromatic
and hydroxymethyl protons were shifted downfield by 0.21
and 0.05 ppm, respectively, from their positions in the free
ligand (7.68 and 4.36 ppm, respectively), but the fact that the
hydroxymethyl peak showed no spreading was interpreted as







FULL PAPER C. Saa¬ et al.


¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5208 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235208


possible evidence against [Cu(6c)2]� having the tetrahedral
structure, and the position of the metal-ligand UV/Vis band,
430 nm, indicated the absence of significant geometric
impediment to retrodonation.


X-ray analysis of colorless crystals obtained by slow
diffusion into MeOH/ether did not show the mononuclear
complex [Cu(6c)2](PF6) but the dinuclear complex
[Cu2(6c)2(CH3CN)2](PF6)2 (20),[48] in which each copper atom
is coordinated to an acetonitrile molecule and to one nitrogen
of each of the two bipyridines (Figure 2). The Cu�N distances
are still close to 2 ä, and the N(bipy)�Cu�N(acetonitrile) and
N(bipy)�Cu�N(bipy) angles, close to 120 and 112� respec-
tively (Table 4), indicate trigonal planar coordination geom-
etry with a slight distortion toward the trigonal pyramidal
form. The pyridine rings of each bipyridine ligand are almost
perpendicular to each other, and they lie at an angle of 111� in
one ligand and 109� in the other.We conclude that it is the fact
that the 3,3�-substituents are larger in 6c than in 6b that
prevents 6c from acting as a chelating ligand in 20. Figure 2. ORTEP representation of the dinuclear complex 20.


Table 2. Crystal and structure refinement data for complexes 18 and 20.


[Cu(6b)2](PF6) (18) [Cu2(6c)2(CH3CN)2](PF6)2 (20)


empirical formula C 36 H 40 Cu F 6 N 4 P C 40 H 46 Cu 2 F 12 N 6 O 4 P 2
formula weight 737.23 1091.85
T 298(2) K 298(2) K
� 0.71073 ä 0.71073 ä
crystal system orthorhombic monoclinic
space group Fdd2 P2(1)/c
unit cell dimensions a� 29.333(17) ä, �� 90� a� 21.543(5) ä, �� 90�


b� 30.758(17) ä, �� 90� b� 13.138(2) ä, �� 111.82 (14)�
c� 15.224(9) ä, �� 90� c� 16.866(3) ä, �� 90�


V 13736.1(14) ä3 4431.4(15) ä3


Z 16 4
�calcd 1.426 mgm�3 1.637 mgm�3


absorption coefficient 0.747 mm�1 1.131 mm�1


F(000) 6112 2224
crystal size 0.40� 0.25� 0.20 mm3 0.30� 0.25� 0.10 mm3


� range for data collection 1.65 to 25.14� 1.02 to 25.04�
index ranges � 35� h� 35, �36� k� 31 � 25� h� 24, �15�k� 15


� 13� l� 18 � 13� l� 20
reflections collected 14282 18391
independent reflections 5492 [R(int)� 0.0596] 7807 [R(int)� 0.0545]
completeness to �� 25.14� 99.7% 99.6%
absorption correction empirical empirical
max. and min. transmission 0.865 and 0.754 0.895 and 0.728
refinement method full-matrix least-squares on F 2 full-matrix least-squares on F 2


data/restraints/parameters 5492/1/433 7807/0/674
goodness-of-fit on F 2 1.037 1.028
final R indices [I� 2	(I)] R1� 0.0597, wR2� 0.1339 R1� 0.0528, wR2� 0.1143
R indices (all data) R1� 0.1064, wR2� 0.1598 R1� 0.0981, wR2� 0.1352
absolute structure parameter 0.02(2) ±
largest diff. peak and hole 0.288 and �0.246 eä�3 0.530 and �0.561 eä�3


Table 3. Metal-to-ligand bond lengths [ä], bite angles, and N�C�C�N dihedral angles in the complex [Cu(6b)2]� (18).


Cu�N1 Cu�N2 Cu�N3 Cu�N4 N1CuN2 N3CuN4 N1C1C10N2 N3C19C28N4


2.032(5) 2.037(5) 2.021(5) 2.007(5) 82.8(2) 82.16(18) 41.5(7) 36.3(8)


Table 4. Selected bite angles and N�C�C�N dihedral angles in the complex [Cu2(6c)2(CH3CN)2]� (20).


N1Cu1N3 N1Cu1N1S N2Cu2N4 N2Cu2N2S N1C1C10N2 N3C19C28N4


112.46(14) 124.23(16) 111.35(13) 123.42(16) � 109.4(4) � 111.1(4)
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Conclusion


We have developed a one-step, regioselective synthesis of
annelated symmetric and asymmetric 3,3�-disubstituted 2,2�-
bipyridines by CoI-catalyzed [2�2�2] cycloadditions between
5-hexynenitrile and 1,3-diynes. This approach reverses the
usual strategy for bipyridine synthesis, with the biaryl bond
present prior to the construction of either of the two aryl rings.
In the symmetric case, the total regioselectivity of the first
cycloaddition is ensured electronically by the conjugation of
the triple bonds, and for aminomethylated diynes that of the
second set is ensured by the cobalt coordinating to the
aminomethyl rather than to the hexynenitrile nitrogen. In the
asymmetric case, the first cycloaddition takes place chemo-
selectively, which at least in the case of bis(trimethylsilyl)-
1,3,5-hexatriyne (viewed as a 1,3-diyne) is again due to
electronic effects. The CuI complex of 6b constitutes the first
reported complex of the form ML2 with L a symmetric 3,3�-
disubstituted 2,2�-bipyridine. The UV/Vis and NMR spectra
of this complex reflect the 3-substituent-induced mutual
torsion of the bipyridine rings in the cis conformation.
The bipyridine 6c forms the dinuclear complex
[Cu2(6c)2(CH3CN)2]2� in the solid state.


Experimental Section


General : All commercial chemicals (ABCR, Aldrich, Fluka, Strem
Chemicals) were of the best available grade and used without further
purification. Bis(trimethylsilyl)-1,3,5-hexatriyne 2k was prepared accord-
ing to published procedures.[40] Irradiation was performed with a Philips
PF808 300 W tungsten slide projector lamp placed approximately 5 cm
from the center of the flask and operated at 225 W. NMR spectra (1H, 13C,
DEPT, NOE, HMBC, and HMQC) were recorded either on Bruker DPX-
250, AMX-300, or WM-500 instruments, with residual solvent peak as
standard. Chemical shifts are reported in ppm on the � scale. Mass spectral
data were obtained on a Hewlett-Packard59970-GCMS operating at 70 eV
and on a VG-AUTOSPEC-M instrument with a FAB inlet system. UV/Vis
spectra were measured by using a Hewlett-PackardHP8452A, and the
results are given in � (nm).


The numbering scheme of the ligands is given in Scheme 1 and 8.


1,6-Dimethoxy-2,4-hexadiyne 2d :[25b] A solution of diol 2c (0.5 g,
4.54 mmol) in dry THF (4 mL) was slowly added to a suspension of NaH
(0.41 g, 13.6 mmol) in dry THF (5 mL). Then the mixture was heated to
reflux for 1 h. After cooling to RT, MeI (2.06 g, 14.5 mmol) was added, and
the mixture was heated again under reflux for another 4 h. Once the
mixture reached RT, H2O (50 mL) was added to the mixture, and then it
was extracted with ether (3� 25 mL). The organic layer was washed with
brine, dried over anhydrous Na2SO4, and concentrated. The crude material
was purified by column chromatography on silica by using hexane:EtOAc
8:2 as eluent, and this gave 0.395 g of 2d (63%) as a yellow oil. 1H NMR
(250 MHz, CDCl3, 25 �C): �� 4.17 (s, 4H), 3.99 (s, 6H); 13C NMR
(62.83 MHz, CDCl3, 25 �C): �� 75.1 (C), 70.2 (C), 59.9 (CH2), 57.6 (CH3).


1,6-Bis(triethylsilyloxy)-2,4-hexadiyne 2e : A solution of 2c (0.2 g,
1.8 mmol), TESCl (0.8 mL, 4.7 mmol), and imidazole (0.79 g, 11.6 mmol)
in dry DMF (4 mL) was stirred for 12 h at RT. Then H2O (20 mL) was
added to the mixture, and this was extracted with ether (2� 20 mL). The
organic layer was washed with water and brine (3� 20 mL), dried over
anhydrous Na2SO4, and concentrated. The resulting residue was purified by
column chromatography on silica by using hexane:EtOAc 9:1 as eluent
giving 0.52 g of 2e (84%) as a yellow oil: 1H NMR (250 MHz, CDCl3,
25 �C): �� 4.37 (s, 4H), 0.97 (t, 3J� 7.7 Hz, 18H), 0.64 (q, 3J� 7.7 Hz, 12H);
13C NMR (62.83 MHz, CDCl3, 25 �C): �� 76.4 (C), 69.1 (C), 51.7 (CH2), 6.6
(CH3), 4.4 (CH2).


Dimethyl 2,4-hexadiyndioate 2 f :[27b] A solution of methyl propionate (2 g,
23.8 mmol) in acetone (14 mL) was introduced into a two-necked flask
provided with a cold finger. Then, the Hay catalyst, prepared by stirring at
RT CuCl (0.235 g, 2.38 mmol) and TMEDA (tetramethylethylenediamine,
0.12 mL, 0.8 mmol) in acetone (5 mL) for 40 min, was added. After
bubbling O2 through the mixture for 2 h, the solvent was concentrated, and
the resulting residue was dissolved in ether (20 mL) and washed with HCl
(5%, 2� 25 mL). The organic layer was dried over anhydrous Na2SO4, and
concentrated giving crude 2 f (1.41 g, 71%) as a clear oil that rapidly
became dark. 1H NMR (250 MHz, CDCl3, 25 �C): �� 3.82 (s, 6H);
13C NMR (62.83 MHz, CDCl3, 25 �C): �� 152.1 (CO), 72.3 (C), 68.1 (C),
53.4 (CH3).


1,6-Di(ethylsulfanyl)-2,4-hexadiyne 2g


Preparation of ethyl 2-propynyl sulfide :[35] Propargyl bromide (29.72 g,
18 mL, 250 mmol) was added to a cooled solution (0 �C) of NaOH (11 g,
275 mmol) and ethanethiol (17.05 g, 275 mmol) in a mixture of MeOH:H2O
8:2 (100 mL), and the mixture was stirred for 30 min. Once it reached RT,
the stirring was continued for another 30 min. After addition of H20 to the
mixture (500 mL), this was extracted with ether (6� 100 mL). The organic
layer was dried over anhydrous Na2SO4, and the solvent was evaporated at
atmospheric pressure to give the propargylic sulfide as an unstable oil
(24.9 g, quantitative yield) that was used without further purification.


Oxidative homocoupling of ethyl 2-propynyl sulfide : Anhydrous Cu(OAc)2
(4.5 g, 25 mmol) was added to a solution of the above sulfide (0.5 g,
5 mmol) in pyridine (25 mL). After stirring at RT for 5 h, a saturated
solution of CuSO4 (50 mL) was added, and the resulting mixture was
extracted with ether (3� 10 mL). The organic layer was successively
washed with a saturated solution of CuSO4 (3� 10mL), H2O (2� 10 mL),
and brine (1� 10 mL). The organic layer was dried over anhydrous
Na2SO4, and the solvent was evaporated at reduced pressure. The crude
residue obtained was purified by column chromatography on silica by using
hexane:EtOAc 9.5:0.5 as eluent to give 2g (0.45 g, 91%) as an unstable oil.
1H NMR (250 MHz, CDCl3, 25 �C): �� 3.34 (s, 4H), 2.72 (q, 3J� 7.4 Hz,
4H), 1.29 (t, 3J� 7.4 Hz, 6H).


N,N,N,N-Tetramethyl-2,4-hexadiyn-1,6-diamine 2h :[36] A solution of N,N-
dimethyl-2-propyn-1-amine (1.29 mL, 12 mmol) in acetone (7 mL) was
introduced into a two-necked flask provided with a cold finger. Then, the
Hay catalyst prepared by stirring at RT CuCl (0.12 g, 1.2 mmol) and
TMEDA (0.06 mL, 0.04 mmol) in acetone (2 mL) for 40 min was added.
After bubbling O2 through the mixture for 2 h, the solvent was concen-
trated, and the resulting residue was dissolved in ether (10 mL) and washed
with HCl (5%, 2� 12 mL). The organic layer was dried over anhydrous
Na2SO4 and concentrated to give 2h (0.76 g, 77%) as yellow crystals.
1H NMR (250 MHz, CDCl3, 25 �C): �� 3.35 (s, 4H), 2.31 (s, 12H);
13C NMR (62.83 MHz, CDCl3, 25 �C): �� 73.5 (C), 69.6 (C), 48.3 (CH2),
44.1 (CH3).


1-(Triethylsilyloxy)-5-(trimethylsilyl)-2,4-pentadiyne 2j : A solution of al-
cohol 2 i[38b] (0.2 g, 1.3 mmol), TESCl (0.34 mL, 2 mmol), and imidazole
(0.92 g, 13.5 mmol) in dry DMF (3 mL) was stirred at RT for 12 h. Then,
H2O (25 mL) was added to the mixture, and this was extracted with ether
(2� 10 mL). The organic layer was washed with water and brine (3�
20 mL), dried over anhydrous Na2SO4, and concentrated. The resulting
residue was purified by column chromatography on silica by using
hexane:EtOAc 9.5:0.5 as eluent to give 0.22 g of 2j (60%) as a yellow
oil. 1H NMR (250 MHz, CDCl3, 25 �C): �� 4.36 (s, 2H), 0.97 (t, 3J� 7.7 Hz,
9H), 0.63 (q, 3J� 7.7 Hz, 6H), 0.19 (s, 9H); 13C NMR (62.83 MHz, CDCl3,
25 �C): �� 87.5 (C), 86.7 (C), 76.3 (C), 69.7 (C), 51.6 (CH2), 6.5 (CH3), 4.4
(CH2), 0.5 (CH3).


General procedure for the cobalt(�)-catalyzed [2�2�2] cycloaddition : A
solution of 2 (1 equiv), 1 (3 equiv), and [CpCo(CO)2] (30%) in toluene
(10 mL) was irradiated for 1 h under Ar in a round-bottomed flask
equipped with a reflux condenser. The reaction vessel was irradiated with a
PhilipsPF808 300 W tungsten slide projector lamp placed approximately
5 cm from the center of the flask and operated at 225 W. The volatile
components were removed under vacuum, and the residue was purified by
chromatography on silica gel.


Cocyclization of 1 with diyne 2a : Compound 5-hexynenitrile 1 (0.3 g,
1.5 mmol), diyne 2a (0.43 g, 4.6 mmol), and [CpCo(CO)2] (28.4 �L,
0.23 mmol, 15%) in toluene (100 mL) were cocyclized under the conditions
of the general procedure. Pyridine 3 (0.34 g, 77% yield) was obtained as
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white crystals (from hexane). m.p. 60 ± 61 �C; 1H NMR (300 MHz, CDCl3,
25 �C): �� 7.53 (s, 1H; ArH), 2.96 (t, 3J� 7.5 Hz, 2H; CH2), 2.88 (t, 3J�
7.5 Hz, 2H; CH2), 2.05 (quintet, 3J� 7.5 Hz, 2H; CH2), 0.35 (s, 9H; CH3),
0.23 (s, 9H; CH3); 13C NMR (75.44 MHz, CDCl3, 25 �C): �� 166.2 (C),
145.0 (C), 137.5 (CH), 136.1 (C), 134.3 (C), 106.0 (C), 95.7 (C), 34.2 (CH2),
30.7 (CH2), 22.8 (CH2), �0.5 (CH3), �1.5 (CH3); MS (70 eV, EI): m/z (%):
287 [M]� (22), 272 (100), 256 (6); HRMS (ESI): calcd for C16H25NSi2
287.15256; found: 287.15253.


Cocyclization of 1 with diyne 2b : Compound 5-hexynenitrile 1 (0.36 g,
3.84 mmol), diyne 2b (0.1 g, 1.28 mmol), and [CpCo(CO)2] (47 �L,
0.038 mmol, 30%) were cocyclized following the conditions of the general
procedure. Two products were isolated after column chromatography on
silica by using EtOAc:MeOH 9:1 as eluent: 2,2�-bipyridine 6b (104 mg,
30%, Rf� 0.57) and 2,3�-bipyridine 7b (59 mg, 17%, Rf� 0.42).


2,2�-Bipyridine 6b : colorless crystals (from ethyl acetate/hexane), m.p.
118 ± 120 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.36 (s, 2H; H(3),
H(3�)), 2.96 (t, 3J6,7� 7.5 Hz, 4H; H(6), H(6�)), 2.70 (t, 3J8,7� 7.5 Hz, 4H;
H(8), H(8�)), 2.14 ± 2.06 (m, 4H; H(7), H(7�)), 2.04 (s, 6H; H(9), H(9�));
13C NMR, DEPT, HMQC, HMBC (125.76 MHz, CDCl3, 25 �C): �� 162.5
(C(5)), 155.6 (C(1)), 136.1 (C(4)), 134.1 (CH, C(3)), 128.4 (C(2)), 36.3
(CH2, C(6)), 30.4 (CH2, C(8)), 23.3 (CH2, C(7)), 18.3 (CH3, C(9)); UV/Vis
(CH2Cl2): �max (
)� 232, 288 nm; MS (70 eV, EI): m/z (%): 264 [M]� (34),
249 (100); HRMS (ESI): calcd for C18H20N2 264.162649; found: 264.163216;
elemental analysis calcd (%) for C18H20N2: C 81.78, H 7.63, N 10.6; found: C
81.38, H 7.53, N 10.65.


2,3�-Bipyridine 7b : (EtOAc:MeOH 9:1); brown oil; 1H NMR (300 MHz,
CDCl3, 25 �C): �� 7.38 (s, 1H; ArH), 7.28 (s, 1H; ArH), 3.02 ± 2.87 (m, 8H;
4�CH2), 2.25 (s, 3H; CH3), 2.18 ± 2.04 (m, 4H; 2�CH2), 2.04 (s, 3H;
CH3); 13C NMR (62.83 MHz, CDCl3, 25 �C): �� 164.3 (C), 162.7 (C), 155.7
(C), 153.4 (C), 135.9 (C), 134.0 (CH), 133.9 (C), 133.1 (CH), 132.8 (C), 128.3
(C), 34.05 (CH2), 33.8 (CH2), 30.4 (CH2), 30.3 (CH2), 23.2 (2�CH2), 22
(CH3), 18.8 (CH3); MS (70 eV): m/z (%): 264 [M]� (25), 249 (100); MS
(70 eV, EI): m/z (%): 264 [M]� (25), 249 (100), 149 (17); 58 (37); HRMS
(ESI): calcd for C18H20N2 264.162649; found: 264.163770.


Cocyclization of 1 with diyne 2c : Compound 5-hexynenitrile 1 (0.25 g,
2.27 mmol), diyne 2c (0.1 g, 0.91 mmol), and [CpCo(CO)2] (33 �L,
0.27 mmol, 30%) in THF (15 mL) were cocyclized following the conditions
of the general procedure. Compound 2,2�-bipyridine 6c (24 mg, 9% yield)
was obtained as white crystals (from ethyl acetate/hexane), m.p. 198 ±
200 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.68 (s, 2H; ArH), 6.19
(br s, 2H; OH), 4.36 (s, 4H; 2�CH2), 3.03 (t, 3J� 7.44 Hz, 4H; 2�CH2),
3.00 (t, 3J� 7.44 Hz, 4H; 2�CH2), 2.18 (quintet, 3J� 7.44 Hz, 4H; 2�
CH2); 13C NMR (75.44 MHz, CDCl3, 25 �C): �� 163.3 (C), 155.4 (C),
137.6 (C), 136 (CH), 134.2 (C), 63.5 (CH2), 33.7 (CH2), 30.4 (CH2), 23.2
(CH2); MS (70 eV, EI): m/z (%): 296 [M]� (4), 278 (31), 249 (100), 150 (7);
HRMS (ESI): calcd for C18H20N2O2 296.152478; found: 296.153303;
elemental analysis calcd (%) for C18H20N2O2: C 72.95, H 6.80, N 9.45;
found: C 72.89, H 6.78, N 9.52.


Cocyclization of 1 with diyne 2d : Compound 5-hexynenitrile 1 (0.20 g,
2.17 mmol), diyne 2d (0.1 g, 0.072 mmol), and [CpCo(CO)2] (27 �L,
0.022 mmol, 30%) in toluene (10 mL) were cocyclized following the
conditions of the general procedure. Two products were isolated after
column chromatography on silica by using EtOAc:MeOH 9:1 as eluent:
2,2�-bipyridine 6d (107 mg, 46%, Rf� 0.56) and 2,3�-bipyridine 7d (39 mg,
17%, Rf� 0.37).


2,2�-Bipyridine 6d : colorless crystals (from ethyl acetate/hexane), m.p.
130 ± 132 �C; 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.71 (s, 2H; H(3),
H(3�)), 4.30 (s, 4H; H(9), H(9�)), 3.26 (s, 6H; H(10), H(10�)), 3.01 (t, 3J8,7�
7.5 Hz, 4H; H(8), H(8�)), 2.98 (t, 3J6,7� 7.5 Hz, 4H; H(6), H(6�)), 2.15
(quintet, 3J8,7 and 3J6,7� 7.5 Hz, 4H; H(7), H(7�)); 13C NMR, DEPT,
HMQC, HMBC (125.76 MHz, CDCl3, 25 �C): �� 164.0 (C(5)), 154.1
(C(1)), 136.6 (C(4)), 132.1 (CH, C(3)), 130.0 (C(2)), 71.1 (CH2, C(9)), 58.3
(CH3, C(10)), 34.0 (CH2, C(6)), 30.6 (CH2, C(8)), 23.3 (CH2, C(7)); MS
(70 eV, EI): m/z (%): 324 [M]� (1), 293 (43), 261 (41), 149 (100); HRMS
(ESI): calcd for C20H24N2O2 324.183778; found: 324.183531.


2,3�-Bipyridine 7d : brown oil; 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.66
(s, 1H; ArH), 7.35 (s, 1H; ArH), 4.28 (s, 2H; CH2), 4.15 (s, 2H; CH2), 3.26
(s, 3H; CH3), 3.23 (s, 3H; CH3), 3.09 ± 2.89 (m, 8H; 4�CH2), 2.21 ± 2.10 (m,
4H; 2�CH2); 13C NMR (62.83 MHz, CDCl3, 25 �C): �� 165.3 (C), 164.4
(C), 154.3 (C), 152.7 (C), 136.3 (C), 135.9 (C), 133.2 (CH), 132.2 (CH), 129.9


(2�C), 73.4 (CH2), 71.3 (CH2), 58.3 (2�CH3), 34.2 (CH2), 34.0 (CH2), 30.5
(2�CH2), 23.2 (CH2), 23.1 (CH2); MS (70 eV, EI): m/z (%): 324 [M]� , (14),
309 (41), 279 (69), 249 (100); HRMS (ESI): calcd for C20H24N2O2


324.183778; found: 324.183113.


Cocyclization of 1 with diyne 2e : Compound 5-hexynenitrile 1 (0.165 g,
1.77 mmol), diyne 2e (0.2 g, 0.059 mmol), and [CpCo(CO)2] (22 �L,
0.017 mmol, 30%) in toluene (10 mL) were cocyclized following the
conditions of the general procedure. Two products were isolated after
column chromatography on silica by using hexane:EtOAc 1:1 as eluent:
2,2�-bipyridine 6e (112 mg, 36%, Rf� 0.56) and 2,3�-bipyridine 7e (29 mg,
10%, Rf� 0.40).


2,2�-Bipyridine 6e : white crystals (from hexane), m.p. 40 ± 42 �C; 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.76 (s, 2H; H(3), H(3�)), 4.54 (s, 4H; H(9),
H(9�)), 2.95 (t, 3J6,7 and 3J8,7� 7.5 Hz, 8H; H(6), H(8), H(6�), H(8�)), 2.10
(quintet, 3J6,7 and 3J8,7� 7.5 Hz, 4H; H(7), H(7�)), 0.87 (t, 3J10,11� 7.8 Hz,
18H; H(11), H(11�)), 0.51 (q, 3J11,10� 7.8 Hz, 12H; H(10), H(10�));
13C NMR, DEPT, HMQC, HMBC (125.76 MHz, CDCl3, 25 �C): �� 163.0
(C(5)), 153.0 (C(1)), 136.3 (C(4)), 132.9 (C(2)), 131.2 (CH, C(3)), 61.4
(CH2, C(9)), 33.8 (CH2, C(6)), 30.7 (CH2, C(8)), 23.3 (CH2, C(7)), 6.5
(CH3, C(11)), 4.3 (CH2, C(10)); UV/Vis (CH2Cl2): �max (
)� 244, 290 nm;
MS (70 eV, EI): m/z (%): 524 [M]� (2), 392 (65), 261 (100); HRMS (ESI):
calcd for C30H48N2O2Si2 524.325436; found: 524.324987.


2,3�-Bipyridine 7e : brown oil; 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.68
(s, 1H; ArH), 7.36 (s, 1H; ArH), 4.80 ± 4.50 (m, 2H; CH2), 4.39 (s, 2H;
CH2), 3.07 ± 2.88 (m, 8H; 4�CH2), 2.17 ± 2.10 (m, 4H; 2�CH2), 0.90 (t,
3J� 7.8 Hz, 9H; 3�CH3), 0.76 (t, 3J� 7.8 Hz, 9H; 3�CH3), 0.54 (q, 3J�
Hz, 6H; 3�CH2), 0.37 (q, 3J� 7.8 Hz, 6H; 3�CH2); 13C NMR
(62.83 MHz, CDCl3, 25 �C): �� 164.5 (C), 163.4 (C), 155.2 (C), 154.3 (C),
136.0 (C), 135.5 (C), 133.6 (CH), 132.7 (C), 132.4 (C), 131.5 (CH), 65.3
(CH2), 62.0 (CH2), 34.0 (2�CH2), 30.7 (CH2), 30.4 (CH2), 23.4 (CH2), 23.3
(CH2), 6.7 (CH3), 6.6 (CH3), 4.3 (CH2), 4.2 (CH2); MS (70 eV, EI): m/z (%):
524 [M]� (13), 495 (21), 393 (61), 261 (100); HRMS (ESI): calcd for
C30H48N2O2Si2 524.325436; found: 524.326588.


Cocyclization of 1 with diyne 2 f : Compound 5-hexynenitrile 1 (0.17 g,
1.80 mmol), diyne 2 f (0.1 g, 0.06 mmol), and [CpCo(CO)2] (22 �L,
0.018 mmol, 30%) in toluene (10 mL) were cocyclized following the
conditions of the general procedure. Two products were isolated after
column chromatography on silica by using EtOAc:MeOH 9:1 as eluent:
2,2�-bipyridine 6 f (22 mg, 10%, Rf� 0.26) and 2,3�-bipyridine 7 f (16 mg,
7%, Rf� 0.13).


2,2�-Bipyridine 6 f : 1H NMR (250 MHz, CDCl3, 25 �C): �� 8.15 (s, 2H;
H(3), H(3�)), 3.67 (s, 6H; H(10), H(10�)), 3.00 (m, 8H; H(6), H(8), H(6�),
H(8�)), 2.10 (m, 4H; H(7), H(7�)).


2,3�-Bipyridine 7 f : 1H NMR (250 MHz, CDCl3, 25 �C): �� 8.14 (s, 1H;
ArH), 7.48 (s, 1H; ArH), 3.78 (s, 3H; CH3), 3.67 (s, 3H; CH3), 3.00 (m, 8H;
4�CH2), 2.10 (m, 4H; 2�CH2).


Cocyclization of 1 with diyne 2h : Compound 5-hexynenitrile 1 (0.17 g,
1.82 mmol), diyne 2h (0.1 g, 6.09 mmol), and [CpCo(CO)2] (22 �L,
0.018 mmol, 30%) in toluene (10 mL) were cocyclized under the conditions
of the general procedure. Purification by column chromatography on silica
by using EtOAc:triethylamine 9.9:0.1 as eluent (Rf� 0.11) gave 2,2�-
bipyridine 6h (104 mg, 49% yield) as white crystals (from hexane). m.p.
55 ± 57 �C; 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.70 (s, 2H; H(3), H(3�)),
3.17 (s, 4H; H(9), H(9�)), 2.96 (t, 3J6,7� 7.6 Hz, 4H; H(6), H(6�)), 2.93 (t,
3J8,7� 7.6 Hz, 4H; H(8), H(8�)), 2.15 (m, 4H; H(7), H(7�)), 2.08 (s, 6H;
H(10), H(10�)); 13C NMR, DEPT, HMQC, HMBC (125.76 MHz, CDCl3,
25 �C): �� 163.2 (C(5)), 155.3 (C(1)), 136.1 (C(4)), 132.9 (CH, C(3)), 130.6
(C(2)), 59.9 (CH2, C(9)), 45.6 (CH3, C(10)), 33.9 (CH2, C(6)), 30.5 (CH2,
C(8)), 23.3 (CH2, C(7)); MS (FAB, m-nitrobenzyl alcohol): m/z (%): 351
[M�1]� (100), 305 (34), 290 (13); elemental analysis calcd (%) for
C22H30N4: C 75.39, H 8.63, N 15.98; found: C 75.30, H 8.71, N 15.61.


Cocyclization of 1 with diyne 2j : Compound 5-hexynenitrile 1 (0.104 g,
1.12 mmol), diyne 2 j (0.1 g, 3.76 mmol), and [CpCo(CO)2] (14 �L,
0.11 mmol, 30%) in toluene (10 mL) were cocyclized under the conditions
of the general procedure. The crude residue was purified by chromatog-
raphy on silica by using hexane:EtOAc 8:2 as eluent and gave two bands
containing pyridine 14 (36 mg, 27%, Rf� 0.68) and a mixture of silylated
products, respectively. This mixture was dissolved in MeOH and stirred
with silica gel for 48 h. After filtration further column chromatography on
silica by using a gradient from hexane:EtOAc 8:2 to hexane:EtOAc 1:1 as
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eluent was performed and gave three products: 2,2�-bipyridine 15 j (3 mg,
2%), 2,2�-bipyridine 15j� (22 mg, 17%), and 2,3�-bipyridine 16j�� (22 mg,
15%).


Pyridine 14 : 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.66 (s, 1H; ArH), 4.84
(s, 2H; CH2), 2.97 (t, 3J� 7.6 Hz, 2H; CH2), 2.93 (t, 3J� 7.6 Hz, 2H; CH2),
2.10 (quintet, 3J� 7.6 Hz, 2H; CH2), 0.98 (t, 3J� 7.8 Hz, 9H; CH3), 0.66 (q,
3J� 7.8 Hz, 6H; CH2), 0.25 (s, 9H; CH3); 13C NMR (62.83 MHz, CDCl3,
25 �C): �� 164.4 (C), 137.5 (C), 137.3 (C), 130.1 (CH�C), 101.9 (C), 98.7
(C), 61.8 (CH2), 33.8 (CH2), 30.8 (CH2), 23.1 (CH2), 6.65 (CH3), 4.39 (CH3),
�0.31 (CH3).


2,2�-Bipyridine 15j : 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.77 (s, 2H;
ArH), 4.59 (s, 2H; CH2), 2.97 (m, 8H; 4�CH2), 2.17 ± 2.09 (m, 4H; 2�
CH2), 0.90 (t, 3J� 7.7 Hz, 9H; CH3), 0.56 (q, 3J� 7.7 Hz, 6H; CH2); �0.01
(s, 9H; 3�CH3); 13C NMR (62.83 MHz, CDCl3, 25 �C): �� 164.6 (C), 162.3
(C), 161.5 (C), 155.3 (C), 139.0 (CH), 136.2 (C), 134.8 (C), 132.8 (C), 131.0
(CH�C), 61.7 (CH2), 34.2 (CH2), 33.6 (CH2), 30.7 (CH2), 30.6 (CH2), 23.3
(CH2), 23.0 (CH2), 6.7 (CH3), 4.3 (CH2), 0.0 (CH3).


2,2�-Bipyridine 15j�: 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.87 (s, 1H;
ArH), 7.58 (s, 1H; ArH), 6.29 (br s, 1H; OH), 4.38 (s, 2H; H(10)), 3.00 (m,
8H; 4�CH2), 2.16 (m, 4H; 2�CH2), 0.05 (s, 9H; 3�CH3); 13C NMR
(62.83 MHz, CDCl3, 25 �C): �� 163.7 (C), 163.6 (C), 161.5 (C), 157.6 (C),
140.2 (CH), 138.8 (C), 135.7 (C), 134.7 (CH), 133.1 (C), 132.6 (C), 63.6
(CH2), 33.9 (CH2), 33.4 (CH2), 30.5 (CH2), 30.4 (CH2), 23.3 (CH2), 23.1
(CH2), 0.7 (CH3); MS (70 eV, EI): m/z (%): 338 [M]� (2), 323 [M�Me]�


(16), 265 [M�TMS]� (100).


2,3�-Bipyridine 16j��: brown oil; 1H NMR (250 MHz, CDCl3, 25 �C): ��
8.43 (s, 1H; ArH), 7.72 (s, 1H; ArH), 4.61 (s, 2H; H(10)), 3.09 ± 2.95 (m,
8H; 4�CH2), 2.16 (quintet, 3J7,8 and 3J8,9� 7.5 Hz, 4H; H(8), H(8�)), 0.90 (t,
3J10,11� 7.7 Hz, 9H; H(11)), 0.60 (q, 3J11,10� 7.7 Hz, 6H; H(10)); 13C NMR
(62.83 MHz, CDCl3, 25 �C): �� 165.2 (C), 164.6 (C), 153.2 (C), 147.5 (CH),
136.7 (C), 136.2 (C), 133.5 (C), 132.7 (CH), 132.5 (CH), 131.7 (C), 62.2
(CH2), 34.1 (CH2), 34.0 (CH2), 30.7 (CH2), 30.6 (CH2), 23.3 (2�CH2), 6.7
(CH3), 4.4 (CH2).


Cocyclization of 1 with diyne 2k : Compound 5-hexynenitrile 1 (0.136 g,
1.46 mmol), diyne 2k (0.1 g, 0.46 mmol), and [CpCo(CO)2] (17 �L,
0.137 mmol, 30%) in toluene (10 mL) were cocyclized under the conditions
of the general procedure for 2 h. Two products were isolated after column
chromatography on silica by using hexane:EtOAc 9:1 as eluent.


2,3�-Bipyridine 16k : Rf� 0.53 (hexane:EtOAc 1:1); brown oil; 1H NMR
(500 MHz, CDCl3, 25 �C): �� 7.69 (s, 1H; H(3)), 7.66 (s, 1H; H(11)), 3.00 ±
2.91 (m, 8H; H(6), H(8), H(14), H(16)), 2.14 ± 2.08 (m, 4H; H(7), H(15)),
�0.02 (s, 9H; H(20)), �0.08 (s, 9H; H(19)); 13C NMR, DEPT, HMQC,
HMBC (125.76 MHz, CDCl3, 25 �C): �� 165.3 (C(5)), 165.2 (C(13)), 160.4
(C(1)), 140.4 (C(9)) 140.2 (C(10)), 138.2 (CH, C(3)), 136.1 (C, C(4) or
C(12)), 134.9 (C, C(4) or C(12)), 132.4 (CH, C(11)), 130.5 (C, C(2)), 103.6
(C, C(17)), 97.8 (C, C(18)), 34.2 (CH2, C(6)), 34.0 (CH2, C(14)), 30.7 (CH2,
C(8)), 30.5 (CH2, C(16)), 23.1 (2�CH2, C(7), C(15)), 0.0 (CH3, C(20)),
�0.6 (CH3, C(19)); MS (70 eV, EI): m/z (%): 404 [M]� (97), 389 (61), 331
(100); HRMS (ESI): calcd for C24H32N2Si2 404.210406; found: 404.209736.


2,2�-Bipyridine 15k : Rf� 0.46 (hexane:EtOAc 1:1); 1H NMR (300 MHz,
CDCl3, 25 �C): �� 7.74 (s, 1H; H(3)), 7.61 (s, 1H; H(11)), 3.02 (t, 3J6,7 and
3J14,15� 7.5 Hz, 4H; H(6) and H(14)), 2.95 (t, 3J7,8 and 3J15,16� 7.5 Hz, 4H;
H(8) and H(16)), 2.20 ± 2.06 (m, 4H; H(7) and H(15)), 0.0 (s, 9H; H(20)),
�0.01 (s, 9H; H(19)); 13C NMR, DEPT, HMQC, HMBC (125.76 MHz,
CDCl3, 25 �C): �� 164.7 (C(5)), 164.1 (C(13)), 161.2 (C(9)), 160.9 (C(1)),
138.4 (CH, C(3)), 135.6 (C(4) or C(12)), 135.3 (CH, C(11)), 135.1 (C(4) or
C(12)), 130.9 (C(2)), 128.8 (C(10)), 120.9 (C(17)), 99.5 (C(18)), 34.2 (CH2,
C(6)), 34.1 (CH2, C(14)), 30.6 (CH2, C(8)), 30.3 (CH2, C(16)), 23.2 (CH2,
C(7)), 23.1 (CH2, C(23)), �0.1 (CH3, C(19) or C(20)),�0.6 (CH3, C(19) or
C(20)); MS (70 eV, EI): m/z (%): 404 [M]� (76), 389 (100); HRMS (ESI):
calcd for C24H32N2Si2 404.210406; found: 404.209740.


Pyridine 17


6,7-Dihydro-2-ethynyl-3-(trimethylsilyl)-5H-cyclopenta[b]pyridine 5 :
K2CO3 (66 mg, 0.5 mmol) was added to a solution of 3 (0.2 g. 0.7 mmol) in
MeOH (5 mL), and the mixture was stirred at RTovernight. After removal
of the solvent, the resulting residue was dissolved in CH2Cl2 (10 mL),
washed with NaOH (2%, 2� 10 mL), dried over anhydrous Na2SO4, and
concentrated. The crude material 5 was used in the next step without
further purification. 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.56 (s, 1H;
ArH), 3.19 (s, 1H;�CH), 2.98 (t, 3J� 7.6 Hz, 2H; CH2), 2.90 (t, 3J� 7.6 Hz,


2H; CH2), 2.07 (quintet, 3J� 7.6 Hz, 2H; CH2), 0.35 (s, 9H; CH3); 13C NMR
(62.83 MHz, CDCl3, 25 �C): �� 166.5 (C), 144.3 (C), 137.5 (CH), 136.6 (C),
134.5 (C), 85.0 (C), 78.4 (C), 34.1 (CH2), 30.7 (CH2), 22.7 (CH2), �0.5
(CH3), �1.5 (CH3).


Intermediate alcohol : A solution of BuLi in hexane (0.44 mL, 1.6�) was
slowly added to a solution of crude 5 in dry THF (2 mL) and was cooled at
�78 �C, which turned the solution dark red colored. The mixture was
stirred for 1 h and cannulated over a suspension of paraformaldehyde
(75 mg, 0.04 mmol) in dry THF (1 mL) at �78 �C. The resulting solution
was allowed to reach RT and stirred for 3 h. The reaction was quenched
with H2O (50 mL) and extracted with ether (3� 10 mL). The combined
organic layers were washed with brine (2� 10 mL), dried over anhydrous
Na2SO4, and concentrated. The crude alcohol obtained was used without
further purification.


Silyl ether 17: A solution of the crude alcohol, TESCl (0.175 mL,
1.04 mmol), and imidazole (0.475 g, 6.98 mmol) in dry DMF (2 mL) was
stirred at RT for 12 h. Then, H2O (20 mL) was added to the mixture, and
this was extracted with ether (2� 15 mL). The organic layer was washed
with water and brine (4� 15 mL), dried over anhydrous Na2SO4, and
concentrated. The resulting residue was purified by column chromatog-
raphy on silica by using a gradient from hexane to hexane:EtOAc 9:1 as
eluent and gave 0.202 g of 17 (80%, overall yield) as a clear oil: 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.56 (s, 1H; ArH), 4.55 (s, 2H; CH2) 2.98 (t,
3J� 7.7 Hz, 2H; CH2), 2.94 (t, 3J� 7.7 Hz, 2H; CH2), 2.08 (quintet, 3J�
7.7 Hz, 2H; CH2), 0.98 (t, 3J� 7.8 Hz, 9H; CH3), 0.65 (q, 3J� 7.7 Hz, 6H;
CH2), 0.37 (s, 9H; CH3); 13C NMR (62.83 MHz, CDCl3, 25 �C): �� 165.7
(C), 144.0 (C), 136.5 (CH), 134.8 (C), 133.2 (C), 87.8 (C), 84.9 (C), 50.8
(CH2), 33.2 (CH2), 29.7 (CH2), 21.8 (CH2), 5.6 (CH3), 3.4 (CH2), �2.3
(CH3).


Cocyclization of 1 with 17: Compound 5-hexynenitrile 1 (0.042 g,
0.4 mmol), 17 (0.1 g, 0.3 mmol), and [CpCo(CO)2] (11 �L, 0.09 mmol,
30%) in toluene (10 mL) were cocyclized under the conditions of the
general procedure for 3 h. The crude residue was purified by chromatog-
raphy on silica by using hexane:EtOAc 1:1 as eluent and gave 2,2�-
bipyridine 15 j (25 mg, 18%) and recovered alkynenitrile 1 (40%).


Complex 18, [Cu(6b)2](PF6): [Cu(CH3CN)4](PF6) (35 mg, 0.095 mmol)
was added to a stirred solution of 2,2�-bipyridine 6b (50 mg, 0.19 mmol)
in dry, degassed CH2Cl2 (4 mL), and the resulting yellow-orange solution
was kept at room temperature under Ar overnight. After removal of
solvent under reduced pressure, the solid residue was recrystallized from
CH2Cl2/MeOH to yield 62 mg of 18 (90%): orange powder, m.p.� 210 �C
(dec); 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.58 (s, 1H; H(3)), 3.00 (t,
3J6,7� 7.2 Hz, 2H; H(6)), 2.80 ± 2.49 (m, 2H; H(7)), 2.32 (s, 3H; H(9)), 2.04
(t, 3J8,7� 7.2 Hz, 2H; H(8)); 13C NMR (75.44 MHz, CDCl3, 25 �C): �� 163
(C), 152.4 (C), 138.4 (C), 135.5 (CH), 130.4 (C), 33.7 (CH2), 30.6 (CH2), 22.9
(CH2), 19.2 (CH3); UV/Vis (CH2Cl2): �max 
� 248, 304, 392 nm (sh); MS
(FAB, m-NBA): m/z (%): 591, [M�PF6]� (100); HRMS: calcd for
C36H40N4Cu ([M�PF6]�) 591.254897; found: 591.255543; elemental anal-
ysis calcd (%) for C36H40N4F6PCu: C 58.65, H 5.47, N 7.60; found: C 58.38,
H 5.56, N 7.59.


Complex 20, [Cu2(6c)2(CH3CN)2](PF6)2 : [Cu(CH3CN)4](PF6) (94 mg,
0.253 mmol) was added to a stirred solution of 2,2�-bipyridine 6c (150 mg,
0.506 mmol) in dry, degassed CH2Cl2 (5 mL), and the resulting yellowish
solution was kept at room temperature under Ar overnight. After removal
of the solvent under reduced pressure, the solid residue was recrystallized
from CH2Cl2 to yield 197 mg of complex 20 (90%): pale yellow powder,
m.p. 163 ± 165 �C; 1H NMR (250 MHz, CD3COCD3, 25 �C): �� 7.89 (s, 1H;
H(3)), 4.41 (s, 2H; H(9)), 2.94 (t, 3J6,7� 7.4 Hz, 2H; H(6)), 2.67 (br s, 2H;
H(8)), 2.40 (br s, 2H; H(7)); UV/Vis (CH2Cl2): �max 
� 230, 300, 430 nm
(b); UV/Vis (CH3COCH3): �max 
� 210, 328, 410 nm (sh); MS (FAB,
m-NBA): m/z (%): 655, [M�PF6]� (21), 341 (44), 281 (78), 221 (100);
HRMS calcd for C36H40N4O4Cu ([M�PF6]� 655.234555; found:
655.231694; HRMS x-ray sample; found: 655.233298 (cluster at 717
corresponding to Cu2(6c)2).


X-ray crystallography : Crystal data and details on the data collection and
refinement are summarized in Table 2. X-ray data for compounds 18 and 20
were collected by using a Bruker SMARTCCD area detector single-crystal
diffractometer with graphite monochromatized MoK� radiation (��
0.71073 ä) by the phi-omega scan method operating at room temperature.
A total of 1271 frames of intensity data were collected for each compound.
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Absorption corrections were applied by using the SADABS program.[49]


The structures were solved by direct methods by using the Bruker
SHELXTL-PC[50] software and refined by full-matrix least-squares meth-
ods on F 2. Hydrogen atoms were included in calculated positions and
refined in the riding mode by using SHELXTL default parameters. All
non-hydrogen atoms were refined with anisotropic displacement param-
eters. For 20, the F atoms of the PF6


� anions were refined in two different
positions as a result of the disorder.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-161160
([Cu(6b)2](PF6)) and CCDC-161161 ([Cu2(6c)2(CH3CN)2](PF6)2. Copies
of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (�44)1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Reversible Fixation of Carbon Dioxide at Nickel(0) Centers:
A Route for Large Organometallic Rings, Dimers, and Tetramers


Dirk Walther,* Christine Fugger, Heike Schreer, Rainer Kilian, and Helmar Gˆrls[a]


Dedicated to Professor Ernst Anders on the occasion of his 60th birthday


Abstract: The reaction between bis-
(cycloocta-1,5-diene)nickel(0), carbon
dioxide and benzaldehyde-N-furfuryl-
ideneimine (A) in 1,4-dioxane or THF
results in the formation of the 24-mem-
bered organometallic macrocycles of
the type [(A)Ni(-CH(R1)-N(R2)-
COO-)]6(solv)n (R1: phenyl, R2: furfur-
ylidene, solv: 1,4-dioxane in 1 a, THF in
1 b). According to the X-ray analyses, six
monomeric nickelacyclic units are con-
nected through six Ni-�2-OCO-Ni
bridges in these macrocycles. The cav-
ities of the metallomacrocycles (diame-


ter: 9.410(1) ä in 1 a, 9.250(1) ä in 1 b)
each contain one solvent molecule.
Reaction of 1 b with Me3P results in
the displacement of the peripheral li-
gands A by the phosphine to form the
24-membered organometallic macro-
cycle 1 c. Both 1 a and 1 b isomerize in
benzene to form the dimeric complex
[(A)Ni(-CH(R1)-N(R2)-COO-)]2(solv)n


(2). The X-ray crystal structure reveals
that 2 consists of the same monomeric
units as found in 1 a and 1 b. However
two Ni-�2-O-Ni bonds link the car-
boxylato groups. The solvent-dependent
isomerization of 1 b yielding 2 is a
reversible reaction. Furthermore, the
macrocycle 1 b partially eliminates car-
bon dioxide above 20 �C, followed by
elimination of half of the monodentately
coordinated Schiff base ligands to form
the planar tetrameric complex 6. This is
also a reversible process.


Keywords: carbon dioxide fixation ¥
macrocycles ¥ metallacycles ¥ nickel
¥ Schiff bases


Introduction


In most cases, the generation of metallamacrocycles by self-
assembly reactions is based on reactions between metal ions
and polydentate ligands and controlled by the information
stored in the reactants. In contrast to this rapidly growing area
of inorganic and coordination chemistry (for recent reviews
see [1 ± 6]), systematic investigations following the same
principles for designing large organometallic rings containing
transition metals which are intrinsic components of the
organometallic macrocycle, are still rare.[7±9] A recent example
for such a reaction is the synthesis of the interesting cyclic
ferrocene oligomer containing seven ferrocene units.[10] Large
™molecular squares∫ containing L2PtII fragments connected
by alkynediyl bridges can also be constructed.[11±13]


In this article we describe the synthesis, structure and
reactivity of the macrocyclic organometallic molecules 1 a, 1 b,
and 1 c via a complex synthetic approach. In the first step, we


employ low-valent Ni centers in a redox template reaction in
order to build up a new polydentate ligand from two simple
molecules (CO2/benzaldehyde-N-furfurylideneimine). In this
step, the necessary square-planar geometry of the oxidized
metal center NiII is generated for the subsequent step, that is
the supramolecular aggregation forming the 24-membered
organometallic rings 1 a (in 1,4-dioxane) and 1 b (in THF).
Noteworthy the thermodynamically stable and kinetically
inert carbon dioxide acts as the key building block in this
reaction. These organometallic macrocycles undergo a variety
of transformation reactions in which, surprisingly, the Ni�C
bonds remain intact whereas the Ni�N, Ni�P, and Ni�Obonds
can be easily broken. For example, 1 b isomerizes reversibly in
benzene to form the dimer 2 by re-organization of the Ni�O
bonds of the carbamato ligands. Another remarkable feature
is the fact, that both 1 a and 1 b act as reversible CO2 carriers
which undergo carbon dioxide/Schiff base elimination to yield
the tetrameric complex 6. In addition, the two Ni-�2-O-Ni-
bonds of the bridging Ni2O2 ring of 2 are cleaved by reaction
with Me3P or chelating ligands to form monomeric metalla-
cycles (3 ± 5). This highly flexible coordination behavior of the
carbamato ligand may possibly be of interest for bioinorganic
chemistry since carbamato groups are essential ligands in the
active site of some metal-dependent enzymes (e.g., rubisco,[14]


urease,[15] phosphatesterase,[16] biotin-depending enzymes[17]).
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Results and Discussion


Synthesis and solid state structure of the organometallic
macrocycles 1 a, 1 b, and 1 c : In order to obtain complex 1 a,
[Ni(cod)2] was mixed with an excess of the Schiff base
benzaldehyde-N-furfurylideneimine (ligand A, see Scheme 1)
(1:2.3) at ambient temperature in dioxane under argon and
the mixture was stirred to form a dark violet solution. The
argon was then substituted by dry gaseous carbon dioxide and
a color shift to brown was observed. Compound 1 a crystal-
lized from the reaction mixture in good yields (80%) as brown
crystals upon addition of pentane. In addition, 1 a could be
isolated in a more than 90% yield using [Ni0(cdt)] as the
starting product (cdt: cyclododeca-1.5.9-triene).
The nickel organic compound 1 a does not decompose at


room temperature in the solid state as long as it is stored
under argon or CO2. It is also surprisingly stable when
handled in air for a short time. The IR spectrum shows a
characteristic asymmetric CO valence frequency at 1582 cm�1


and a typical C�N vibration at 1633 cm�1.
The solid state structure of 1 a was determined by X-ray


crystallography of single crystals grown from dioxane. Fig-
ure 1a displays the general molecular structure of the inner
part of the complex. The same structure pattern was also
found for the complexes 1 b and 1 c (L: benzaldehyde-N-
furfurylideneimine for 1 a, and 1 b ; L: Me3P for 1 c). Figure 1b
shows the complete structure of 1 a. Furthermore, Figure 2
contains the monomolecular unit and lists relevant bond
lengths and bond angles in the legend.
The crystal structure shows the organometallic complex to


have a macrocyclic structure composed of six NiII centers, six
carbon dioxide molecules, and twelve Schiff base ligands A


Figure 1. a) The structure of the inner part of the metalla-macrocycles 1a ±
1c (R1: phenyl, R2: furfurylidene-; 1 a and 1b : L� benzaldehyde-N-
furfurylideneimine, 1 c : L�Me3P; encapsulated solvent molecules are
omitted for clarity). b) Molecular structure of the metallamacrocycle 1a.


(benzaldehyde-N-furfurylideneimine). Six of the ligands take
part in the formation of six oxidative coupled slightly
puckered five-membered NiOCNC chelate rings which also
contain CO2 molecules and the Schiff bases. Each Ni center
lies approximately in the plane formed by a square which is
bonded to the Schiff base nitrogen, two oxygen atoms of two
carboxylato groups and the carbon atom of the oxidative
coupling product between Schiff base and carbon dioxide. The
bond lengths lie within the range usually observed for
Ni�OCO and Ni�C bonds in metallacyclic complexes.[18, 19]


The Ni ¥ ¥ ¥Ni separations (5.080(1) ä) clearly show that there
is no bonding between the metals.
The six molecular units are connected by �2-OCO groups


and yield a 24-membered macrocycle. Its cavity has an
average diameter of 9.410(1) ä. One dioxane molecule which
does not interact with the nickel centers is encapsulated in the
inner part of the ring which is exclusively formed by the
inorganic components Ni and the CO2 unit (Figure 1). In
addition, three dioxane molecules surround the macrocycle in


Abstract in German: Die Reaktion zwischen Bis(cycloocta-
1,5-dien)nickel(0), Kohlendioxid und Benzaldehyd-N-furfury-
lidenimin (A) in THF oder Dioxan f¸hrt zu 24-gliedrigen
organometallischen Macrocyclen des Typs [(A)Ni(-CH(R1)-
N(R2)-COO-)]6(solv)n (R1: phenyl, R2: furfuryliden, solv:
Dioxan in 1a ; THF in 1b). Nach Ausweis der Rˆntgenstruk-
turanalysen sind in den Macrocyclen sechs monomere
nickelacyclische Einheiten (A)Ni(-CH(R1)-N(R2)-COO-)
durch sechs Ni-�2-OCO-Ni-Br¸cken verkn¸pft. Die Hohlr‰u-
me des Metallamacrocyclen (Durchmesser: 9.410(1) ä in 1a ;
9.250(1) ä in 1b) enthalten ein Lˆsungsmittel Molek¸l. Die
Reaktion von 1b mit Me3P f¸hrt unter Verdr‰ngung der
peripheren LigandenA zum 24-gliedrigem organometallischen
Macrocyclus 1c. Die Verbindungen 1a und 1b isomerisie-
ren in Benzol unter Bildung des dimeren Komplexes
[(A)Ni(-CH(R1)-N(R2)-COO-)]2(solv)n (2). Die Kristallstruk-
turanalyse zeigt, dass 2 aus den gleichen Monomeren wie 1b
besteht, allerdings verkn¸pft ¸ber Ni-�2-O�Ni Bindungen der
Carboxylatogruppen. Die lˆsungsmittelabh‰ngige Isomerisie-
rung 1b zu 2 ist eine reversible Reaktion. Die Verbindung 1b
eliminiert oberhalb 20 �C einen Teil des Kohlendioxids. Nach-
folgende partielle Eliminierung der einz‰hlig gebundenen
Schiffschen Base f¸hrt dann zum planaren tetrameren Kom-
plex 6. Das ist ebenfalls eine reversibler Prozess.
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Figure 2. Molecular structure of the asymmetric unit of complex 1a and
1b. Selected bond lengths [ä] and bond angles [�] for 1 a : Ni�N1 1.896(2),
Ni�O4 1.869(2), Ni�O3A 1.984(2), Ni�C18 1.935(2), N1�C5 1.500(3),
N1�C6 1.288(3), N2�C17 1.459(3), N2�C18 1.477(3), N2�C25 1.361(3),
C25�O3 1.272(3), C25�O4 1.292(3), N1-Ni-O3A 94.25(7), N1-Ni-O4
177.97(7), N1-Ni-C18 92.32(8), O3A-Ni-O4 87.53(6), O3A-Ni-C18
173.20(8), O4-Ni-C18 85.93(8), Ni-C18-N2 105.6(1), C18-N2-C25
116.9(2), N2-C25-O4 115.6(2), C25-O4-Ni 115.8(1), O4-C25-O3 124.0(2),
C5-N1-C6 118.1(2); 1a : Ni�Ni (neighboring) 5.080(1), Ni�Ni (diameter)
9.410(1); 1 b : Ni�Ni (neighboring) 5.007(1), Ni�Ni (diameter) 9.250(1);
symmetry transformations used to generated equivalent atoms (A): x� y, x,
�z� 2. Selected bond lengths [ä] and bond angles [�] for 1c (L�PMe3
instead of L�A): Ni�P1 2.176(2), Ni�O4 1.888(4), Ni�O3A 1.951(2),
Ni�C18 1.966(6), N2�C17 1.454(8), N2�C18 1.481(8), N2�C25 1.347(8),
C25�O3 1.274(7), C25�O4 1.291(7), P1-Ni-O3A 92.4(1), P1-Ni-O4
178.1(1), P1-Ni-C18 95.9(2), O3A-Ni-O4 86.0(2), O3A-Ni-C18 170.6(2),
O4-Ni-C18 85.6(2), Ni-C18-N2 104.7(4), C18-N2-C25 117.3(5), N2-C25-O4
116.8(5), C25-O4-Ni 115.0(4), O4-C25-O3 123.3(6); 1 c : Ni�Ni (neighbor-
ing) 4.962(1), Ni�Ni (diameter) 9.263(1); symmetry transformations used
to generated equivalent atoms (A): y�1, �x�y�1, �z�1.


the crystal and also do not interact with the organometallic
complex.
When the same reaction between [Ni(cod)2], benzalde-


hyde-N-furfurylideneimine, and CO2 was carried out in THF,
cyclic hexamer 1 b was formed. Depending on the reaction
conditions, compound 1 b crystallized with either four or six
molecules of THF which may be partly removed in vacuo. The
X-ray crystallography of single crystals grown from THF
shows that the product has essentially the same macrocyclic
structure as 1 a ; the diameter of the cavity of the one THF
molecule including macrocycle 1 b was found to be a bit
smaller (9.250(1) ä) than that in 1 a. In contrast to the dioxane
containing molecule 1 a, the THF encapsulated in the cyclo-
hexamer 1 b creates an asymmetric situation in the cavity of
the crystal. It was therefore not possible to determine the
exact position of this THF molecule in the cavity by crystal
structure analysis.
Both 1 a and 1 b show an interesting thermochromic effect.


The orange red color of 1 a and 1 b in the solid state at room
temperature turns to yellow green at �90 �C. This process is
reversible. According to the X-ray crystallography, there is no
significant difference in the structures of the 24-membered
organometallic ring at both temperatures. Therefore we
assume that this change of the color may depend on the
rotation of the solvent molecules in the inner part of the
cavities of 1 a, and 1 b which may be frozen at �90 �C.
The complexes (1 a and 1 b) are also poorly soluble in both


THFand dioxane. In benzene, a fast re-organization of 1 a and


1 b to form the dimer 2 takes place (see Scheme 1).
Furthermore, both complexes dissociate into monomers by
reaction with donor solvents and tend to eliminate CO2. NMR
measurements to determine the structure of both 1 a and 1 b in
THFor dioxane thus failed. However, the solid state 13C NMR
spectrum of 1 b could be recorded. If all signals of the
monomeric unit in 1 b (without signals for crystallizing THF)
would be different from each other, one would expect 21
13C NMR signals with only three of them occuring below ��
100. In the solid state 13C NMR spectrum of 1 b, 19 signals
appear confirming that only one isomer crystallizes. Apart
from the resonances of the olefinic and aromatic 13C signals
(between �� 105.9 and 151.7), three resonances appear at ��
54.57 (Ni�C), 42.23, and 39.71 (CH2 of the furfuryl groups).
As demonstrated by the X ray investigation, 1 b contains two
different types of THF (either in the cavity of the macrocycle
or in peripheral positions). Consequently, a double signal set
for the 13C atoms of THF at �� 72.12/28.81 and 66.49/24.72,
respectively, was observed in the solid state 13C NMR
spectrum.
When a THF suspension of 1 b was allowed to stand at


ambient temperature in the presence of Me3P, the complex
[(Me3P)Ni(-CH(R1)-N(R2)-COO-)]6(solv)n (1 c) was formed
over a period of 2 ± 4 d as indicated by the generation of a
yellow solution. Complex 1 c was isolated in about 40% yield.
An X-ray crystallographic study showed that 1 c also crystal-
lizes with four molecules of THF and contains a very similar
macrocyclic organometallic ring system as found for 1 b. The
only difference is that Me3P is bonded in peripheral positions
instead of the monodendately coordinated Schiff bases in 1 a
(Figure 1a). The diameter of the cavity which contains one
THF molecule was found to be 9.263(1) ä, similar to organo-
metallic macrocycle 1 b. Other selected bond lengths and
angles are listed in the legend of Figure 2.


Synthesis and solid-state structure of the dimer 2 : Whereas 1 b
is only slightly soluble in THF, it can be readily dissolved in
benzene to form an orange solution. Surprisingly, the orange
dimeric compound 2 crystallizes in good yields (70%) at room
temperature after a few hours from this solution (Scheme 1).
Compound 2 was also obtained in an excellent yield (89%) by
reaction of [Ni(cod)2] with ligand A and CO2 in benzene. The
compound cocrystallizes with two benzene molecules both of
which have no contact with the transition metal centers.
Scheme 1 shows the molecular composition of the dimer 2,


and Figure 3 displays the crystal structure of the compound.
Relevant bond lengths and angles are listed in the legend. The


Scheme 1. Reversibility of the isomerization reaction and constitution of
the dimer 2. R1: phenyl, R2: furfurylidene.
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Figure 3. Molecular structure of complex 2. Selected bond lengths [ä] and
bond angles [�]: Ni�O3 1.864(2), Ni�O3A 1.983(2), Ni�N1 1.890(2),
Ni�C13 1.924(2), N2�C13 1.474(3), N2�C14 1.452(3), N2�C25 1.363(3),
C25�O3 1.332(3), C25�O4 1.228(3), N1�C1 1.289(3), N1�C2 1.495(3), N1-
Ni-O3A 101.97(8), N1-Ni-O3 178.66(8), N1-Ni-C13 93.62(9), O3A-Ni-O3
78.25(8), O3A-Ni-C13 164.34(9), O3-Ni-C13 86.12(9), Ni-O3-NiA
101.74(8), Ni-C13-N2 105.1(2), C13-N2-C25 119.7(2), N2-C25-O3
111.7(2), C25-O3-Ni 116.8(2), C25-O3-NiA 140.9(2), O3-C25-O4
123.9(2), C1-N1-C2 119.2(2); Ni�Ni (neighboring) 2.985(1); symmetry
transformations used to generated equivalent atoms (A): �x�1, �y�2,
�z�1.


most interesting feature in this structure is that 2 consists of
the same monomeric units as found in 1 a ± 1 c. However, the
coordination mode of the carboxylato groups is different.
In complex 2, two monomeric units are linked by two Ni-O-


Ni bonds thus yielding a dinuclear complex which contains a
four-membered Ni2O2 ring. In contrast to this, Ni-�2-OCO-Ni
bridges are exclusively formed in compounds 1 a ± 1 c which
leads to macrocyclic hexameric structures. Consequently, the
Ni ¥ ¥ ¥Ni separation in 2 (2.985(1) ä) is much shorter than in
the cyclic hexamers 1 a ± 1 c. This difference in the coordina-
tion mode of the carbamato ligands also explains the shift in
the CO valence frequencies observed (for example from
1582 cm�1 in 1 b to 1663 cm�1 in 2).
Complex 2 was found to be stable in air for a short time. An


orange solution is obtained, when dissolving the complex in
THF, from which the cyclohexameric complex 1 b crystallizes
after several hours in a good yield. This solvent-dependent
reversible isomerization of 1 b to give 2 indicates, that there is
only a small energy difference between the two coordination
modes of the carbamato groups in 1 b, and 2, respectively.
Why the cyclic compound 1 b is formed in THF whereas the


formation of the dimer 2 is favored in benzene cannot be
easily understood. However, it seems likely that the first step
towards the formation of 1 a, 1 b, or 2 is the oxidative coupling
of CO2 with the Schiff base A at a low-valent Ni center
[Ni0(A)] to result in a monomeric species. This monomer may
then react in different solvent-dependent aggregation reac-
tions yielding either the cyclic hexamers 1 a (in THF), and 1 b
(in 1,4-dioxane), or the dimer 2 (in benzene).
Additional evidence for a monomeric unit as the key


intermediate for the formation of the isomers 1 b and 2 comes
from the following reaction: When the dimeric compound 2


was reacted with an excess of Me3P in THF, the Ni2O2 ring was
cleaved which resulted in the monomeric complex [(Me3P)-
(A)Ni(-CH(R1)-N(R2)-COO-)] (3) in which one Me3P ligand
stabilizes the monomeric unit (Scheme 2). Figure 4 shows the
molecular structure of 3 and contains a list of selected bond
lengths and angles.


Scheme 2. Formation of the monomer 3 and solvent-dependent aggrega-
tion reactions upon elimination of Me3P. R1: phenyl, R2: furfurylidene.


Figure 4. Molecular structure of complex 3. Selected bond lengths [ä] and
bond angles [�]: Ni�P 2.178(1), Ni�O1 1.886(4), Ni�N2 1.964(4), Ni�C2
1.953(5), O1�C1 1.317(7), O2�C1 1.238(7), N1�C1 1.369(7), N1�C2
1.476(6), N1�C9 1.454(7), N2�C14 1.483(7), N2�C15 1.296(7), P-Ni-N2
95.5(1), P-Ni-O1 176.4(1), P-Ni-C2 93.2(1), N2-Ni-O1 85.9(2), N2-Ni-C2
170.9(2), O1-Ni-C2 85.2(2), Ni-O1-C1 115.1(3), O1-C1-N1 113.3(5), O1-
C1-O2 124.1(5), O2-C1-N1 122.6(5), C1-N1-C2 118.6(4), N1-C2-Ni
103.7(3), C14-N2-C15 115.3(4).


Upon solvation in THF, the monomer 3 eliminated
trimethylphosphine when CO2 was bubbled through the
solution; this results in the formation of the cyclohexamer
1 b by aggregation of the monomeric unsaturated units. In
benzene, however, the dimer 2 is formed from monomer 3
when Me3P was eliminated in vacuo. Scheme 2 illustrates
these reactions.
A monomerization of 1 or 2 can also easily be achieved


when 1 or 2 are reacted with the chelating 2,2�-bipyridine
(bpy), or N,N,N�,N��,N��-pentamethyldiethylenetriamine
(ptmeda) ligands. Under these conditions, the monodentately
coordinated Schiff bases were displaced and the bridging
carboxylato groups were cleaved which resulted in the
monomeric metallacyclic products 4 and 5, respectively.
These monomeric complexes can also be prepared from
ligand A, CO2, Ni0 and bpy or ptmeda analogous to the
formation of other oxidative coupling products.[20±22] Scheme 3
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Scheme 3. Formation of complex 5. ptmeda: N,N,N�,N��,N��-pentamethyl-
diethylenetriamine, R1� phenyl, R2� furfurylidene.


illustrates the formation reactions and shows the constitution
for 5.
The solid state structure of compound 5 determinated by


X-ray crystallography demonstrates that ptmeda (a neutral
N-N-N ligand) only acts as a bidentate ligand (Figure 5). The
nickel(��) center is approximately square-planar and the
carbamato group is monodentately coordinated. Additional
bond lengths and angles are listed in the legend. Since these
values lie within the range expected for such compounds they
do not need further comments.


Figure 5. Molecular structure of complex 5. Selected bond lengths [ä] and
bond angles [�]: Ni�C1 1.941(3), Ni�O2 1.852(2), Ni�N2 1.966(2), Ni�N3
2.039(2), N1�C1 1.471(3), N1�C2 1.461(3), N1�C13 1.376(4), C13�O2
1.310(3), C13�O3 1.240(3), C1-Ni-O2 85.7(1), C1-Ni-N2 98.7(1), C1-Ni-N3
173.8(1), N2-Ni-N3 87.4(1), N2-Ni-O2 175.53(9), N3-Ni-O2 88.11(9), Ni-
O2-C13 116.7(2), O2-C13-O3 124.1(3), O2-C13-N1 113.1(2), O3-C13-N1
122.8(3), C13-N1-C1 117.3(2), N1-C1-Ni 104.4(2).


Reversible CO2 fixation and the structure of complex 6 : In
THF or benzene, complex 1 b undergoes an interesting partial
elimination reaction of both CO2 and Schiff base either in
vacuo or at temperatures above 20 �C. Under these conditions,
the organometallic tetramer 6 is formed which crystallizes
from the THF solution as deep red crystals. The IR spectra
show that the C�N band is shifted to higher values as
compared with 1 a/1 b (1648 cm�1) whereas the CO band is
unaffected (��CO� 1582 cm�1).
The X-ray diffraction analysis of single crystals of 6 yielded


a tetrameric structure in which all four Ni centers show an
approximately square-planar geometry (Figure 6). Relevant
bond lengths and angles are also listed in the legend.
Complex 6 is very symmetrical and consists of a central


dimeric unit and two peripheral monomeric units. Both
peripheral metal centers are surrounded by two Schiff base


Figure 6. Molecular structure of complex 6. Selected bond lengths [ä] and
bond angles [�]: Ni1�N1 1.908(6), Ni1�C14 1.899(7), Ni1�N2 1.917(6),
Ni1�O5A 1.957(5), Ni2�N2 1.879(5), Ni2�C26 1.924(7), Ni2�O4 1.861(4),
Ni2�O4A 1.996(5), N1�C1 1.477(10), N1�C2 1.219(9), N2�C14 1.392(9),
N2�C13 1.504(9), N2�C37 1.336(10), N3�C25 1.444(10), N3�C26 1.502(9),
N3�C37 1.336(10), O4�C37 1.331(9), O5�C37 1.242(8), N1-Ni1-C14
107.0(3), N1-Ni1-N2 149.8(3), N1-Ni1-O5A 99.3(2), C14-Ni1-N2 42.8(3),
C14-Ni1-O5A 152.4(3), N2-Ni1-O5A 110.7(2), C26-Ni2-O4 86.6(3), C26-
Ni2-O4A 163.0(2), C26-Ni2-N2 99.1(3), O4-Ni2-O4A 77.3(2), O4-Ni2-N2
171.7(2), O4A-Ni2-N2 97.5(2), Ni2-O4-Ni2A 102.7(2), C1-N1-C2 117.0(7),
Ni1-C14-N2 69.3(4), C14-N2-Ni1 67.9(4), Ni2-C26-N3 104.3(4), C26-N3-
C37 119.1(6), N3-C37-O4 113.5(6), N3-C37-O5 123.2(8), C37-O5-Ni1A
120.2(5), C37-O4-Ni2A 141.3(4), Ni1�Ni2 3.155(1) Ni2�Ni2A 3.013(1).
Symmetry transformations used to generated equivalent atoms (A): �x�1,
�y�1, �z.


ligands which have different coordination patterns (Figure 7).
One Schiff base acts as a monodentate ligand and coordinates
via the free electron pair on nitrogen as seen in 1 and 2. The
other Schiff base coordinates in an olefine-like coordination.
In addition, the nitrogen forms a Ni-N-Ni bridge to the
neighboring NiII atom of the inner unit. The bond lengths of
the C�N bonds of the side on coordinating Schiff bases
(1.392(9) ä) are those of single bonds.


Figure 7. Different coordination patterns of Schiff base ligand A in
complex 6. R1� phenyl, R2� furfurylidene.


The environment of both inner NiII centers is very similar to
that of the dimer 2 (Figure 2). The only remarkable difference
is that the nickel-azirane ring of the peripheric fragment acts
as an additional ligand in 6 instead of the monodentate Schiff
base in complex 2. As expected for this arrangement the Ni ¥ ¥ ¥
Ni separations (Ni1�Ni2 3.155(1) ä, Ni2�Ni2A 3.013(1) ä)
are significantly shorter than in the macrocycles 1 a ± 1 c.
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It is noteworthy that the conversion reaction 1 b to form 6 is
a reversible reaction:


2� complex 1b � 3� complex 6� 6CO2� 6 R1-CH�N-R2 (1)
(R1: phenyl, R2: furfurylidene)


Dissolving the isolated tetramer 6 in THF in the presence of
the Schiff baseA and an excess of carbon dioxide results again
in the formation of the hexameric compound 1 b which
crystallizes from the solution. In other words, the macrocyclic
complex 1 b acts as a reversible CO2 carrier eliminating
carbon dioxide/Schiff base A under mild conditions to form
the tetramer 6 which is able to uptake CO2 from a CO2


atmosphere when additional Schiff base A is present.
The formation of the tetrameric compound 6 may start by


CO2 elimination from the cyclic metalla-carbamate 1 b yield-
ing a nickel-azirane ring. The nitrogen atom of this ring acts as
bridging ligand connecting the nickel-azirane ring with a
cyclic nickel carbamate unit. Subsequent re-organization of
these fragments resulting in the elimination of Schiff base and
the formation of the tetramer 6 is a complex process which is
as yet not well understood. During the formation of 6 the
carbamato groups change their coordination mode from
bidentate bridging ligands to tridentate ligands connecting
three Ni centers.
The molecular structure of 6 may well provide deeper


insight into the formation processes of the complexes 1 and 2.
It is likely that the Schiff base ligands in the tetramer 6, having
two different coordination modes may have different func-
tions: Whereas the monodentately coordinated Schiff bases
could possibly tune the CO2 reactivity of the metal centers, the
side-on bonded Schiff bases may act as a substrate for CO2 as
part of a metalla-azirane ring.


Conclusion


The formation of the large organometallic rings 1 a and 1 b
from CO2, Ni0, and benzaldehyde-N-furfurylideneimine is a
remarkable reaction which demonstrates the potential of
organometallic basic reactions for self-assembling processes
of large organometallic rings. Complex 1 c, the product of the
reaction between 1 b and Me3P, contains the same 24-
membered ring as 1 a, and 1 b. The solvent-dependent isomer-
ization of the complex 1 b to form 2, and the CO2 elimination
from 1 a,1 b, or 2 coupled with the elimination of benzalde-
hyde-N-furfurylideneimine ligands to form complex 6, dem-
onstrate that the carbamato complexes are higly flexible
systems. These reactions are reversible. In addition, the X-ray
structure of 6 is of general importance, because it provides
deeper insight into the function of reversible CO2 carriers
based on Schiff bases R1-CH�N-R2 which reversibly uptake
CO2; that is provided that the Schiff bases are bonded to low-
valent nickel in an olefine-like fashion. Furthermore, it is
surprising that in all reactions studied here, the Ni�C bonds
remained intact whereas the Ni�P, Ni�N and Ni�O bonds can
be cleaved easily.
Moreover, the high flexibility of the coordination mode of


the carbamate groups, which act as monodentate ligands in 3,


4, and 5, as bidentate Ni-�2-OCO-Ni bridges in 1 a ± 1 c, as
bidentate Ni-�2-O-Ni bridging ligands in 2, and as tridentate
ligands connecting three Ni centers in 6, is remarkable with
respect to the function of such groups in enzymes containing
carbamato ligands.
In this context, it is noteworthy that the coordination mode


of the carboxylato groups in 1 a ± 1 c is essentially the same as
in the enzyme urease which contains a Ni2 unit.[15, 23]


Experimental Section


General methods : All reactions were carried out under an argon
atmosphere using a standard Schlenk technique. Solvents were dried using
standard methods. THF was distilled from sodium/benzophenone imme-
diately prior to use.


NMR spectra were obtained on a Bruker AC 200 MHz spectrometer and
all spectra were referenced to TMS or deuterated solvent as an internal
standard. The solid state NMR spectrum was obtained on a Bruker AMX
400 (100.6 MHz) spectrometer. FAB mass spectra were obtained on a
Finnigan MAT SSQ 710 equipment (2,4-dimethoxybenzylalcohol as
matrix). IR measurements were carried out on a Perkin Elmer System
2000 FT-IR.


Materials : Furfurylidene amine and benzaldehyde were distilled, kept, and
handled under argon; benzaldehyde-N-furfurylideneimine was prepared
from benzaldehyde and furfurylidenamine in toluene analogously to
literature procedures.[24, 25] Pure CO2 (4.8) from Linde AG are used without
additional purification.


Compound 1a : Benzaldehyde-N-furfurylideneimine (0.88 g, 4.76 mmol)
was added to a stirred solution of [Ni(cod)2] (0.655 g, 2.38 mmol) in dioxane
(25 mL) at room temperature. Subsequently the dark purple solution was
treated with CO2 at 20 �C for 2 h and the solution was stirred for additional
2 h. Pentane (25 mL) was added to the brown reaction mixture and cooled
down to �20 �C. After 24 h, 1a containing four dioxane molecules per
macrocycle was obtained as orange-brown crystals. Single crystals of 1a,
also containing four dioxane molecules were grown from a dioxane/diethyl
ether mixture (1:1). Yield: 1.0 g (80%) for [1a ¥ (1,4-dioxane)4]; elemental
analysis calcd (%) for C166H164N12Ni6O32 (3191.4): C 62.47, H 5.38, N 5.27, Ni
11.04; found C 62.48, H 5.08, N 5.14, Ni 10.96; IR (nujol): �� � 1582 (C�O),
1596 (C�C), 1633 (C�N) cm�1; GC: 3.88 equiv, C4H8O2/Ni6 unit.


Compound 1b : Benzaldehyde-N-furfurylideneimine (0.88 g, 4.76 mmol)
was added at room temperature to a stirred solution of [Ni(cod)2] (0.655 g,
2.38 mmol) in THF (25 mL). After formation of a dark purple solution CO2


was bubbled into the solution at �20 �C for 2 h yielding an orange-brown
solution. Then the reaction mixture was allowed to warm to room
temperature and stirred for 2 h at this temperature. Upon addition of
diethyl ether (25 mL) the mixture was cooled to �20 �C. Compound 1b,
which crystallized with four THF molecules, was obtained as orange-brown
crystals suitable for X-ray analysis. Yield: 0.65 g (58%) for [1 b ¥ (THF)4];
elemental analysis calcd (%) for C166H164N12Ni6O28 (3127.48): C 63.75, H
5.28, N 5.34, Ni 11.32; found C 64.08, H 5.09, N 5.19, Ni 11.25; 13C NMR
(solid state, 100.6 MHz, 298 K): �� 24.7, 28.8 (CH2, THF), 39.7, 42.2, (N-
CH2), 54.6 (Ni-C), 66.5, 72.1 (CH2, THF), 105.8, 111.4 (Cquart), 123.2, 127.1,
129.7, 131.5 (CH�CH), 140.3, 146.0 (Cquart), 150.5, 151.8 (�CH-O), 166.9
(C�N), 168.6 (C�O); IR (nujol): �� � 1582 (C�O), 1633 (C�N) cm�1;
MS(FAB): m/z : 473 [M/6]� ; GC: 4.3 equiv, THF/hexameric unit. The yield
of 1 b can be improved to 90% by using [Ni(cdt)] instead of [Ni(cod)2].


Compound 1 b (starting from 2): A solution of 2 (2.35 g, 2.49 mmol) in THF
(20 mL) was saturated with CO2. The reaction mixture was stirred for 2 h,
and to the resulting orange-brown solution diethyl ether (20 mL)was
added. [1 b ¥ (THF)4] was isolated at�20 �C as orange-brown single crystals
suitable for X-ray analysis. Yield: 2.95 g (75%).


Compound 1c : A suspension of [1b ¥ (THF)4] (1.84 g, 0.59 mmol) in THF
(40 mL) was saturated with CO2 at �40 �C. The reaction mixture was
stirred for 30 min. After adding trimethylphosphine (370 �L) at �30 �C
through a syringe the color of the mixture changed from orange-brown to
yellow. After 6 h a yellow solution was formed. Diethyl ether (40 mL) was
added, and 1 c was isolated at �20 �C after 2 ± 4 d as a light yellow
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crystalline substance, crystallizing with four molecules of THF. Single
crystals also containing four molecules THF/hexameric unit were grown
from THF. Yield: 583 mg (40%) for [1c ¥ (THF)4]; elemental analysis calcd
(%) for C112H152N6Ni6O22P6 (2472.59): C 54.41, H 6.20, N 3.40, P 7.52, Ni
14.25; found C 54.70, H 6.17, N 3.21, P 7.44, Ni 14.23; IR (nujol): �� � 1568
(C�O), 1592 (C�C) cm�1, MS(FAB): m/z : 364 [M/6]� ; GC: tR� 3.5 min,
THF/Ni6 unit.


Compound 2 : Benzaldehyde-N-furfurylideneimine (1.65 g, 8.90 mmol) was
added under stirring at room temperature to a benzene solution (25 mL) of
[Ni(cod)2] (1.22 g, 4.45 mmol). The mixture was treated with CO2 at 20 �C,
and orange-brown crystals of 2 containing two benzene/dimeric unit were
separated from the orange solution after stirring for 2 h. Single crystals of
the same composition suited for X-ray crystallograpy were obtained by
slow crystallization from dilute benzene solution. Yield: 1.87 g (89%) for
[2 ¥ (benzene)2]; elemental analysis calcd (%) for C62H56N4Ni2O8 (1102.52):
C 67.54, H 5.12, N 5.08, Ni 10.65; found C 67.04, H 5.26, N 5.16, Ni 10.44; IR
(nujol): �� � 1579, 1596 (C�C), 1633 (C�N), 1663 (C�O) cm�1; MS(FAB):
m/z : 473 [M/2]� ; GC: tR� 0.9 min, C6H6/Ni unit.


Compound 3 : A suspension of 2 (1.26 g 1.33 mmol) in THF (20 mL) was
saturated with CO2. The reaction mixture was stirred for 30 min. After
adding trimethylphosphine (300 �L) at �30 �C through a syringe the color
of the mixture changed from the orange-brown of the suspension to a
yellow solution. After adding of diethyl ether (20 mL) 3 was isolated at
�20 �C after 2 ± 4 d as light yellow solvent free crystals. Single crystals of 3
containing two molecules of THF were grown from dilute THF solutions
containing a small amount of diethyl ether. Yield: 322 mg (22%);
elemental analysis calcd (%) for C28H31N2NiO4P (549.25): C 61.23, H
5.69, N 5.10, P 5.64, Ni 10.69; found C 61.00, H 5.72, N 4.92, P 5.50, Ni 10.77;
IR (nujol): �� � 1582 (C�O), 1598 (C�C), 1616 (C�N) cm�1; 1H NMR
(298 K, 200 MHz, [D8]THF): �� 1.16 (s, 9H, CH3), 3.59 (s, 1H, CH-Ni),
4.73 (s, 4H, -CH2), 6.23 ± 7.76 (m, 16H, CHarom), 8.35 (s, 1H, �CH); 31P
NMR (298 K, 200 MHz, [D8]THF): ���9.34; MS(FAB): m/z : 549 [M]� ,
364 [M�C12H11NO]� .


Compound 4 : A suspension of the macrocycle 1 b (473 mg, 0.15 mmol) in
THF (20 mL) was treated with 2,2�-bipyridine (172 mg, 1.1 mmol) dissolved
in THF (10 mL) under stirring at room temperature. After 6 h the reaction
mixture was filtered, washed with diethyl ether and dried in vacuo to give
complex 4. Yield: 348 mg (87%); elemental analysis calcd (%) for
C23H19N3NiO3 (444.1): C 62.20, H 4.31, N 9.46, Ni 13.22; found C 61.84,
H 4.55, N 9.37, Ni 13.17; IR (Nujol): �� � 1603 (C�C), 1636 (C�O) cm�1;
MS(FAB): m/z : 445 [M�H]� , 401 [M�H�CO2]� .


Compound 5 : The complex was prepared analogously to 4 using ptmeda
instead of bpy. Compound 5 crystallized with THF (0.5 mol). Yield: 407 mg
(82%) for [5 ¥ (THF)0.5] ; elemental analysis calcd (%) for C24H38N4NiO3.5


(497.29): Ni 11.81; found Ni 11.77; IR (nujol): �� � 1578, 1590 (C�C), 1618
(C�O) cm�1. Single crystals of the solvent free complex 5 suitable for an
X-ray structural analysis were grown from dilute THF solutions at �20 �C.


Complex 6 : A mixture of 2 (2.35 g 2.49 mmol) and THF (25 mL) was stirred
for 2 h, followed by evaporation of 5 mL of the solvent in vacuo. The
reaction mixture was filtered over celite and diethyl ether (20 mL) was
added to the resulting red solution. Compound 6 was obtained from the
mixture at �20 �C as dark-red crystals suitable for X-ray analysis. Yield:
303 mg (34%) ; elemental analysis calcd (%) for C74H66N6Ni4O10 (1434.17):
C 61.98, H 4.64, N 5.86, Ni 16.37; found C 61.52, H 4.36, N 5.46, Ni 16.31; IR
(Nujol): �� � 1573 (C�C), 1583 (C�O), 1648 (C�N) cm�1.


X-ray crystallography : The intensity data for the compounds were collected
with a Nonius KappaCCD diffractometer, using graphite-monochromated
MoK� radiation. Data were corrected for Lorentz and polarization effects,
but not for absorption.[26, 27] The structures were solved by direct methods
(SHELXS)[28] and refined by full-matrix least squares techniques against F 2


o


(SHELXL-97).[29] For the compounds 1 a (not for the dioxane molecules on
the special positions) and 2 the hydrogen atoms were located by difference
Fourier synthesis and refined isotropically. The hydrogen atoms of the
other structures were included at calculated positions with fixed thermal
parameters. All non-hydrogen atoms were refined anisotropically.[30] Only
one of the four THF molecules of 1 c could be located and refined. The
other three THF molecules are disordered and daubed by the high
symmetry (located arounded special positions of P3≈). The disorder could
not be resolved. The presence of the THF molecules follows from the
C,H,N analysis, from GC investigations, from the maxima of difference-


Fourier-synthesis and the analogy to 1a and 1b. The R value could not be
enhanced. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used for
structure representations.


Crystal data for 1 a :[30] C150H132N12Ni6O24� 4C4H8O2; Mr� 3191.4 gmol�1;
orange-brown prism; size: 0.22� 0.20� 0.12 mm3, trigonalic; space group:
P3≈ ; a� b� 18.0359(4), c� 13.4557(4) ä; V� 3790.64(16) ä3; T��90 �C;
Z� 1; �calcd� 1.405 gcm�3 ; �(MoK�)� 8.11 cm�1; F(000)� 1672; 10705
reflections in h (�23/23), k (�19/19), l (�17/17); measured in the range
3.02���� 27.49� ; completeness �max� 99.7%; 5809 independent reflec-
tions; Rint� 0.038; 4262 reflections with Fo� 4�(Fo); 416 parameters; 0
restraints; R1obs� 0.048; wR2


obs� 0.086; R1all� 0.081; wR2
all� 0.096;


GOF� 1.005; largest difference peak and hole: 0.326/� 0.322 eä�3.


Crystal data for 1b :[30] C150H132N12Ni6O24� 4C4H8O; Mr� 3127.35 gmol�1;
orange prism; size: 0.32� 0.30� 0.28 mm3, hexagonal; space group P3≈c1;
a� b� 17.8840(2), c� 26.9207(4) ä; V� 7456.7(2) ä3; T��90 �C; Z� 2;
�calcd� 1.361 gcm�3 ; �(MoK�)� 8.18 cm�1; F(000)� 3192; 18509 reflections
in h (�16/19), k (�19/0), l (�29/29); measured in the range 3.03����
23.27� ; completeness �max� 95.6%; 3570 independent reflections; Rint�
0.055; 3341 reflections with Fo� 4�(Fo); 328 parameters; 0 restraints;
R1obs� 0.036, wR 2


obs� 0.100; R1all� 0.054; wR 2
all� 0.116; GOF� 1.030;


largest difference peak and hole: 0.286/� 0.559 eä�3.


Crystal data for 1c :[30] C96H120N6Ni6O18P6� 4C4H8O; Mr� 2472.59 gmol�1;
yellow brown prism; size 0.24� 0.10� 0.08 mm3, trigonalic; space group
P3≈ ; a� b� 27.2930(5), c� 13.7981(3) ä; V� 8901.3(3) ä3, T��90 �C;
Z� 3; �calcd� 1.303 gcm�3; �(MoK�)� 10.76 cm�1; F(000)� 3660; 23636
reflections in h (�35/35), k (�30/29), l (�17/17), measured in the range
2.72���� 27.47� ; completeness �max� 99.7%; 13563 independent reflec-
tions; Rint� 0.081; 8220 reflections with Fo� 4�(Fo); 677 parameters; 0
restraints; R1obs� 0.119; wR 2


obs� 0.186; R1all� 0.199; wR 2
all� 0.215;


GOF� 1.108; largest difference peak and hole: 1.505/� 0.805 eä�3.


Crystal data for 2 :[30] C50H44N4Ni2O8� 2C6H6; Mr� 1102.52 gmol�1; brown
prism; size: 0.35� 0.30� 0.10 mm3, triclinic; space group P1≈ ; a�
10.2749(2), b� 12.3478(4), c� 13.2530(4) ä; �� 96.444(1), �� 112.226(2),
	� 111.998(2)� ; V� 1378.59(7) ä3; T��90 �C; Z� 1; �calcd� 1.328 gcm�3 ;
�(MoK�)� 7.42 cm�1; F(000)� 576; 14703 reflections in h (�11/11), k
(�13/12), l (�14/13), measured in the range 2.14���� 23.27� ; complete-
ness �max� 98.7%, 3756 independent reflections; Rint� 0.034; 3620 reflec-
tions with Fo� 4�(Fo); 455 parameters; 0 restraints; R1obs� 0.032; wR 2


obs�
0.093; R1all� 0.046; wR 2


all� 0.145; GOF� 1.007; largest difference peak
and hole: 0.329/� 0.342 eä�3.


Crystal data for 3 :[30] C28H31N2 NiO4P� 2C4H8O; Mr� 693.44 gmol�1;
orange-brown prism; size: 0.32� 0.28� 0.22 mm3, triclinic; space group
P1≈ ; a� 8.8146(5), b� 10.7291(6), c� 19.726(1) ä; �� 101.737(3), ��
92.430(3), 	� 98.376(4)� ; V� 1802.0(1) ä3; T��90 �C; Z� 2; �calcd�
1.278 gcm�3; �(MoK�)� 6.28 cm�1; F(000)� 736; 15179 reflections in h
(�11/11), k (�13/13), l (�25/25), measured in the range 3.18���� 27.49� ;
completeness �max� 93%; 7708 independent reflections; Rint� 0.099; 6006
reflections with Fo� 4�(Fo); 390 parameters; 0 restraints; R1obs� 0.111;
wR 2


obs� 0.283; R1all� 0.132; wR 2
all� 0.300; GOF� 1.120; largest differ-


ence peak and hole: 2.096/� 1.144 eä�3.


Crystal data for 5 :[30] C22H34N4NiO3;Mr� 461.24 gmol�1; light yellow prism;
size: 0.28� 0.20� 0.18 mm3, monoclinic; space group P21/c ; a� 9.5129(5),
b� 15.7389(9), c� 15.2940(6) ä; �� 92.744(3)� ; V� 2287.2(2) ä3; T�
�90 �C; Z� 4; �calcd� 1.339 gcm�3 ; �(MoK�)� 8.78 cm�1; F(000)� 984;
9346 reflections in h (�12/12), k (�20/20), l (�19/19), measured in the
range 3.50���� 27.49� ; completeness �max� 99.6%; 5222 independent
reflections; Rint� 0.061; 3452 reflections with Fo� 4�(Fo); 271 parameters;
0 restraints; R1obs� 0.049; wR 2


obs� 0.099; R1all� 0.095; wR 2
all� 0.115;


GOF� 0.986; largest difference peak and hole: 0.352/� 0.478 eä�3.


Crystal data for 6 :[30] C74H66N6Ni4O10; Mr� 1434.17 gmol�1; black prism;
size: 0.14� 0.14� 0.07 mm3, monoclinic; space group P21/n ; a� 13.103(2),
b� 12.965(2), c� 19.825(4) ä; �� 104.17(2)� ; V� 3265.4(10) ä3; T�
�90 �C; Z� 2; �calcd� 1.459 gcm�3 ; �(MoK�)� 12.01 cm�1; F(000)� 1488;
7981 reflections in h (�14/14), k (�14/0), l (�22/22), measured in the range
3.19���� 23.37� ; completeness �max� 98.9%; 4603 independent reflec-
tions; Rint� 0.1022; 4603 reflections with Fo� 4�(Fo); 425 parameters; 0
restraints; R1obs� 0.073; wR 2


obs� 0.174; R1all� 0.118; wR 2
all� 0.213;


GOF� 0.973; largest difference peak and hole: 0.982/� 0.654 eä�3.







Fixation of CO2 5214±5221


Chem. Eur. J. 2001, 7, No. 23 ¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5221 $ 17.50+.50/0 5221


Acknowledgements


We are grateful to the Deutsche Forschungsgemeinschaft (Sonderfor-
schungsbereich 436), the Volkswagenstiftung, and the Fonds der Chem-
ischen Industrie for financial support. C.F. aknowledges the Konrad-
Adenauer-Stiftung for a sholarship.


[1] B. Dietrich, P. Viout, J.-M. Lehn, Macrocyclic Chemistry, VCH,
Weinheim, 1993.


[2] D. S. Lawrance, T. Jiang, M. Levett, Chem. Rev. 1995, 95, 2229 ± 2260.
[3] J.-M. Lehn, Supramolecular Chemistry : Concepts and Perspectives,


VCH, Weinheim, 1995.
[4] D. Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1242 ± 1286; Angew.


Chem. Int. Ed. Engl. 1996, 35, 1155 ± 1196, and references therein.
[5] From Simplicity to Complexity in Chemistry and Beyond (Eds.: A.


M¸ller, A. Dress, F. Vˆgtle), Vieweg, Brauschweig, 1996.
[6] Transition Metals in Supramolecular Chemistry, Perspectives in Supra-


molecular Chemistry, Vol. 5 (Ed.: J.-P. Sauvage), Wiley, 1999, and
references therein.


[7] H. Plenio, Angew. Chem. 1997, 109, 358 ± 360; Angew. Chem. Int. Ed.
Engl. 1997, 36, 348 ± 351.


[8] Review: I. Haiduc, F. T. Edelmann, Supramolecular Organometallic
Chemistry, Wiley-VCH, Weinheim, 1999.


[9] Review: B. J. Holliday, C. A. Mirkin, Angew. Chem. 2001, 113, 2022 ±
2043; Angew. Chem. Int. Ed. 2001, 40, 2076 ± 2097.


[10] B. Grossmann, J. Heinze, E. Herdtweck, F. H. Kˆhler, H. Nˆth, H.
Schwenk, M. Spiegler, W.Wachter, B.Weber,Angew. Chem. 1997, 109,
384 ± 385; Angew. Chem. Int. Ed. Engl. 1997, 36, 387 ± 389.


[11] J. Manna, J. A. Whiteford, P. J. Stang, D. C. Muddimann, R. D. Smith,
J. Am. Chem. Soc. 1996, 118, 1987 ± 1990.


[12] J. Manna, C. J. Kuehl, J. A. Whiteford, P. J. Stang, D. C. Muddimann,
S. A. Hofstadler, R. D. Smith, J. Am. Chem. Soc. 1997, 119, 11611 ±
11619.


[13] S. M. ALQuasi, K. J. Galat, M. Chai, D. G. Ray III, P. L. Rinaldi, C. A.
Tessier, W. J. Youngs, J. Am. Chem. Soc. 1998, 120, 12149 ±
12150.


[14] W. W. Cleland, T. J. Andrews, S. Gutteridge, F. C. Hartman, G. H.
Lorimer, Chem. Rev. 1998, 98, 549 ± 561, and references therein.


[15] a) E. Jabri, M. B. Carr, R. P. Hausinger, P. A. Karplus, Science 1995,
268, 998 ± 1004; b) P. A. Karplus, M. A. Pearson, R. P. Hausinger,Acc.
Chem. Res. 1997, 30, 330 ± 337.


[16] a) M. M. Benning, J. M. Kuo, F. M. Raushel, H. M. Holden, Biochem-
istry 1994, 33, 15001 ± 15004; b) J. L. Vanhooke, M. M. Benning, F. M.
Raushel, H. M. Holden, Biochemistry 1996, 35, 6020 ± 6025.


[17] a) S. Berger, A. Braune, W. Buckel, U. H‰rtel, M.-L. Lee, Angew.
Chem. 1996, 108, 2259 ± 2261; Angew. Chem. Int. Ed. Engl. 1996, 35,
2132 ± 2133; b) F. Lynen, J. Knappe, E. Lorch, G. J¸tting, E. Rin-
gelmann, J. P. Lachance, Biochem. Z. 1961, 335, 123 ± 167.


[18] D. Walther, E. Dinjus, J. Sieler, J. Kaiser, O. Lindquist, L. Anderson, J.
Organometal. Chem. 1982, 240, 289 ± 295.


[19] R. Kempe, J. Sieler, D. Walther, J. Reinhold, K. Rommel, Z. Anorg.
Allg. Chem. 1993, 619, 1105 ± 1110.


[20] D. Walther, E. Dinjus, Z. Chem. 1981, 21, 416 ± 417.
[21] D. Walther, Coord. Chem. Rev. 1987, 79, 135 ± 174.
[22] D. Walther, S. Ge˚ler, U. Ritter, A. Schmidt, K. Hamza, W. Imhof, H.


Gˆrls, J. Sieler, Chem. Ber. 1995, 128, 281 ± 287.
[23] M. A. Pearson, L. O. Michel, R. P. Hausinger, P. A. Karplus, Bio-


chemistry 1997, 36, 8164 ± 8172.
[24] D. Walther, C. Fugger, H. Gˆrls, J. Organometal. Chem. 2000, 597,


116 ± 124.
[25] J. Kliegman, R. K. Barnes, Tetrahedron 1970, 26, 2555 ± 2560.
[26] COLLECT, Data Collection Software; Nonius B. V., Netherlands,


1998.
[27] Z. Otwinowski, W. Minor ™Processing of X-Ray Diffraction Data


Collected in Oscillation Mode∫ in: Methods in Enzymology, Vol. 276,
Macromolecular Crystallography, Part A (Eds.: C. W. Carter, R. M.
Sweet), San Diego Academic Press, 1997, pp. 307 ± 326.


[28] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467 ± 473.
[29] G. M. Sheldrick, SHELXL-97 (Release 97-2), University of Gˆttin-


gen, Germany, 1997.
[30] Crystallographic data (excluding structure factors) for the structures


reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-140792 ± 140798. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@ccdc.cam.
ac.uk).


Received: July 4, 2001 [F3393]








Solid-State Transformations of Zinc 1,4-Benzenedicarboxylates Mediated
by Hydrogen-Bond-Forming Molecules


Mark Edgar, Robert Mitchell, Alexandra M. Z. Slawin,
Philip Lightfoot, and Paul A. Wright*[a]


Abstract: The zinc 1,4-benzenedicar-
boxylates [Zn3(bdc)3(H2O)3] ¥ 4DMF
(1; bdc� 1,4-benzenedicarboxylate),
[Zn(bdc)(H2O)] ¥DMF (2), and
[Zn(bdc)] ¥DMF (3) crystallise at room
temperature from mixtures of toluene/
dimethylformamide (DMF) under con-
centrated, dilute and dry condi-
tions, respectively. The structure of
phase 1 (monoclinic: P21/c, a�
13.065(1), b� 9.661(1), c� 18.456(1) ä,
�� 106.868(2)�) consists of layers con-
taining stacks of three zinc cations
linked by mono- and bidentate bdc
groups. Structure 1 converts to the
known phase 2 by an irreversible, re-
constructive phase transformation,
whereas 2 and 3 interconvert reversibly


upon the loss or addition of water.
Removal of all solvent molecules in-
cluded during crystallisation gives poor-
ly crystalline [Zn(bdc)] (4), which is
readily converted to highly crystalline
solids upon contact with hydrogen-
bond-forming molecules such as water,
DMF and small alcohols. The crystal
structures of the mono- and dihydrates
[Zn(bdc)(H2O)] (6) and [Zn(bdc)-
(H2O)2] (7) have been determined ab
initio from powder X-ray diffraction


data (compound 6, monoclinic: C2/c,
a� 17.979(1), b� 6.352(1), c�
7.257(1) ä, �� 91.477(1)� ; compound 7,
monoclinic: C2/c, a� 14.992(1), b�
5.0303(2), c� 12.098(1) ä, ��
103.82(1)�). The methanol adduct
[Zn3(bdc)3] ¥ 6CH3OH (5) is the same
as that prepared previously by direct
crystallisation. Comparison of these ad-
duct structures with those prepared
directly reveal that they are formed by
in situ recrystallisations. Subsequent re-
moval of included molecules gives amor-
phous [Zn(bdc)], which can be recrys-
tallised again when placed in contact
with hydrogen-bond-forming molecules.


Keywords: carboxylate ligands ¥ in-
clusion compounds ¥ organic ± inor-
ganic hybrid composites ¥ structure
elucidation ¥ zinc


Introduction


There is currently great interest in the synthesis of porous
organic ± inorganic hybrid frameworks, as the chemistry of
their internal surfaces differs markedly from that of inorganic
solids such as microporous aluminosilicates or aluminophos-
phates.[1] In principle, it is possible to imagine a wide range of
different organic groups being used to make up the pore walls.
These solids would be expected to display distinctive adsorp-
tion and separation behaviour. Organic ± inorganic hybrid
solids such as aluminium and other metal phosphonates, in
which the organic moieties (methyl and aryl groups) line the
internal surfaces, possess encouraging thermal stabilities in
the absence of oxygen, and retain their crystallinity and
porous structure upon loss of molecules included upon
crystallisation.[1] For metal ± organic frameworks,[2] in which


metal centres are linked by doubly or triply coordinating
bridging ligands (such as diamines[3] or di-[4] or tricarboxy-
lates[5]) the thermal stability is lower, and this aspect of their
properties requires particular attention.
Zinc carboxylates have been shown to crystallise with a


range of two- and three-dimensionally connected lattices.[4, 5]


Zinc benzenetricarboxylates[6] have been shown to form well
defined and structurally stable three-dimensional frame-
works. It has been shown that adsorption of H2O and NH3
was possible for the desolvated [Zn(bdc)] but significant
structural rearrangement took place for the cobalt and nickel
forms,[5c] indicating an inclusion process rather than adsorp-
tion.
Zinc benzenedicarboxylates[7] crystallise at room temper-


ature when bases such as amines are added to solutions that
contain zinc salts and benzenedicarboxylic acids. The solvent
mixes that have been employed include molecules that form
strong hydrogen bonds such as dimethylformamide (DMF),
methanol and thiourea.[8] For thiourea adducts the resulting
metal ± carboxylates may occur as clusters, chains or sheets,
depending on the isomer of the dicarboxylic acid used. Zinc
benzenedicarboxylates crystallise in the presence of DMFand
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methanol to form the two-dimensional lattice struc-
tures [Zn(bdc)(H2O)] ¥DMF[9] and [Zn3(bdc)3] ¥ 6CH3OH,[10]


respectively. The former is reported to give a solid that
adsorbs small molecules from the vapour phase, whereas the
latter is found to show reversible desorption and adsorption of
some of the included methanol molecules.
As part of a research program to investigate the sorption


behaviour of porous organic ± inorganic hybrids, we have
examined the structural changes associated with the loss and
subsequent uptake of small volatile molecules capable of
forming strong hydrogen bonds in zinc 1,4-benzenedicarbox-
ylate solids. The latter are found to be reactive solids, which
upon uptake of hydrogen-bond-forming molecules undergo
structural changes typical of inclusion compounds rather than
exhibiting the adsorption behaviour within fixed frameworks
that is observed for conventional molecular sieves.


Results and Discussion


Direct crystallisation of zinc 1,4-benzenedicarboxylate hybrid
materials : The procedure of Yaghi[9] was followed in an
attempt to prepare [Zn(bdc)(H2O)] ¥DMF (2) for subsequent
study. Direct crystallisation from toluene/DMF solution
was found to give [Zn3(bdc)3(H2O)3] ¥ 4DMF (1),
[Zn(bdc)(H2O)] ¥DMF (2) or [Zn(bdc)] ¥DMF (3) depending
on the reaction conditions. To determine the conditions under
which each solid might be formed directly, a flow experiment
was devised in which a nitrogen-gas stream, saturated in
triethylamine vapour, was permitted to bubble through or
over the surface of the Zn/bdc solution. The crystals that
formed after a few hours were determined to be compound 1
(Figures 1 and 2, top). A second crop of crystals was taken
from the filtrate after 14 days and single-crystal and powder
X-ray diffraction analyses indicated that they were compound
2 (Figures 3 and 2, bottom). Compound 3 was prepared from
mixtures of dry solvents. The behaviour of compounds 1 and 2
was examined by thermogravimetric analysis (TGA), X-ray
powder diffraction and solid-state NMR spectroscopy.
Compound 1 is a two-dimensional layered structure, with


three zinc atoms forming a ™stack∫ that is connected through a
framework of bidentate and monodentate benzenedicarbox-
ylates. The three-zinc-atom ™stack∫ contains an octahedral
zinc sandwiched between two tetrahedral zinc atoms (Znoct ±
Zntet� 3.252(2) ä), with the tetrahedrally coordinated zinc
atoms binding to a terminal water ligand. Crystallographically
distinct DMF molecules separate the [Zn(bdc)] layers and
these molecules display Owater ±ODMF distances of 2.614(7) ä
that are typical of H-bonds.


Solid-state transformations on loss of included solvents :
Compound 1 was found to transform to compound 2 with
loss of one DMF molecule per unit formula, upon standing in
air over a period of days to weeks depending on the crystal
quality and the storage conditions. The transformation can be
readily followed in the bulk of the sample by X-ray powder
diffraction (Figure 4, top) and in single crystals, by using
crossed polarisation under the optical microscope. A reaction
front can be seen to move rapidly through a crystal of 1 with


Figure 1. Structure of 1 from single-crystal data. Top: Viewed along the a
axis through the lamellae, showing that DMF molecules appears to fill
voids created by the framework. Bottom: Viewed along the b axis along the
lamella, showing DMF molecules forming a hydrogen-bonded layer
between the [Zn(bdc)] framework lamellae.


attendant loss of birefringence, indicating the transformation
is not topotactic (Figure 5). The rate of interconversion was
not accurately determined, but was observed to be related to
crystal quality, with poorly formed crystals converting within a
few hours and larger single crystals remaining stable for many
days. Once initiated, the conversion process occurs within
minutes. There is no evidence to support a drying-out process,
which would be evident by a change in the outer surface of
each crystallite. Comparison of the crystal structures (Fig-
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Figure 2. Top: Calculated (upper trace) and experimental X-ray powder
diffraction pattern of 1. Bottom: Calculated (upper trace) and experimen-
tal X-ray powder diffraction pattern of 2.


ures 1 and 3) confirms that the transformation is not topo-
tactic. The layered structures are quite different, for example,
in the precursor structure each ™layer∫ contains units of three
zinc polyhedra, whereas upon loss of DMF, the layers in
compound 2 possess units of two pentahedrally coordinated
zinc atoms (Znpent ± Znpent� 2.94 ä). The layers are interdigi-
tated with terminal water ligands from one layer protruding
into voids of the neighbouring layer; each DMF molecule is
arranged such that oxygen ± oxygen distances, typical of
hydrogen bonds, are present (Owater ±ODMF� 2.60 ä, O-H-
O� 172.4�).
Thermogravimetric analysis of the 2 indicates that solvent


molecules are lost in two discrete events: between 65 �C
�115 �C, 5.39 wt%, and 120 ± 220 �C, 21.48 wt%. The X-ray
diffraction patterns of samples, heated to 90 �C and 190 �C to
isolate the resulting solids, show that crystallinity is retained,
but reduced (Figure 4, middle). 13C {1H}CP-MAS NMR
spectroscopy (Figure 6) indicated that DMF is retained in
the intermediate solid (90 �C), but is absent from the sample
heated to 190 �C, and analysis of the mass losses is consistent
with water and DMF being lost in separate events.
As an aside, it has been shown that it is possible to form


compound 3 directly by crystallisation from solution by using
an almost identical experimental preparation as described
above, with the additional precaution to ensure that all


Figure 3. Structure of 2 from single-crystal data. Top: Viewed along the a
axis through the lamellae, showing that DMF molecules appears to fill
voids created by the framework. Bottom: Viewed along the b axis along the
lamellae, showing hydrogen-bonded DMF molecules forming an integral
part of the framework.


solvents are thoroughly dried prior to use (Figure 4c). Dry
solvents readily yield crystalline 3 (triclinic: a� 9.055(12), b�
8.921(16), c� 7.940(13) ä, �� 99.90(8)�, �� 100.91(6)�, ��
103.28(8)�) as determined by powder X-ray diffraction. These
crystals undergo a solid-state recrystallisation and convert to
compound 2 on exposure to air for several weeks as
determined by X-ray powder diffraction.


Recrystallisation of the solvent-free solid upon exposure to
hydrogen-bond-forming molecules–an examination of the
reversibility of these transformations : It was not possible to
determine the structure of the sample produced by the loss of
the solvent molecules included upon crystallisation, but it was
chosen as a starting point for adsorption studies. Although a
similar material, prepared by heating a sample of compound 2
that had been prepared directly from solution, was reported to
possess microporosity (270 m2g�1 with micropore volume of
0.11 cm3 mL�1 (0.094 cm3g�1)),[9] our material showed no
Type I adsorption of N2 at 77 K. This significant difference
between the physical properties of the two materials (they
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Figure 4. Top: Conversion of 1 (upper trace) to 2 (lower trace) on loss of
DMFat room temperature over a period of 31 hours monitored using X-ray
powder diffraction. The intermediate conversion (middle trace) was taken
after 24 hours. Middle: Desolvation of 2 monitored using in situ variable
temperature X-ray powder diffraction (lower trace 30 �C, middle trace
90 �C, upper trace 190 �C). The sample was loaded in an open ended 0.5 mm
external diameter quartz capillary and heated in a furnace in 1 hour steps of
20 �C from 30 �C to 210 �C. Bottom: Comparison of 3 directly crystallised
from solution (lower trace) with 3 formed by dehydration of 2 at 90 �C
(upper trace).


Figure 5. Optical microscopy (under crossed-polars) showing the temporal
evolution of freshly prepared 1 on conversion to 2 on loss of a single DMF
molecule.


Figure 6. 13C CP-MAS NMR spectra of compunds 1 ± 7 (™ssb×s∫ indicate
spinning side bands).


have identical cell parameters) might be attributed to the
microcrystalline nature of the starting material presented
here. Also, our own N2 adsorption measurements on large
single crystals of directly synthesised 2 heated in vacuum at
120 �C (and 140 �C) gave no evidence for a Type I isotherm.
Compound 2 can be described as an inclusion compound, with
water and DMF molecules providing critical hydrogen bonds
as well as acting as spacers. These results suggest that the
[Zn(bdc)] structure is strongly rearranged, readily losing
microporosity upon removal of solvent molecules.
Upon first exposing the [Zn(bdc)] (4 ; solvent-free) solid


(prepared from both single crystals and from polycrystalline
sample) to moist air and subsequently to DMF, it was possible
to fully restore solid compound 2, (in contrast to the reported
behaviour of this solid).[9] Exposure of the freshly desolvated 4
to a range of small molecules that exhibit strong hydrogen
bonding, resulted in a series of highly crystalline solids. The
samples prepared by exposure to methanol gave a powder
pattern essentially identical to that reported by Yaghi[10] for
directly synthesised [Zn3(bdc)3] ¥ 6CH3OH (5), with identical
cell parameters. Examination of the structure of 5 indicated
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that the layers contain units of three zinc polyhedra, with the
zinc units linked by dicarboxylate ligands. Methanol acts as an
interconnecting ligand between the zinc centres and also as an
individual terminal ligand. There is, therefore, considerable
structural rearrangement upon the transformation from
compound 2 via 4 to compound 5. Methanol is an integral
component of this structure and not a guest molecule within a
pore defined by a stable fixed framework.
The role of the included solvent in the framework structure


is demonstrated by allowing the solid to lose methanol and
take up water in moist air. This results in a solid-state
recrystallisation and the formation of a highly crystalline
monohydrate [Zn(bdc)(H2O)] (6). This material can be
dehydrated to form 4, which can then be treated with
methanol to form compound 5 ; this in turn can reform the
monohydrate on loss of methanol. This interconversion loop
between compounds 4, 5 and 6 has been repeated up to five
times without loss of crystallinity. The structure of this
monohydrate was solved from the powder X-ray diffraction
data (Figure 7, bottom) and was shown to consist of ™zig-zag∫
chains of zinc ± bdc units (Figure 7). All zinc centres exhibit
trigonal bipyramidal coordination; monodentate bdc units
and a bound water account for the trigonal arrangement, with
longer Zn�O bonds to C�O functional groups of neighbour-
ing chains binding the structure together (Zn�Obdc� 2.01,
Zn�Owater� 1.99, Zn�OC�O� 2.25 ä). There is hydrogen
bonding between the water molecule and the neighbouring
chains, and zinc ± oxygen bonds link one chain to two
neighbouring ones. The structural integrity is insufficient to
allow removal of the water without collapse of the framework.
The monohydrate solid is a rather compact and dense
structure without micropores. Dehydration of the monohy-
drate induced collapse of the ™zig-zag∫ chain structure to yield
amorphous 4, which displayed no microporosity.
Upon addition of water to the fully desolvated 4, or


addition of water to the monohydrate, a highly crystalline
dihydrate solid, [Zn(bdc)(H2O)2] (7), forms, the structure of
which was also determined from powder X-ray diffraction
data (Figure 8, bottom). The structure is shown to consist of
chains of distorted tetrahedral zinc centres linked through
monodentate bdc groups to produce a ™zig-zag∫ arrangement
(Figure 8). The remaining two coordination sites around each
zinc centre are occupied by water ligands that serve to provide
hydrogen bonds within arrays of stacked chains and across to
neighbouring chains. The distorted tetrahedra have typical
bond lengths of Zn�Obdc� 2.01 ä, Zn�Owater� 2.02 ä, with
the hydrogen bonds within each stack of chains and between
stacks of chains displaying O�O distances of 2.74 ä and
2.71 ä, respectively. The arrangement of the chains and the
coordination of the zinc in the dihydrate solid is such that a
three-dimensional network is not possible. If either the
monohydrate or dihydrate again comes into contact with
methanol, at room temperature, the methanol does not
displace the water molecules from the structure. This materi-
al, unlike the monohydrate, cannot be readily dehydrated
and reformed on contact with water for a second time
(Scheme 1).
Similar behaviour to that observed upon addition of


methanol is also seen if ethanol or 2-tert-butylphenol are


Figure 7. Structure of 6. Top: Viewed along the b axis, highlighting the
three-dimensional interconnected network. Middle: Viewed along the a
axis, highlighting the ™zig-zag∫ arrangement of the chains. Bottom: Final
Rietveld refinement for 6.


added to desolvated intermadiate 4. In each case recrystalli-
sation to a new phase is followed, upon standing in moist air,
by replacement of the alcohol by water to give the mono-
hydrate. 2-tert-Butylphenol is a comparatively large molecule
compared to any micropores available within the framework
and would be expected to be excluded if the framework
remained unchanged. However, it is the hydrogen-bonding
ability of the solvent that is key in the recrystallisation and
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Figure 8. Structure of 7. Top: Viewed along the b axis, highlighting the
™chain-like∫ nature. Middle: Viewed along the c axis, highlighting the ™zig-
zag∫ arangement of the chains. Bottom: Final Rietveld refinement for 7.


subsequent formation of the monohydrate, and not the
presence (or absence) of micropores.
Taken as a series, the increase in density of the zinc 1,4-


benzenedicarboxylates on going from as-prepared 1
(1.515 gcm�3), 2 (1.678 gcm�3), 3 (1.679 gcm�3), 4 (unknown),
5 (1.731 gcm�3), 6 (1.936 gcm�3) to 7 (1.930 gcm�3) is
illustrative of reconstructive changes of the structure, as
hydrogen-bonding molecules are first lost and then subse-
quently taken up, rather than of a fixed framework with
variable guest content.


Scheme 1. Reaction scheme summarising the chemistry of zinc benzene-
dicarboxylate.


A similar type of behaviour to that observed for these
Zn(bdc) compounds, that is, the loss of crystallinity upon
solvent removal followed by recrystallisation in the presence
of hydrogen-bond-forming molecules, has been observed by
Kepert et al. for a series of nickel 1,3,5-benzenetricarbox-
ylates in the presence of alcohols.[5c] They conclude on the
basis of NMR and IR spectroscopy, that the poorly crystalline
intermediate possessed a porous framework that readily re-
adsorbed alcohols.
Solid-state 13C NMR spectra of the series of zinc 1,4-


dicarboxylates studied in this work show the loss of DMF and
the changes in environment of the carboxylate units. In
particular, the spectra are consistent with compound 2
possesing only bidentate carboxylate units, whereas the
chemical shift of intermediate 4 is closer to that observed
for the dihydrate, in which the carboxylate unit is mono-
dentate.


Conclusion


These studies indicate that the zinc dicarboxylates which are
prepared by crystallisation at room temperature are highly
reactive. Removal and replacement of strongly hydrogen-
bonding molecules (DMF, methanol, ethanol, water) result in
solid-state, reconstructive transformations, which can be
considered as being mediated in situ by these ™solvent∫
molecules. Observation of one such transformation under the
optical microscope reveals a reaction front moving through a
single crystal, and leaves a polycrystalline ™pseudomorph∫.
Careful examination of the crystal structures of the reactant
and product show that there are no common structural
features, and there must be considerable structural rearrange-
ment.
The [Zn(bdc)] that is prepared by removal of all DMF and


water from the transformation product of compound 1 was
not found to adsorb N2. The difference between this solid and
that reported by Yaghi may lie in pore blockage resulting from
the polycrystalline nature of compound 2, formed from the
highly crystalline precursor 1. Also, directly-synthesised large
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(0.1 mm) single crystals of 2 did not give Type I adsorption
behaviour when fully desolvated. The fully desolvated zinc
1,4-benzenedicarboxylate (4) was found to be highly reactive,
and to take up DMF and water to reconstitute the original
crystal structure of 2. Furthermore, the desolvated solid
recrystallised when placed in contact with small alcohols and
water, giving highly crystalline solids, including compound 5,
which had previously only been prepared by direct crystal-
lisation.
Our experiments show that suitable solvents enable the


[Zn(bdc)] framework to connect in a variety of different
forms; however, the structural integrity of the frameworks
was not sufficient to enable removal of the solvent without
concurrent recrystallisation or collapse of the framework.
Subsequent inclusion of solvent molecules can be highly
selective, and should be considered in light of framework
formation rather than inclusion into a pre-existing framework.


Experimental Section


[Zn3(bdc)3(H2O)3] ¥ 4DMF (1): Triethylamine was allowed to come into
contact, through vapour diffusion, with a solution of zinc nitrate
(Zn(NO3)2 ¥ 6H2O, 0.95 g, 5.0 mmol), and benzene dicarboxylic acid
(0.41 g, 2.5 mmol) in a mixture of toluene (70 mL) and dimethylformamide
(35 mL). Solid crystalline material formed at the air ± solvent interface
within hours (typically 24 hours was required to provide sufficient yield),
which was filtered and washed with toluene. Solid-state 13C NMR
(125 MHz, 25 �C, adamantane): �� 13.6 and 18.5 (CH3)2NCHO), 144 and
146 (CH3)2NCHO), 113.2 ± 120.0 (bdc aromatic),153.8 ± 154.7 (bdc carbon-
yl).


[Zn(bdc)(H2O)] ¥DMF (2): Triethylamine was allowed to come into
contact, through vapour diffusion, with a solution of zinc nitrate
(Zn(NO3)2 ¥ 6H2O, 0.095 g, 0.5 mmol), and benzene dicarboxylic acid
(0.041 g, 0.25 mmol) in a mixture of toluene (70 mL) and dimethylforma-
mide (35 mL). Solid crystalline material formed at the air ± solvent
interface after five days; this was filtered and washed with toluene. Solid-
state 13C NMR (125 MHz, 25 �C, adamantane): �� 13.7 and 18.5
(CH3)2NCHO), 144.8 (CH3)2NCHO), 111.2 ± 120.0 (bdc aromatic), 154.8
(bdc carbonyl).


[Zn(bdc)]DMF (3): The synthesis of this
compound was identical to that of compound
1 with the added provision of using dry
solvents. Solid-state 13C NMR (125 MHz,
25 �C, adamantane): �� 11.6 and 20.6
(CH3)2NCHO), 148.9 (CH3)2NCHO),
110.5 ± 120.5 (bdc aromatic), 154.7 ± 158.8
(bdc carbonyl).


[Zn(bdc)] (4): Compound 4 was formed by
heating compound 2 for three hours at 190 �C.
Solid-state 13C NMR (125 MHz, 25 �C, ada-
mantane): �� 113.0 ± 117.1 (bdc aromatic),
159.5 (bdc carbonyl).


[Zn3(bdc)3] ¥ 6CH3OH (5): Compound 5 was
formed form compound 4 by steeping the
solid in methanol for three hours. This
material can also be formed directly by
crystallisation for solution at room temper-
ature.[10]


[Zn(bdc)(H2O)] (6): Compound 6 was
formed upon the loss of methanol (at room
temperature) from compound 5. Solid-state
13C NMR (125 MHz, 25 �C, adamantane): ��
113.3 ± 117.1 (bdc aromatic), 158.7 (bdc car-
bonyl); elemental analysis calcd (%) for
C8H6O5Zn (247.4): C 38.81, H 2.42; found: C


38.90 H 2.10; TGA: calcd weight loss� 18.00 amu; experimental weight
loss� 18.33 amu.
[Zn(bdc)(H2O)2] (7): Compound 7 was formed directly from compound 4
on addition of water, and from compound 6 on addition of water followed
by drying in air. Solid-state 13C NMR (125 MHz, 25 �C, adamantane): ��
112.53 ± 118.1 (bdc aromatic), 156.0 ± 159.4 (bdc carbonyl); elemental
analysis calcd (%) for C8H8O6Zn (265.4): C 36.18, H 3.02; found: C 36.26
H 2.70; TGA: calcd weight loss� 36.0 amu; experimental weight loss�
36.46 amu.


X-ray crystallography : The single-crystal X-ray diffraction intensities were
collected over a half hemi-sphere at 293 Kon a Bruker CCD diffractometer
employing graphite monochromated MoK� radiation (�� 0.71073 ä). The
structures were solved by using direct methods and refined by full-matrix
least-squares on F 2 using SHELXTL program. High-resolution powder
X-ray diffraction data were collected by using a STOE Stadi/p diffrac-
tometer in transmission mode, scanning 2� between 5� and 90�, with
monochromatic CuK�1 radiation (curved germanium (111)) with ��
1.54056 ä). Samples were mounted between two sheets of mylar foil.
Diffractograms were indexed by using the Visser and Louer algorithms
available within the STOE WINXPOW software. For ab initio structure
solution, pattern decomposition using the Lebail method[11] was carried out
over the range 5�� 2�� 60�, with the GSAS suite.[12] For both 6 and 7, Zn
positions were determined by Patterson methods by using SHELXS97.[13]


The remaining non-H atoms were located from difference Fourier maps
derived from Rietveld refinement of the full powder diffraction profile. All
non-H atoms were refined isotropically, with no restraints being required.
H atoms were not located. Further details are given in Tables 1 ± 6.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-171974,
CCDC-171975, CCDC-171952 and CCDC-171953. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44)1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).


Solid-state NMR spectroscopy : 13C {1H} CP-MAS NMR spectra were
recorded by using a Bruker MSL 500 MHz instrument with spinning speeds
of up to 9.5 kHz, dipolar-dephasing filters of between 100 �s and 500 �s
were employed at the beginning of the FID acquisition in order to assign
aromatic C and CH groups, and dicarboxylate and DMF carbonyl groups.
Processing was carried out with Bruker WINNMR software and spectra
were fit and analysed with WINMAS and WINFIT.


Optical microscopy : The transformation of single crystals of 1 was followed
under the optical microscope. Photographs were taken with a Kodak


Table 1. Single-crystal data for compounds 1, 2 and 5.[10]


1 2 5


crystal dimensions [mm] 0.11� 0.1� 0.01 0.12� 0.1� 0.01
crystal system monoclinic monoclinic triclinic
space group P21/c P21/n P1≈


a [ä] 13.065(1) 6.733(1) 9.726(4)
b [ä] 9.661(1) 15.516(1) 9.911(5)
c [ä] 18.456(1) 12.453(1) 10.450(5)
� [�] 99.72(4)
� [�] 106.87(1) 102.80(1) 111.11(4)
� [�] 108.42(4)
V [ä3] 2229.2(3) 1268.7(1) 844.9(7)
Z 2 4 2
�calcd [Mgm�3] 1.515 1.678 1.731
� [ä] 0.71073 0. 71073 0. 71073
� range [�] 1.63 ± 23.27 2.13 ± 23.25 2.20 ± 25.05
T [K] 293 (2) 293 (2) 293 (2)
measured reflections 12342 5472 3577
independent reflections 3204 (Rint� 0.0949) 1819 (Rint� 0.0538) 2998 (Rint� 0.0423)
refinement full-matrix least-squares on F 2


absorption correction/max/min Sadabs/1.00000/0.560220 Sadabs/1.00000/0.789698 Psi scan/0.786/0.670
data/restraints/parameters 3154/2/286 1773/3/181 2998/0/236
R (obs) 0.0441 0.0347 0.0642
Rw (obs) 0.0944 0.0667 0.1395
F 2 (goodness of fit) 0.873 1.035 1.024
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800 ASA colour film in a Centron DF-300 camera mounted on a Prior
optical microscope employing crossed-polars and filter. The freshly
prepared crystalline precursor material 1 displayed birefringence when
viewed under crossed polars; this allowed the transformation to compound
2 to be monitored.


Thermogravimetric analysis : The interconversion from 1 to 3 occurs
through the loss of DMF from the crystal lattice. Thermo-gravimetric
analysis (TGA) was performed between 30 �C and 600 �C under both
nitrogen and oxygen gas flow, with a TA Instrument thermal balance and
analysed by using TA Instrument Universal Analysis software.
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Table 2. Powder X-ray data for compounds 3, 6 and 7.


3[a] 6 7


crystal system triclinic monoclinic monoclinic
space group P1≈ C2/c C2/c
a [ä] 9.055(1) 17.979(1) 14.992(8)
b [ä] 8.921(2) 6.353(3) 5.030(2)
c [ä] 7.940(1) 7.257(3) 12.098(5)
� [�] 99.90(8)
� [�] 100.91(8) 91.47(4) 103.82(3)
� [�] 103.28(8)
V [ä3] 597.5 (27) 828.6 (9) 886.0 (9)
Z 2 2 2
�calcd [Mgm�3] 1.679 1.936 1.930
� [ä] 1.54056 1.54056 1.54056
2� range [�] 5 ± 60 5 ± 90 5 ± 90
T [K] 293 293 293
reflections used for solution ± 101 131
reflections used for refinement ± 353 397
total parameters ± 41 44
Rwp ± 0.1147 0.1146
�2 ± 27.21 12.88


[a] Indexed from powder diffraction data collected from directly crystal-
lised material.


Table 3. Fractional atomic coordinates for compound 6.


x y z Ui (�100)
Zn1 0.000000 0.6863(6) 0.250000 2.29(1)
O2 � 0.0982(5) 0.5659(17) 0.1599(14) 1.72(3)
O3 0.000000 1.0048(19) 0.250000 1.72(3)
O4 � 0.0476(4) 0.7067(15) 0.5343(11) 1.72(3)
C5 � 0.1126(7) 0.3875(23) 0.0668(23) 1.37(3)
C6 � 0.1839(8) 0.2942(33) 0.0329(18) 1.37(3)
C7 � 0.2410(1) 0.4592(21) 0.0904(20) 1.37(3)
C8 � 0.1892(9) 0.1080(28) � 0.0538(21) 1.37(3)


Table 4. Selected bond lengths [ä] and bond angles [�] for compound 6.


Zn1�O2 2.02(1) Zn1�O3 2.02(1) O2�Zn1 2.02(1)
O4�C5 1.34(1) O2�O4 2.17(1) O2�C5 1.34(1)
C6�C8 1.34(2) C5�C6 1.43(2) C6�C7 1.53(2)
C8�C7 1.34(3) C7�C8 1.34(2) C8�C6 1.34(2)
O2-Zn1-O2 135.5(6) O2-Zn1-O3 112.3(3) C5-C6-C8 119.9(2)
O2-Zn1-O4 88.2(4) O2-Zn1-O4 94.3(3) C6-C7-C8 110.9(1)
O3-Zn1-O4 86.7(3) O4-Zn1-O4 173.4(6) C5-C6-C7 105.9(2)
O4-O2-C5 129.7(2) O2-O4-C5 119.2(2) C7-C6-C8 133.6(2)
O2-C5-O4 108.0(1) O2-C5-C6 126.7(2) C6-C8-C7 115.3(2)
O4-C5-C6 124.6(2)


Table 5. Fractional atomic coordinates for compound 7.


x y z Ui (�100)
Zn1 0.500000 0.0643(7) 0.250000 4.18(2)
O2 0.5527(6) � 0.2134(16) 0.1620(8) 2.96(2)
O3 0.3944(7) 0.3271(17) 0.2121(8) 2.96(2)
C4 0.3094(11) 0.5809(28) 0.0464(14) 1.80(3)
O5 0.4378(7) 0.2617(16) 0.0496(8) 2.96(2)
C6 0.2407(13) 0.6237(28) 0.1063(11) 1.80(3)
C7 0.3241(10) 0.6778(30) � 0.0572(14) 1.80(3)
C8 0.3849(11) 0.3712(28) 0.1063(12) 1.80(3)


Table 6. Selected bond lengths [ä] and bond angles [�] for compound 7.


Zn1�O2 2.03(1) Zn1�O3 2.03(1) C6�C7 1.42(2)
Zn1�C8 2.64(1) O3�C8 1.27(1) C4�C6 1.41(2)
C4�C7 1.41(2) C4�C8 1.59(2) O5�C8 1.29(1)
O2-Zn1-O2 92.9(5) O2-Zn1-O3 135.3(3) O3-C8-C4 118.1(1)
O2-Zn1-C8 100.8(4) O3-Zn1-C8 98.7(5) C4-C8-O5 120.1(2)
Zn1-O3-C8 103.6(9) C6-C4-C7 133.8(2) C4-C7-C6 112.2(1)
C6-C4-C8 113.3(2) C7-C4-C8 112.9(2) O3-C8-O5 121.7(1)
C4-C6-C7 113.8(1)








A Novel Dinuclear Ruthenium Complex Bridged through a Substituted
Phenazine Ligand Formed by Ruthenium-Promoted Oxidative Assembly of
1,3-Diaminobenzene
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Abstract: The reaction of [Ru(acac)3]
(acac� acetylacetonate) with molten
1,3-diaminobenzene affords the crystal-
line monometallic compound [Ru(L1)-
(acac)2] (1: L1�N-(3�-aminophenyl)1,2-
(3-amino)benzoquinone diimine) along
with an unstable dimetallic compound
[Ru2(�-L2)(acac)4] (2 : L2�N-4,6-bis(3�-
aminophenyl)imino-3,5-diimino-hex-1-
ene). Compound 2 transforms to a stable
dimetallic compound [Ru2(�-L3)(acac)4]
(3 : L3� 2-amino-6(3�-aminophenyl)imi-
no-9-imino-phenazine) in boiling 2-meth-
oxyethanol. The above compounds are
formed by ruthenium-mediated oxida-
tive di- or trimerization of the diamine


with the formation of several new C�N
bonds. The products have been thor-
oughly characterized. FABmass spectra,
along with other physicochemical data,
were used for their formulations. The
compounds 1, 2, and 3 display intense
peaks due to their parent molecular ions
at m/z 512, 916, and 914, respectively.
Final characterization of complex 3 was
made by single-crystal X-ray structure
determination. The structure of 3 con-


firmed the formation of three new C�N
bonds and the bridging ligand L3 from
1,3-diaminobenzene. The conversion,
2� 3 is an oxidative ring-closure reac-
tion, which is associated with dehydro-
genation reactions. The monometallic
compound 1, showed a reversible metal-
based anodic response at 0.35 V. On the
other hand, both the compounds 2 and 3
showed a pair of well-resolved metal-
based anodic oxidations, for which the
separation between the two successive
anodic responses were high (�0.4 V). In
addition, all of them showed multiple
cathodic responses that were in the
range �1.0 to �2.0 V.


Keywords: C�H activation ¥ C±N
coupling ¥ diimines ¥ ruthenium ¥
structure elucidation


Introduction


Metal-promoted organic reactions belong to important class
of chemical transformations[1, 2] as these provide facile syn-
thetic routes for the synthesis of many novel molecules, which
are otherwise difficult, or in some cases even impossible, to
synthesise following conventional synthetic procedures. In
recent years we have noted[3, 4] a number of metal-promoted
C�N bond-forming processes including the oxidative dimeri-
zation of primary aromatic monoamines leading to the
synthesis of metal complexes of 1,2-diimines, which are
otherwise inaccessible. For example,N-aryl-1,2-diiminoarenes


were directly obtained[3] from the reaction of primary
aromatic monoamines with suitable metal substrates
(Scheme 1). It has also been shown[3d] that cis coordination
of primary aromatic monoamines to a redox-active metal
center and oxidative dehydrogenation are the two key steps
for the amine� 1,2-diimine transformation (Scheme 2).


Scheme 1. Metal-promoted oxidative ortho-dimerization of an aromatic
amine.


Scheme 2. Oxidative dimerization of a ruthenium complex that contains
two coordinated aromatic amines.
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The success in this area persuaded us to explore the
corresponding reactions of aromatic diamines, for which more
C�N bond-forming processes were anticipated. In this re-
spect, we have chosen 1,3-diaminobenzene as the reactant. It
was hoped that this reaction might lead to complexes of
higher nuclearity. It is noteworthy that two other isomers of
the above diamine (1,2- and 1,4-diaminobenzene) are known
to act as a bidentate chelate and monodentate bridging ligand,
respectively.[5, 6] However, the coordination of 1,3-diamino-
benzene is practically unknown.[7]


Herein we introduce an example of [Ru(acac)3]-mediated
oxidative di-, and trimerization reaction of 1,3-diaminoben-
zene leading to two major products (1 and 2, Scheme 3). The
pink compound 1 is monometallic, and the violet compound 2
is dimetallic. The product 2 is unstable, particularly in
solution, and is converted almost quantitatively to the blue
dimetallic compound 3 on boiling in an alcoholic solvent, for
example, 2-methoxyethanol. All the above compounds are
formed through several C�N bond-forming processes. These
metal-promoted transformations were unprecedented in the
literature.


Results and Discussion


The reaction : The synthetic reaction (Scheme 3) involved
heating a mixture of [Ru(acac)3] in molten 1,3-diaminoben-
zene (neat) for 30 min. The initial red solution gradually
changed color to pink, and finally it became blue-violet. The
crude product obtained from
the reaction was soluble in
common organic solvents. TLC
showed the presence of a pink
band followed by a violet band,
and chromatographic purifica-
tion yielded the pink 1, and then
violet compound 2, as the two
major products. A minor blue
fraction 3 was eluted using a
more polar eluent. Compound
2 was unstable in solution at
room temperature and, with
time, was slowly converted to
a mixture of products that con-


tained 3 as the major fraction. The 2� 3 transformation was
much faster in boiling 2-methoxyethanol. Working up the
mixture, followed by column chromatography over basic
alumina, yielded the blue crystalline compound 3. The overall
yields of the products were good. There were a few minor
fractions which could not be purified, and their identities
remain uncertain.


We wish to note that the above reactions only occur in the
presence of molecular oxygen, and do not proceed in an inert
atmosphere. Notably, this chemical transformation became
much faster, and there was a significant increase in the yields
of 1 and 2, on addition of few drops of triethylamine at the
initial stage of the reaction. The chemical transformations are
associated with the loss of protons and triethylamine there-
fore acts as a proton sink.


Formulation and spectroscopic characterization : All the
complexes gave satisfactory analyses (see Experimental
Section). The compounds were soluble in common organic
solvents and are diamagnetic. These showed �C�N stretch[8]


near 1600 cm�1, which characterizes the presence of a diimine
chromophore in these com-
pounds. The lowering of this
stretching frequency, relative to
that for the free imine, may be
attributed to the presence of
strong d(Ru) ±�*(L) back-bond-
ing[9] in the ground state of ruth-
enium(��) complexes. Here �*(L)
is the LUMO of the diimine
chromophore. The N�H stretch-
ing frequencies[10] appeared in the
range 3230 ± 3000 cm�1. In addi-
tion, all the complexes showed all
the characteristic stretches[11] of
coordinated acetylacetonate.


1H NMR data of the com-
pounds were obtained in CDCl3.


They showed complex spectral patterns in the aromatic region
(�� 6.30 to 7.25) due to extensive overlap of resonances.
However, other resonances were diagnostic and have been
used for the characterization of the compounds. The methyl
proton resonances of 1 ± 3 appeared in the range �� 1.70 ±
2.30 (Table 1). For compound 1 four methyl resonances were


Scheme 3. The synthetic reaction scheme.


Table 1. 1H NMR and UV-visible spectral data.


�[a]


Compound Me CH N�H NH2 �max [nm] (� [��1cm�1])[b]


1 1.74, 1.79, 5.04, 5.22 9.01 3.80 550(13870), 345[c], 273(21400)
1.81, 2.28


2 1.75, 1.79, 5.00, 5.15, 10.80, 11.53 3.66 562(24600), 350[c], 270(30000), 242[c]


1.88, 1.90, 5.27, 5.43
1.91, 1.94,
2.16, 2.29


3 1.75, 1.82, 5.01, 5.15, 12.56 3.73, 4.16 600(26450), 445[c], 265(44200)
1.89, 1.96, 5.20, 5.35
2.00, 2.02,
2.09, 2.29


[a] In CDCl3; SiMe4 used as internal standard; aromatic proton resonance occur in the region �� 6.30 to 7.25.
[b] In CH2Cl2. [c] Shoulder.
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observed, while eight such resonances were seen for both 2
and 3. The 1H NMR data thus confirmed the presence of two
or four acac ligands, in 1, or 2 and 3, respectively. The
methylene proton signals of the coordinated acac ligands
appeared as sharp singlets in the range �� 5.00 ± 5.45. The
complex 1 showed two broad resonances at �� 3.80 and 9.01
assignable to N�H(amine) and N�H(imine) resonances,
respectively.[12] Complex 2, on the other hand, displayed two
imine resonances at �� 11.53 and 10.80, which were associ-
ated with a broad resonance at �� 3.66 due to N�H(amine).
In contrast, complex 3 had only one resonance at �� 12.56
assignable to N�H(imine), and the N�H(amine) resonance
appeared at �� 3.73 and 4.16.


FAB mass spectra of the present complexes are available as
Supporting Information (Figure S1). Compounds 1 and 3
displayed peaks due to their parent molecular ions at m/z 512
and 914, respectively. The spectrum of compound 1 confirmed
that it was the monometallic [Ru(L1)(acac)2] (L1�N-(3�-
aminophenyl)1,2-(3-amino)benzoquinone diimine). Apart
from the molecular ion, two ions at m/z 413 and 313 due to
the stepwise elimination of two coordinated acetylacetonates
were observed. Interestingly and expectedly, four such peaks,
at intervals of approximately 100 mass units, were observed in
the case of dimetallic compound 3, which contains four
coordinated acac ligands. The FAB mass spectral pattern of
the intermediate 2 was quite similar to that observed for 3. An
intense peak due to molecular ion at m/z 916 was observed,
which was accompanied by four less intense peaks atm/z 816,
715, 615, and 516, which were due to stepwise dissociation of
four coordinated acac ligands. It is noteworthy that the
simulated isotopic patterns for the above formulations of
compounds corresponded very well to the observed spectral
pattern. Simulated spectra for the proposed molecular ions
are available as Supporting Information (Figure S2).


Characterization of the dimetallic compounds 2 and 3 were
made from their physicochemical data. However, the X-ray
crystal analysis of 3 confirmed its structure (vide infra). It was
possible to propose both the composition and structure of the
intermediate 2, from the identity of 3, and from the
comparison of physicochemical data of 2 and 3. From the
foregoing discussion it should be clear that while complex 1 is
a congener of the reported diimine complexes [Ru(acac)2-
(diim)] (diim�N-phenyl-(1,2-benzoquinone)diimine),[3a] ob-
tained from the reaction of [Ru(acac)3] and ArNH2, the
dimetallic complexes obtained here are formed by previously
unknown organic transformations.


Crystal structure of 3 ¥ 1.5C6H5CH3 : After repeated trials, we
obtained single crystals of 3, as 3 ¥ 1.5C6H5CH3, from a
toluene-hexane mixture, suitable for its X-ray structure
determination. A view of molecule 3 is shown in Figure 1.
The structure determination of 3, which was derived from
poor quality diffraction data, suffices to establish the con-
nectivity of the molecule. It would not be appropriate to use
these results in fine comparisons with similar entities. The
coordination sphere around each ruthenium involves RuN2O4


and is coordinated in a distorted octahedral geometry by the
four oxygen atoms of two acetylacetonate ligands and by the
two nitrogen atoms of the bridging substituted phenazine


Figure 1. View of the dimetallic complex 3.


ligand. We observe consistency among the shapes of the four
acac groups. The bridging ligand is formed by the oxidative
ortho-fusion of three 1,3-diaminobenzene residues. To achieve
this, three new C�N bonds, C(21)�N(4), C(23)�N(3), and
C(17)�N(2), were formed. This unusual transformation
resulted in the formation of a bridging ligand, which would
otherwise be unachievable. It is relevant to add that the
common bridging ligands of N-donor atoms are usually
derived from the pyridine bases.[13] There are also examples
of bridging ligands that are made of imidazole basic units.[14]


The structural data reveals that the bridging ligand, thus
formed, is a conjugated planar system. The five-membered
chelate rings in this compound have the expected bite angles
(N(2)�Ru(1)�N(3), 79.5(6)� ; N(4)�Ru(2)�N(6), 78.9(6)�),
and the bite angles of the six-membered acac-containing
chelate rings also have the expected values of near 90�.


The intermediate 2 underwent chemical transformation in
solution and X-ray quality crystals could therefore not be
obtained. However, the formulation of intermediate 2 could
be made by comparing its physicochemical data with those of
3, whose formulation had been authenticated (vide supra)
through structure determination. The violet intermediate 2,
on heating in high-boiling alcoholic solvents in the presence of
air, produced 3 quantitatively. The molecular weight of the
compound 2 was 916, which is two mass units higher than that
of the final blue product 3. The 1H NMR spectrum of 2
showed two N�H signals, while that of 3 showed only one
signal (vide supra). The nature of electronic spectra and
voltammograms (vide infra) of compounds 2 and 3 indicated
the presence of two ruthenium centers. Based on the above
physicochemical data we proposed the structure of 2 shown in
Scheme 3. It has two imine N�H functions, one of which is
close to an ortho-carbon of a pendent arylamino group. It is
believed that on boiling in the presence of molecular oxygen,
a new C�N bond is formed (ring closure) with the elimination
of molecular hydrogen, which is responsible for the formation
of the blue dinuclear compound 3. This also explains the
difference of two mass units between 2 and 3, which is
observed in FAB mass spectra.


The compounds 1 ± 3 are formed by a series of C�N bond-
forming processes due to activation[3, 4, 15] of C�H bonds,
which presumably occurs through the coordination of diamine
residues to the metal center(s). These are associated with
dehydrogenation reactions. Ruthenium-catalyzed oxidative
dehydrogenation processes with molecular oxygen as the
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oxidant are documented in the literature.[3f, 16] The formation
of monometallic pink complex 1 is the result of oxidative
dimerization processes of 1,3-diaminobenzene, which is
similar to our earlier observations[3] in which N-aryl-(1,2-
diimino) complexes were obtained from the reaction of
[Ru(acac)3] and ArNH2 (Scheme 1). The present diamine may
be viewed as a 3-amino-substituted primary aromatic amine.
The formations of the two dinuclear compounds from the
above reaction are much more complex. The actual mecha-
nism and the steps involved are uncertain to us, and we
therefore refrain from making any speculation on this.


Electronic spectra (UV-visible) and redox : The electronic
spectral data for the complexes are given in Table 1 and
spectra are presented in Figure 2. The electronic spectra of the
complexes are dominated in the visible range by an intense


Figure 2. Electronic spectra of the complexes: 1 (––), 2 (�±�±), and
3 (- - - -).


transition in the range 600 ± 540 nm, which is characteristic for
similar 1,2-diimine complexes.[3] For example, [Ru(acac)2-
(diim)], obtained from the reaction of [Ru(acac)3] and aniline,
showed an intense transition at 519 nm (� 19050��1cm�1).
This transition has been assigned to charge transfer between
two heavily mixed orbitals.[3c] The mononuclear complex 1
similarly showed a strong absorption at 550 nm (�
13870��1cm�1). The corresponding transitions for the dinu-
clear complexes 2 and 3 are almost twice as intense as
expected.[17] Notably, the transition energy for the violet
dimer 2 is similar to that observed for the pink monomer 1.
However, the corresponding transition for the blue dimer 3
shifts towards the blue appreciably (�� 600 nm). This rather
large shift may be due to differences of chromophoric groups
in 3, which are more or less similar in 1 and 2. The rest of the
transitions in the three complexes appeared in the UV region.
The origin of these bands at high energies are either intra-
ligand n��* or ���* transitions centered primarily on the
imine group, or involve metal and higher energy ligand
orbitals.


We used cyclic voltammetry and differential pulse voltam-
metry to study the redox behavior of the complexes. The
redox behavior of the complexes were studied in acetonitrile
(0.1� NEt4ClO4) in the potential range 2.0 to �1.5 V by using
platinum and glassy carbon working electrodes. The reported
potentials (Table 2, Figure 3) are referenced to the saturated


Figure 3. Cyclic voltammogram for the compounds: a) 1, b) 2, and c) 3
recorded in CH3CN at a scan rate of 50 mVs�1.


calomel electrode (SCE). The value for the ferrocene ± fer-
rocenium couple under our experimental conditions was
0.42 V.


The mononuclear compound 1 showed three one-electron
redox processes in the potential range 1.5 to �2.0 V. One was
oxidative in nature, occurring at �0.35 V, whilst the other two
were reductive responses and appeared at�1.14 and�1.82 V.
The oxidative response is electrochemically reversible and
assigned to a RuII�RuIII process. The waves at negative
potentials formally correspond to ligand reductions. It is
known that the coordinated diimine ligands are susceptible to
two-step reductions.[3f] Similar responses were observed for
[Ru(acac)2(diim)] complexes. The potentials for these diimine
complexes depend linearly on the Hammett parameter[18] of
the substituent on the coordinated diimine ligands. Thus the
observed anodic potential for compound 1 falls on the Eo


298


versus 2� (�� substitution constant) linear plot (Supporting
Information Figure S3 and Table 3). This further confirms the
formulation of the pink complex as a monometallic com-
pound (Scheme 3). The dimetallic compound 3 showed a pair
of oxidative waves at 0.08 and 0.54 V, both of which are


Table 2. Electrochemical data.[a]


Compound Metal oxidation Ligand reduction
E1/2 [V] (�Ep [mV])[b] �E1/2 [V] (�Ep [mV])[b]


1 0.35(70) 1.14(80), 1.82[d]


2 0.22(80), 0.80[c] 1.17(70), 1.77[d]


3 0.08(80), 0.54(80) 1.16(80), 1.50 (120), 1.82(80)


[a] Conditions: solvent, acetonitrile; supporting electrolyte, NEt4ClO4


(0.1�); working electrode, platinum for oxidation and glassy carbon for
reduction processes; reference electrode, SCE; solute concentration, ca.
10�3� ; scan rate, 50 mVs�1. [b] E1/2 is calculated as the average of anodic
(Epa) and cathodic (Epc) peak potentials; �Ep� (Epa�Epc). [c] Irreversible
Epa . [d] Irreversible Epc.


Table 3. Observed potentials for the RuII/RuIII couple for a series of
[Ru(acac)2(L)] complexes.


R[a] �[b] Eo
1�2 [V] Reference


H 0.00 0.47 [3c]
p-CH3 � 0.17 0.33 [3c]
p-OCH3 � 0.27 0.27 [3c]
p-Cl �0.23 0.52 [3c]
m-NH2 � 0.16 0.35 this work


[a] R is the substitutent on the aromatic diimine ligand L. [b] Ref. [18].
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reversible. The cathodic scans showed three reversible waves
at �1.16, �1.50, and �1.82 V. The two anodic responses were
assigned to stepwise redox processes at the two metal centers.
Compound 2 also displayed a pair of anodic (0.22 and 0.80 V)
and a pair of cathodic (�1.17 and �1.77 V) waves; the first
anodic and cathodic responses were electrochemically rever-
sible. The anodic responses were assigned to metal oxidations.
The two oxidative responses in 2 appeared at more anodic
potentials than those for 3. This may be attributed to the
presence of more diimine chromophores in this compound. It
is known that diimine chromophores stabilize the bivalent
state of ruthenium, owing to stronger d� ± p� interactions.


Notably, the separation between the two successive anodic
responses in 2 and 3 are quite high (�0.4 V). The coordination
environments around the two ruthenium centers in 3 are not
strictly identical, hence this separation (�E), in principle,
cannot be taken as a direct measure of electronic interactions
between the metal centers across the bridging ligand. How-
ever, we note that the violet dimer 2 is more symmetrical in
this respect, and the large �E in this case indeed indicates
strong communication between the two ruthenium centers.[19]


This is expected since the two ruthenium centers in these
bimetallic complexes are bound through planar, conjugated
bridging ligands, suitable for effective d� ± p� interactions.
Moreover, the peripheral acetylacetonate ligands also have
significant contributions on this high metal ±metal interaction
across the bridging ligand. The peripheral acac ligand is a
potential � donor without any acceptor ability. As a result, the
d� orbitals of ruthenium centers are raised[20] in energy and,
hence, the gap from the bridging �* orbitals decreases. The
multiple cathodic responses are assigned to ligand reductions
occurring at the bridging ligand.


Conclusion


Three new ruthenium compounds 1 ± 3 were obtained from
the reaction of [Ru(acac)3] and 1,3-diaminobenzene. The end
products were isolated and fully characterized. The reagent
1,3-diaminobenzene underwent a novel metal-promoted
transformation to afford ligands with varying denticities. To
authenticate this transformation, X-ray structure analysis of
one of the diruthenium compounds was performed. Phys-
icochemical data, including 1H NMR, FAB mass, IR, and
electronic spectra of the compounds, fully support our assign-
ments of the products. Electrochemical studies revealed high
metal ±metal interactions in the dinuclear complexes.


Experimental Section


Materials : The tris(acetylacetonato)ruthenium(���) was synthesized by the
reaction of aqueous RuCl3 ¥ nH2O with a large excess of acetylacetone.[21]


Solvents and chemicals used for syntheses were of analytical grade. The
supporting electrolyte (tetraethylammonium perchlorate) and solvents for
electrochemical work were obtained as before.[3a]


Physical measurements : A Shimadzu UV2100 UV/Vis spectrophotometer
was used to record electronic spectra in solution. Infrared spectra were
recorded with a Perkin ±Elmer783 spectrophotometer. 1H NMR spectra
were measured in CDCl3 with a Bruker±Avance DPX300 spectrometer


and SiMe4 was used as the internal standard. A Perkin ±Elmer 240C
elemental analyzer was used to record microanalytical data. Electro-
chemical measurements were done under a dry nitrogen atmosphere on a
PAR370-4 electrochemistry system as described earlier.[3a] All potentials in
this work are referenced to the saturated calomel electrode (SCE) and are
uncorrected for junction contribution. The value for the ferrocenium ±
ferrocene couple under our experimental condition was 0.42 V.


The reaction of Ru(acac)3 with 1,3-diaminobenzene : A mixture of
[Ru(acac)3] (0.2 g, 0.5 mmol) and 1,3-diaminobenzene (0.4 g, 3.7 mmol)
was heated on an oil bath at 150 �C for 30 min in presence of few drops of
NEt3. The initial red color gradually changed to blue-violet. The crude
product, thus obtained, was dissolved in chloroform and purified on a silica-
gel column (diameter, 2 cm; height, 70 cm). First, a dirty band was eluted
with pure chloroform. A pink band was then eluted with acetonitrile/
chloroform (1:9). An intense violet band was then eluted with acetonitrile/
chloroform (7:3). A minor blue band was finally eluted from the column
using acetonitrile/chloroform (4:1) as the eluant. A dark band remained
uneluted at the top of the column.


The pink solution, on evaporation of the eluant under reduced pressure and
recrystallization (dichloromethane/hexane 1:1), yielded compound 1 (0.1 g,
40%). IR (KBr): �� � 3210 (N�H), 1590 (C�N), 1380 cm�1 (C�O);
elemental analysis calcd (%) for C22H26N4O4Ru: C 51.65, H 5.13, N
10.95; found: C 52.12, H 4.90, N 10.16; MS: m/z : 512 [M]� .


Evaporation of the solution that contianed the violet band gave compound
2 (0.14 g, 30%). This compound is unstable, particularly in solution. IR
(KBr): �� � 3220 (N�H), 1600 (C�N), 1380 cm�1 (C�O); elemental analysis
calcd (%) for C38H44N6O8Ru2: C 49.88, H 4.86, N 9.19; found: C 48.94, H
4.82, N 8.28; MS: m/z : 916 [M]� .


Evaporation of the third, blue eluant produced compound 3 in only 7 ±
10% yield. However, compound 2 was converted, almost quantitatively, to
3 in boiling 2-methoxyethanol (see below).


The conversion of 2� 3 : Compound 2 (0.10 g, 0.11 mmol) was dissolved in
2-methoxyethanol (25 mL), and the solution was heated at reflux on an oil
bath (at 130 �C) for 4 h. The violet solution became intense blue during this
period and was then evaporated to dryness. The crude product was
extracted with chloroform and subjected to chromatography on a basic
alumina column (diameter 1 cm; height 30 cm). An intense ink-blue band
was eluted with an acetonitrile/chloroform (1:20) solvent mixture. A dark
band remained at the top of the column. The blue eluant was evaporated
under reduced pressure and dried under vacuum. The compound was then
recrystallized (toluene/hexane) to give 3 (0.09 g, 90%): IR (KBr): �� � 3200
(N�H), 1610 (C�N), 1390 cm�1 (C�O); elemental analysis calcd (%) for
C38H42N6O8Ru2: C 49.99, H 4.65, N 9.21; found: C 49.26, H 4.11, N 9.47; MS:
m/z : 914 [M]� .


X-ray structure determination of 3 ¥ 1.5C6H5CH3 : Crystallographic data
along with refinement details for the compound are collected in Table 4.
Single crystals for X-ray studies were obtained at RT by slow diffusion of a
solution of compound 3 in toluene into hexene. It crystallized as a solvate:
3 ¥ 1.5 toluene. The crystals were found to undergo rapid decomposition
when removed from the mother liquor. Several techniques were tried for
mounting a specimen for the X-ray analysis. It was found that crystals
mounted on glass fibers, surrounded with epoxy cement did not maintain
sufficient quality for the analysis; neither did crystals mounted in a
perfluorinated oil (Reidel de Hae»n RS3000) and then placed in a cold
nitrogen stream. In the end, a crystal mounted in a capillary tube, along
with some of its mother liquor, was used for the analysis, which was
conducted at RT. A small amount of epoxy cement was placed in contact
with the crystal and the wall of the capillary tube to prevent movement of
the crystal within the tube.


After the initial reflection search and indexing,[22] intensity data were
gathered in two shells �4.0� 2�� 38.0� and 37.9� 2�� 50.0�. Scan
parameters were determined from two-dimensional (	 ± �) scans of eight
reflections. During data collection, the orientation of the crystal was
checked after every 800 measurements, and three monitor reflections were
measured after every half-hour of X-ray exposure. These showed an
average 23% decay through the 110.8 h of total beam time, and the
measured intensities were corrected accordingly during data reduction.[23]


Absorption corrections were based on 
-scans of 24 reflections with
bisecting-mode Eulerian angle � in the range of �47.3 to �56.1�.
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The structure was solved by direct methods[24] and refined by full-matrix
least-squares.[25] The crystallographic asymmetric unit was found to consist
of one molecule of the dinuclear Ru complex and three sites were occupied
by toluene moieties. For these solvent molecules the methyl group was
located for only one of the sites, and for the other two it was presumed to be
randomly disordered. Each of the toluene sites was modeled as having
occupancy of 0.5, after various values had been tested and refined. All non-
hydrogen atoms in the asymmetric unit were refined with anisotropic
displacement parameters. For the Ru complex, hydrogen atoms whose
positions were easily predictable were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters set equal to
1.2 times the isotropic equivalentU values of their respective parent atoms.
Attempts to locate the methyl hydrogen atoms of the acac ligands, by using
local slant Fourier maps, gave inconclusive results, and so the methyl
hydrogens were not included in the structural model. Neither were the
hydrogen atoms at the toluene sites. The atoms located at each of the
toluene sites were refined with a set of anisotropic displacement
parameters common to the site; a restraint to isotropic behavior was used
for one of the toluene moieties. Isotropic restraints were also used for two
atoms of the Ru complex, namely for C(23) and C(25). In all, 523 variable
parameters were refined to all 10096 unique reflection data (used as F2


o�
and to 55 observational restraints, giving an observation-to-parameter ratio
of 19.4:1. The final residuals are listed in Table 4. A difference Fourier map
at the end of the refinement showed several peaks above 1.0 eä�3, all in the
vicinity of one of the toluene sites. We were not able to attribute
geometrical significance to these peaks in such a way as to include them in
the structural model. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC 161775 (3). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(�44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgements


Financial support received from the Department of Science and Technol-
ogy (New Delhi) and Direccio¬n General de Ensenƒ anza Superior e
Investigacio¬n CientÌfica (Spain) under the grants SP/S1/F-13/95 and PB
98-1593, respectively, are gratefully acknowledged. Mass spectra were
provided by the Mass Spectroscopic facilities of the University of Bristol
(UK). Thanks are due to Dr. M. D. Ward for helpful discussions and to Dr.
K. N. Mitra for carrying out a few preliminary experiments.


[1] For examples of recent reviews, see: a) D. St. C. Black in Compre-
hensive Coordination Chemistry, Vol. 1 (Ed.: G. Wilkinson), Perga-
mon, Oxford, 1987, p. 415; b) D. St. C. Black, Comprehensive Coor-
dination Chemistry, Vol. 6 (Ed.: G. Wilkinson), Pergamon, Oxford,
1987, p. 155; c) T. Naota, H. Takaya, S.-I. Murahashi, Chem. Rev. 1998,
98, 2599; d) L. S. Hegedus, Coord. Chem. Rev. 1997, 161, 129; e) L. S.
Hegedus, Coord. Chem. Rev. 1998, 168, 49; f) L. S. Hegedus, Coord.
Chem. Rev. 1998, 175, 159; g) J. F. Hartwig, Angew. Chem. 1998, 110,
2154; Angew. Chem. Int. Ed. 1998, 37, 2046.


[2] a) A. K. Das, S.-M. Peng, S. Bhattacharya, Dalton 2000, 181; b) C.
Pearson, A. L. Beauchamp, Inorg. Chem. 1998, 37, 1242; c) T.
Hashimoto, A. Endo, N. Nagao, G. P. Sato, K. Natrajan, K. Shimizu,
Inorg. Chem. 1998, 37, 5211; d) P. Paul, B. Tyagi, M. Balikakhiya, M.
Bhadbhade, E. Suresh, G. Ramachandraiah, Inorg. Chem. 1998, 37,
5733; e) E. V. Rybak-Akimova, A. Y. Nazarenko, S. S. Silchenko,
Inorg. Chem. 1999, 38, 2974; f) B. K. Santra, G. A. Thakur, P. Ghosh,
A. Pramanik, G. K. Lahiri, Inorg. Chem. 1996, 35, 3050.


[3] a) K. N. Mitra, S. Goswami, Inorg. Chem. 1997, 36, 1322; b) K. N.
Mitra, P. Majumdar, S.-M. Peng, A. Castinƒ eiras, S. Goswami, Chem.
Commun. 1997, 1267; c) K. N. Mitra, S. Choudhury, A. Castinƒeiras, S.
Goswami, J. Chem. Soc. Dalton Trans. 1998, 2901; d) K. N. Mitra, S.-
M. Peng, S. Goswami, Chem. Commun. 1998, 1685; e) A. K. Ghosh,
K. N. Mitra, G. Mostafa, S. Goswami, Eur. J. Inorg. Chem. 2000, 1961;
f) A. K. Ghosh, S.-M. Peng, R. L. Paul, M. D. Ward, S. Goswami,
Dalton 2001, 336.


[4] a) A. Saha, P. Majumdar, S.-M. Peng, S. Goswami,Eur. J. Inorg. Chem.
2000, 2631; b) A. K. Ghosh, P. Majumdar, L. R. Falvello, G. Mostafa,
S. Goswami,Organometallics 1999, 18, 5086; c) A. Saha, A. K. Ghosh,
P. Majumdar, K. N. Mitra, S. Mondal, K. K. Rajak, L. R. Falvello, S.
Goswami, Organometallics 1999, 18, 3772.


[5] S. Joss, H.-B. B¸rgi, R. Wordel, F. E. Wagner, A. Ludi, Inorg. Chem.
1985, 24, 949.


[6] a) T. J¸stel, J. Bendix, N. M. Nolte, T. Weyherm¸ller, B. Nuber, K.
Wieghardt, Inorg. Chem. 1998, 37, 35; b) H.-Y. Cheng, S.-M. Peng,
Inorg. Chim. Acta 1990, 169, 23; c) R. A. Metcalfe, A. B. P. Lever,
Inorg. Chem. 1997, 36, 4762, and references therein.


[7] J. A. McCleverty, M. D. Ward, Acc. Chem. Res. 1998, 31, 842.
[8] S. Nemeth, L. I. Simandi, G. Argay, A. Kalman, Inorg. Chim. Acta


1989, 166, 31.
[9] H. Taube, Surv. Prog. Chem. 1973, 6, 1.


[10] L. F. Warren, Inorg. Chem. 1977, 16, 2814.
[11] K. Nakamoto, Infrared and Raman Spectra of Inorganic and


Coordination Compounds, 3rd ed., Wiley, New York, 1978.
[12] R. A. Metcalfe, L. C. G. Vasconcellos, H. Mirza, D. W. Franco, A. B. P.


Lever, J. Chem. Soc. Dalton Trans. 1999, 2653.
[13] a) G. Denti, S. Campagna, L. Sabatino, S. Serroni, M. Ciano, V.


Balzani, Inorg. Chem. 1990, 29, 4750; b) E. C. Constable, A. M. W.
Cargill Thompson, J. Chem. Soc. Dalton Trans. 1992, 3467; c) A. J.
Downward, G. E. Honey, L. F. Phillips, P. J. Steel, Inorg. Chem.
1991, 30, 2260; d) S. Challamma, M. Lieberman, Inorg. Chem. 2001,
40, 3177.


[14] a) P. Majumdar, K. K. Kamar, A. Castinƒ eiras, S. Goswami, Chem.
Commun. 2001, 1292; b) P. Majumdar, S.-M. Peng, S. Goswami, J.
Chem. Soc. Dalton Trans. 1998, 1569; c) P. Majumdar, S.-M. Peng, S.
Goswami, Polyhedron 1999, 18, 2543; d) M. Haga, M. M. Ali, R.
Arakawa, Angew. Chem. 1996, 108, 85; Angew. Chem. Int. Ed. Engl.
1996, 35, 76; e) M. Haga, M. M. Ali, H. Maegawa, K. Nozaki, A.
Yoshimura, T. Ohno, Coord. Chem. Rev. 1994, 132, 99; f) S. Rau, T.
B¸ttner, C. Temme, M. Ruben, H. Gˆrls, D. Walther, M. Duati, S.
Fanni, J. G. Vos, Inorg. Chem. 2000, 39, 1621.


[15] a) C. P. Lenges, M. Brookhart, Angew. Chem. 1999, 111, 3746; Angew.
Chem. Int. Ed. 1999, 38, 3533; b) F. Guerin, D. W. Stephan, Angew.
Chem. 1999, 111, 3910; Angew. Chem. Int. Ed. 1999, 38, 3698; c) A. G.
Griesbeck, J. Hirt, K. Peters, E.-M. Peters, H. G. von Schnering,
Chem. Eur. J. 1996, 2, 1388; d) J. J. Schneider, D. Wolf, D. Bl‰ser, R.
Boese, Eur. J. Inorg. Chem. 2000, 713; e) A. Inagaki, T. Takemori, M.
Tanaka, H. Suzuki, Angew. Chem. 2000, 112, 411; Angew. Chem. Int.
Ed. 2000, 39, 404.


[16] a) S. E. Diamond, G. M. Tom, H. Taube, J. Am. Chem. Soc. 1975, 97,
2661; b) F. R. Keene, D. J. Salmon, T. J. Meyer, J. Am. Chem. Soc.
1976, 98, 1884; c) P. A. Lay, A. M. Sargeson, B. W. Skelton, A. H.
White, J. Am. Chem. Soc. 1982, 104, 6161.


Table 4. Crystal data and refinement results for [Ru2(�-L3)(acac)4] ¥
1.5C6H5CH3.


formula C48.5H54N6O8Ru2


Mr 1051.12
crystal system Triclinic
space group P1≈


a [ä] 10.5956(19)
b [ä] 14.234(3)
c [ä] 20.373(3)
� [�] 109.320(10)
 [�] 96.845(13)
� [�] 90.402(13)
V [ä3] 2875.4(9)
�calcd [mgm�3] 1.214
Z 2
crystal size [mm] 0.24� 0.20� 0.07
measured reflections 10160
unique reflections 10096
T [K] 298(2)
transmission factors (max/min) 0.957/0.780
� range [�] 2.09 ± 25.04
� [cm�1] 5.74
R1, wR2 0.1311, 0.2599
GOF 1.017







FULL PAPER S. Goswami et al.


¹ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0723-5228 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 235228


[17] a) J. Zadykowicz, P. G. Potvin, Inorg. Chem. 1999, 38, 2434; b) E. V.
Dose, L. J. Wilson, Inorg. Chem. 1978, 17, 2660.


[18] L. P. Hammett, Physical Organic Chemistry, 2nd ed., McGraw-Hill,
New York, 1970.


[19] M. D. Ward, Chem. Soc. Rev. 1995, 121.
[20] G. Giuffrida, S. Campagna, Coord. Chem. Rev. 1994, 135/136, 517.
[21] M. K. Chaudhuri unpublished results.
[22] Diffractometer control program: CAD4/PCVersion 2.0, 1996, Nonius,


Delft (The Netherlands).
[23] Data were processed on an Alpha Station 2004/166 (Open VMS/


Alpha V6.2), with the program XCAD4B (K. Harms, 1996) and with


the commercial package SHELXTL Rel. 5.05/VMS, 1996, Siemens
Analytical X-ray Instruments, Madison, Wisconsin. Further compu-
tation was done on a PC (Windows 98) with WinGX, A Windows
Program for Crystal Structure Analysis, L. J. Farrugia, University of
Glasgow, Glasgow, 1998.


[24] SIR-92: A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J.
Appl. Crystallogr. 1993, 26, 343.


[25] SHELXL-97, A Program for crystal structure refinement, G. M.
Sheldrick, University of Gˆttingen, Germany, 1997, Release 97-2.


Received: May 25, 2001 [F3292]








Dinuclear Diazene Iron and Ruthenium Complexes as Models for Studying
Nitrogenase Activity**


Markus Reiher,*[a] Oliver Salomon,[a] Dieter Sellmann,[b] and Bernd Artur Hess[a]


Abstract: The strength of hydrogen bonds has been investigated in various dinuclear
diazene FeII, FeIII, and RuII complexes by use of the recently developed shared-
electron number approach. Hydrogen bonding in these compounds plays an essential
role in view of designing a model system for nitrogenase activity. The general
conclusions for iron�sulfur complexes are: hydrogen bonds can stabilize diazene by
at least 20 % of the total coordination energy; the strength of the hydrogen bonds can
be directly controlled through the hydrogen�sulfur bond length; reducing FeIII


centers to FeII can double the hydrogen bond energy.


Keywords: density functional calcu-
lations ¥ diazene complexes ¥ hydro-
gen bonds ¥ nitrogen fixation ¥ iron/
ruthenium sulfur complexes


Introduction


Biological N2 fixation, the reduction of N2 to NH3 catalyzed
by FeMo, FeV, or FeFe nitrogenases, is one of the fundamental
synthetic processes of nature.[2±4] In spite of intensive efforts
over the last decades, its molecular mechanism is poorly
understood, in particular because the pivotal chemical ques-
tion has remained unanswered: how do nitrogenases manage
to activate and convert the inert N2 molecule under ambient
conditions at mild redox potentials? All abiological N2-
reducing systems either need drastic conditions, see for
example, the Haber ± Bosch process, or abiologically strong
reductants such as alkaline metals.[5, 6] In addition, these
strong-reductant-type N2-reducing systems, which include a
few metal dinitrogen complexes, do not function catalyti-
cally.[7, 8] Hence, all mechanistic proposals for biological N2


fixation that are based on such systems are left with the
problem of how to explain how nitrogenases enable catalytic
N2 reduction at mild biological reduction potentials.[9, 10] These
reduction potentials probably represent the biggest challenge


in the search for synthetic competitive catalysts that function
with nitrogenase-like activity. Thermodynamics states that the
redox potential for the reaction according to Equation (1) is
E��280 mV at pH 7,[11±13] and biological redox systems
rarely operate at potentials lower than E��700 mV.[11±16]


N2 � 6H� � 6 e�� 2 NH3 E���280 mV, pH 7 (1)


Such conditions can potentially be met by systems that
operate according to the ™open-side∫ model for the cofactor
function of FeMo, FeV, or FeFe nitrogenases.[14±16] The ™open-
side∫ model suggests that the FeMo cofactor (FeMoco)
exhibits different structures in the resting state (depicted in
Scheme 1) and in the turn-over state. It proposes that one Fe-
S-Fe bridge is cleaved in the turn-over state and that vicinal


Scheme 1. Resting state of the FeMo cofactor of nitrogenase.


water molecules and donor atoms of the two amino acids
Gln�191 and His�195, which are essential for the activity of
nitrogenase, are added to give two unique five-coordinate FeII


centers with Brˆnsted basic sulfur donors (Scheme 2). These
Fe centers bind N2, which is converted by three consecutive
2 H�/2 e� transfer steps into N2H2, N2H4, and finally to two
NH3. Scheme 3 schematically shows the first 2 H�/2 e� reduc-
tion step, which is probably the most difficult step for
thermodynamic and kinetic reasons. The primary protonation
of the Brˆnsted-basic sulfur donors in A ultimately enables
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the subsequent two-electron transfer to the N2 ligand and the
formation of the N2H2 species D.


The ™open-side∫ model and the Scheme 3 take account
of a large number of biological, biochemical, and chemical
results:
1) All nitrogenase substrates are reduced by transfer steps


that are multiples of 2 H�/2 e�.[17]


2) N2H2, which is extremely unstable in the free state, is
highly stabilized by coordination to iron�sulfur complex
fragments.[18±21]


3) Primary protonation of Brˆnsted-basic sulfur donors
anodically shifts the redox potentials of iron�sulfur ligand
complexes such that they become reducible at potentials of
about �500 mV.[22]


4) Only iron oxidation states accessible in aqueous phase are
involved.


5) N2H2 complexes modeling the nitrogenase-catalyzed ™N2-
dependent HD formation from D2/H� exchange∫ support
diazene as the key intermediate of N2 fixation.[16, 23±25]


Scheme 3 stresses a close coupling of proton- and electron-
transfer steps. This has also been pointed out by Collman et al.
for the redox reactions of dinuclear porphyrinato�ruthenium
complexes that bind N2, N2H2, N2H4, and NH3.[26] The scheme
further emphasizes the importance of hydrogen bridges for
the N2 �N2H2 conversion. N-H ¥ ¥ ¥ S hydrogen bridges in
species B favor the primary protonation of the neutral [�-
N2{FeS2}2] species A, and bifurcated N-H ¥ ¥ ¥ (S)2 bridges in D
favor the stabilization of N2H2 that results from the 2 e�


transfer. On the basis of experimental data, it has been
estimated that the bifurcated N-H ¥ ¥ ¥ (S)2 bridges may con-
tribute up to 70 kJ mol�1 to the total stabilization energy of
coordinated N2H2; this facilitates the first and most difficult
N2 �N2H2 reduction step.[15, 18] While the steps A�B�C of


Scheme 3 remain as yet hypo-
thetical, the reversible step
C�D has been established
experimentally for a number
of iron and analogous rutheni-
um complexes exhibiting
[�-N2H2{M(S)2}2] core struc-
tures with sulfur thiolate do-
nors.[18±21, 27] Compounds with
the structural features of spe-
cies A or B are unknown. Thus,
a complete characterization of
all four species A to D by
theoretical methods and, in par-
ticular, an elucidation of their
relative energies can be antici-


pated to validate the viability of the ™open-side∫ model for the
nitrogenase cofactor function. Ultimately, insight into the
molecular mechanism of a biological process could be gained
that might be inaccessible by experimental methods.


A cornerstone in such investigations is the elucidation of
the hydrogen bond energies in species B to D. For example, it
can be hypothesized that strong hydrogen bonds destabilize B
and simultaneously stabilize C or D. The whole process A�
D might be further driven by the structural change when the
linear [�-N2{M}2] entity in A or B transforms into the bent
[�-N2H2{M}2] entity in C or D.


The evaluation of the hydrogen bond energies in species
such as B, C, or D is the objective of this work. In a previous
work[1] (referred to as Part I in the following) a new approach,
the shared-electron number (SEN) method, has been devel-
oped for the evaluation of hydrogen bonds in nondecompos-
able compounds, that is, in compounds which cannot be
decomposed into two parts such that the decomposition
energy can be solely attributed to the broken hydrogen bond.
In Part I, we applied the SEN approach to mononuclear
FeII�S model complexes. Here, this work is extended to their
dinuclear analogues given in Scheme 4, which are experimen-
tally accessible and have been characterized in great de-
tail.[15, 18±21, 28] In view of the protonation and reduction process
it is instructive to compare results for FeII compounds with the
corresponding data for the positively charged FeIII analogues.
Iron and ruthenium complexes with two metal centers as
shown in Scheme 4 were investigated. While the iron com-
plexes model particular features of the FeMo-cofactor in
nitrogenase, the ruthenium analogues are analyzed because of
their synthetic importance: sometimes they are more stable
than their iron analogues and represent useful compounds for
testing synthetic strategies that can later be transferred onto
their less-stable FeII homologues.


Scheme 2. Open-side model for the turn-over state of FeMoco.


Scheme 3. Schematic representation of 2 H�/2e� protonation-reduction of a dinitrogen complex.
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Scheme 4. Lewis structures of the dinuclear diazene compounds with M�
FeII, FeIII, RuII under study.


The work is organized as follows: The structural details of
the four different types of chelate complexes depicted in
Scheme 4 are described in the following section. Then, the
SEN method is used to estimate the intramolecular hydrogen
bond energies. A detailed description of the quantum
chemical methodology employed is given under Computa-
tional Methods.


Optimized structures of the model complexes : The dinuclear
metal�diazene complexes under study were chosen by
following the lines of synthetic work on such compounds
closely.[15, 18±21, 28] Their schematic structures are shown in
Scheme 4. It is to be noted that such diazene complexes can
form different diastereomers. We have studied only the
representatives depicted in Scheme 4.


All dinuclear complexes contain a trans-diazene bridging
two enantiomeric mononuclear fragments arranged to give C1


symmetry for the dinuclear compound. The optimized struc-
tures of all complexes are shown in Figure 1. In order to
analyze the reliability of the bond lengths and angles obtained
from calculations with the functionals BP86/RI and B3LYP,
we compared the calculated structure parameters with those
obtained from X-ray diffraction experiments, which are
available for the FeII complexes 1 and 3. Tables 1 and 2 give
selected bond lengths and angles for these complexes
obtained with the TZVP basis set in connection with the
BP86/RI and B3LYP functionals and compare these to the
experimental values. In most cases, bond angles calculated
with BP86/RI and B3LYP are almost identical and differ by
less than 2� from each other. Apart from the �FeNH angle in
FeII�1, all angles are in very good agreement with the angles


found experimentally. As far as bond lengths are concerned,
the BP86/RI/TZVP lengths are closer to experiment than
those obtained with the B3LYP functional. The BP86/RI bond
lengths differ by about 2 ± 3 pm from the experimental values,
while the B3LYP lengths are always up to 7 pm larger than the
experimental ones. The differences of the calculated and
measured S�H and N�H lengths deviate from these general
results; this is due to the fact that they are experimentally as
well as quantum chemically difficult to determine since they
bear only little electronic density and the potential energy
well of the hydrogen bond is rather shallow.


In Figure 2, H ¥ ¥ ¥ S lengths dHS and H-N ¥ ¥ ¥ S angles �HNS for
all complexes under consideration are defined. Their partic-
ular values are given in Tables 3 and 4. Since other structural
parameters are of little importance with respect to hydrogen
bonding, we refer the reader for further structure data
to the cartesian coordinates given in the Supporting Informa-
tion.


The trans-diazene moiety is always oriented parallel to the
thiolate sulfur atoms of the chelate ligands. Complexes 1 and 2
as well as 3 and 4 are similar with respect to the arrangement
of benzene rings. The arrangement of two benzene rings
within one mononuclear half of these complexes determines
the steric direction of the sulfur lone pairs (as discussed
extensively in Part I) and is consequently a means of control-
ling hydrogen bonding.


The structures of complexes 1 ± 4 in their dicationic form
are very similar to those of their uncharged form. This can be
traced back to the rigid chelate ligands. Therefore, reducing
the FeIII complexes to FeII complexes does not result in
essential changes of the overall structures. However, large
changes can be found for the H ¥ ¥ ¥ S lengths; this is important
for the corresponding change in hydrogen bond energies. The
change of these H ¥ ¥ ¥ S lengths by up to 20 pm is brought about
by small changes of the angle of the trans-diazene plane
relative to the plane defined by the two metal centers and four
thiolate sulfurs, and by an increase in M�S bond length.


Comparison of the FeII and RuII complexes shows that the
mononuclear fragments are again almost unchanged, while
the M�N bond length is increased by about 15 pm on going
from FeII to RuII.


Hydrogen bond energies :


Individual hydrogen bond energies : We evaluated the hydro-
gen bond energies according to the SEN method presented in
Part I. The hydrogen bond energies ESEN�HS�i


for each hydrogen-
sulfur bridge (HS)i are given in Tables 5 and 6. According to
the Lewis structures in Scheme 4, every dinuclear complex
may contain at most four hydrogen bonds of which two are
always equal in the case of C1 symmetry. We distinguished two
pairs of long and short hydrogen bonds. Hydrogen bond
energies for the long hydrogen bridges, which are larger than
about 5 kJ mol�1, were only observed for 1 and 2 with FeII as
central metal atoms. All other long hydrogen bonds were
negligibly small, that is, weaker than approximately
2 kJ mol�1. Only two short hydrogen bridges remained in
these cases. Bifurcated hydrogen bridges are only present in
FeII�1 and FeII�2.
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While the dependence of the hydrogen bond energies on
the density functional is negligible for type 1 and 2 complexes,
it is larger in the case of 3 and 4. Since B3LYP energetic data
are considered to be generally more reliable for molecules
consisting of main group atoms, we always recommend the


B3LYP/TZVP data as the best data obtained–bearing in
mind that the hydrogen bonds connect atoms that are second-
and third-row elements. The comparison with the small basis
set and with the nonhybrid BP86 functional serves as a test on
internal consistency: we aimed at energetic data that are


Figure 1. Optimized structure of complexes 1 ± 4. Ci point group symmetry, M�Fe, Ru, optimum view (large), side view (small).
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internally consistent regardless of whether a double-zeta or
triple-zeta basis set was chosen and which functional was used.


The strongest short hydrogen bonds were found in complex
3 and amounted to 20 ± 25 kJ mol�1 (depending on the func-


tional) for FeII, to 15 ±
21 kJ mol�1 for FeIII, and to
20 ± 21 kJ mol�1 for RuII. All
other short hydrogen bonds
were, in general, of similar
strength, that is, about


Table 1. Comparison of selected bond lengths d [pm] and angles � [�]
obtained from DFT calculations and X-ray diffraction experiments for the
FeII�1 complex.[a]


BP86/RI B3LYP exp. [18]


dFeS1
[b] 233.0 237.4 231.8


dFeS2 225.7 231.9 223.4
dFeS3 231.8 236.1 228.8
dFeS4 225.4 232.0 225.1
dFeN(amine) 207.6 210.0 203.7
dFeN(diaz) 188.2 193.5 186.7
dNN 128.6 125.4 130.0
dN(diaz)H 104.0 103.2 116.2
dS3H 271.8 276.0 278.0
dS1aH 245.7 249.1 220.1
�FeN(diaz)N(diaz) 132.5 133.1 132.2
�FeN(diaz)H 118.1 117.2 124.7
�N(diaz)N(diaz)H 109.4 109.7 103.1
�N(amine)FeN(diaz) 179.4 179.4 179.5
�S1FeN(diaz) 92.8 92.1 91.5
�S2FeN(diaz) 93.8 94.5 93.1
�S3FeN(diaz) 88.7 88.5 87.7
�S4FeN(diaz) 93.1 93.7 93.4


[a] The DFT results were obtained with the TZVP basis set. [b] The
numbering of the sulfur atoms is given in Figure 1.


Table 2. Comparison of selected bond lengths d [pm] and angles � [�]
obtained from DFT calculations and X-ray diffraction experiments for the
FeII�3 complex.[a]


BP86/RI B3LYP exp. [20]
PPr3 PEt3


dFeS1
[b] 232.6 236.1 231.0 230.3


dFeS2 227.5 233.7 225.7 222.6
dFeS3 227.6 233.1 229.2 226.3
dFeS4 231.5 235.3 230.8 229.9
dFeP 222.0 229.0 226.3 226.6
dFeN 189.5 193.7 190.0 187.5
dNN 128.4 125.3 128.8 134.9
dNH 104.4 103.7 106.1 92.1
dS1H 279.9 284.0 281.4 284.6
dS4aH 240.1 238.9 235.8 248.5
�FeNN 130.7 131.3 131.7 132.4
�FeNH 121.1 120.4 123.3 123.7
�S3FeP 179.6 178.0 179.1 177.1
�NFeP 90.8 90.8 88.1 88.8
�NFeS2 178.2 177.6 176.8 175.3
�S1FeS4 178.0 178.3 175.0 170.5
�NFeS1 88.9 89.3 88.3 89.6
�S1FeS2 89.3 88.3 88.5 87.7
�S1FeS3 88.9 90.4 87.1 83.9


[a] Note that experimentally PPr3 and PEt3 ligands have been used for FeII-
3, while in the DFT calculations PH3 has been employed. The DFT results
were obtained with the TZVP basis set. [b] The numbering of the sulfur
atoms is given in Figure 1.


Table 3. Structural characteristics of the NH ¥ ¥ ¥ S hydrogen bridges in iron
complexes: lengths dHS are given in pm and angles �HNS in degrees. The case
of a linear hydrogen bridge corresponds to �HNS � 0.


BP86/RI B3LYP
SV(P) TZVP SV(P) TZVP


metal com-
plex


dHS �HNS dHS �HNS dHS �HNS dHS �HNS


FeII 1 244 37.9 246 37.6 246 36.7 249 36.9
270 66.9 272 66.9 274 65.9 276 66.0


FeIII 1 244 39.7 246 39.2 252 41.8 253 41.3
272 68.4 273 68.3 278 69.7 280 69.6


FeII 2 237 36.5 240 36.1 242 35.9 244 35.6
266 64.9 268 65.7 273 65.3 275 65.9


FeIII 2 247 39.1 248 38.8 257 42.4 255 40.7
271 67.1 272 67.2 280 69.9 281 69.4


FeII 3 237 35.3 240 35.9 238 33.9 239 33.5
276 69.6 280 70.3 282 68.8 284 69.3


FeIII 3 248 39.2 248 38.5 247 38.1 246 36.6
274 70.8 277 71.2 277 70.1 278 70.1


FeII 4 254 40.8 255 40.8 240 34.1 242 34.2
283 71.0 286 71.8 286 69.0 289 69.5


FeIII 4 266 46.0 265 44.9 267 45.1 261 41.9
277 71.9 279 72.2 280 71.2 281 70.7


Table 4. Structural characteristics of the NH ¥ ¥ ¥ S hydrogen bridges in
ruthenium complexes: lengths dHS are given in pm and angles �HNS in
degrees. The case of a linear hydrogen bridge corresponds to �HNS � 0.


BP86/RI B3LYP
SV(P) TZVP SV(P) TZVP


metal com-
plex


dHS �HNS dHS �HNS dHS �HNS dHS �HNS


RuII 1 250 35.2 254 35.6 254 35.4 257 35.7
287 68.3 287 68.1 288 67.4 288 67.2


RuII 2 244 34.4 248 35.1 248 34.5 253 35.0
284 67.2 284 67.3 287 66.9 287 66.7


RuII 3 234 31.2 238 31.5 240 32.1 244 32.4
301 72.0 301 71.8 302 71.0 303 70.9


RuII 4 271 45.0 272 43.9 253 36.2 257 36.8
319 78.8 320 78.8 311 73.2 314 74.1


Figure 2. Definition of dis-
tance dHS and �HNS.


Table 5. Shared-electron numbers and resulting hydrogen bond energies
ESEN�HS�i


in kJ mol�1 for compounds 1 ± 4 with M�FeII and their oxidized
dicationic analogues with M�FeIII. Only two entries are given because of
Ci symmetry. The short hydrogen bonds are given first. No shared-electron
number is given if it drops below the threshold of �HS � 0.005.


BP86/RI B3LYP
SV(P) TZVP SV(P) TZVP


metal com-
plex


�HS ESEN�HS�i
�HS ESEN�HS�i


�HS ESEN�HS�i
�HS ESEN�HS�i


FeII 1 0.0360 18 0.0403 15 0.0324 21 0.0337 17
0.0103 5.1 0.0129 4.9 0.0090 5.7 0.0110 5.7


FeIII 1 0.0289 14 0.0328 13 0.0220 14 0.0251 13
± ± 0.0052 2.0 ± ± ± ±


FeII 2 0.0465 23 0.0506 19 0.0374 24 0.0401 21
0.0129 6.4 0.0149 5.7 0.0101 6.4 0.0112 5.8


FeIII 2 0.0270 13 0.0308 12 0.0187 12 0.0236 12
0.0050 2.5 0.0060 2.3 ± ± ± ±


FeII 3 0.0513 25 0.0514 20 0.0449 29 0.0489 25
0.0050 2.5 0.0051 2.0 ± ± ± ±


FeIII 3 0.0344 17 0.0405 15 0.0340 22 0.0405 21
0.0051 2.5 0.0053 2.0 ± ± ± ±


FeII 4 0.0232 12 0.0297 11 0.0395 25 0.0430 22
± ± ± ± ± ± ± ±


FeIII 4 0.0122 6.0 0.0192 7.3 0.0113 7.2 0.0210 11
± ± 0.0056 2.1 ± ± ± ±
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13 kJ mol�1 for FeIII and RuII and about 20 kJ mol�1 for
FeII.


For FeIII we found smaller hydrogen bond energies
compared with the FeII analogues. The hydrogen bonds in
the RuII complexes are also, in general, weaker than those in
their FeII analogues. The difference in hydrogen bond energies
can be understood in view of different H ¥ ¥ ¥ S lengths. The
hydrogen bond energy decreases almost linearly with in-
creased distance by about �4 kJ per mol per 10 pm (the
correlation coefficient for this linear relationship is for all
functionals and basis sets larger than 0.94). This linear
dependence is remarkable since the hydrogen bridges are
not linear but show a strong angular variation; the variety of
different angles is given in Tables 3 and 4.


We are well aware that the calculation of hydrogen bond
lengths by means of DFT can be problematic because DFT
cannot describe dispersion interactions, which may contribute
of the order of 1³3 of the hydrogen bond interaction (for a
discussion of the reliability of DFT for hydrogen bonds, see
Part I and Refs. [29 ± 31]). In the case at hand, however, we
came to valid conclusions despite of this shortcoming of DFT,
because the rigid molecular structure enforces a H ¥ ¥ ¥ S length
that is determined by the N�H, N�N, N�Fe, and Fe�S lengths
and corresponding angles. The H ¥ ¥ ¥ S length thus depends on
the accurately reproduced Fe�S bond length rather than on
the insufficiently described dispersion interaction in H ¥ ¥ ¥ S.
Consequently, the potential well for the hydrogen bond
interaction is dominated by the covalent N�H bond energy
and is not shallow but rather deep.


Since all complexes under study are very similar, the error
in the calculated hydrogen bond lengths is systematic and the
values for the hydrogen bond lengths may be used in the
design of nitrogenase model complexes as a qualitative and
experimentally easily accessible measure for the hydrogen
bond energy.


Total hydrogen bond energies : To determine the total hydro-
gen bond energy, ESEN


HS , for every dinuclear complex, we
summed all its individual hydrogen bond energies:


ESEN
HS �


�


i


ESEN�HS�i
(2)


The results are given in Table 7. With respect to the
accuracy of total hydrogen bond energies, we note that the
error in single ESEN�HS�i


energies is more severe owing to C1


symmetry, because for the four hydrogen bridges it is exactly
twice the error of the two individual hydrogen bonds.


Furthermore, in all cases in which the energy of the long
hydrogen bond drops below the SEN threshold of �HS � 0.005,
individual hydrogen bonds with energies of �2 kJ mol�1 are
not tracked at all, since these weak hydrogen bonds cannot be
calculated reliably by our approach. This uncertainty affects
the total hydrogen bond energies, for which the potential
contribution of two very weak hydrogen bonds might amount
to �4 kJ mol�1. It explains the difference in total hydrogen
bond energies obtained with the two density functionals for
FeIII�2, with BP86/RI the two weak (long) hydrogen bonds
were detected, while they are below the threshold with
B3LYP. However, in general, the effect is negligible as can be
seen from the other cases.


From the B3LYP/TZVP results it can be seen that the total
hydrogen bond energies ESEN


HS range from about 22 to
53 kJ mol�1. As one would expect from the discussion of
single hydrogen bridges, the FeII complexes exhibit the largest
total hydrogen bond energies.


Since every hydrogen atom of trans-diazene belongs to a
short and to a long hydrogen bridge simultaneously, such that
a bifurcated structure can develop, the question arises as to
whether the total energy of this bifurcated structure can be
calculated by adding the energies of a short and long hydrogen
bond. To answer this question we compared the B3LYP/
TZVP data for the dinuclear FeII complex 1 with data
obtained for its mononuclear analogue in Part I, which is
29 kJ mol�1 for one short plus one long hydrogen bond. We
found that for 1 the total hydrogen bond energy (46 kJ mol�1)
is 12 kJ mol�1 smaller than the doubled value found for the
mononuclear analogue (2� 29 kJ mol�1); this indicates that
the strength of the individual hydrogen bonds is considerably
decreased in the bifurcated structure.


Contribution of hydrogen bonding to the total stabilization of
diazene : In order to calculate the contribution of hydrogen
bonding to the total stabilization energy, �Estab, of the diazene


Table 6. Shared-electron numbers and resulting hydrogen bond energies
ESEN�HS�i


for compounds 1 ± 4 with M�Ru. Note that only two entries are
given because of Ci symmetry. The short hydrogen bonds are given first. No
shared electron number is given if it drops below the threshold of �HS �
0.005.


BP86/RI B3LYP
SV(P) TZVP SV(P) TZVP


metal com-
plex


�HS ESEN
HS �HS ESEN


HS �HS ESEN
HS �HS ESEN


HS


RuII 1 0.0291 14 0.0313 12 0.0238 15 0.0255 13
0.0057 2.8 0.0083 3.2 0.0053 3.4 0.0073 3.8


RuII 2 0.0377 19 0.0387 15 0.0296 19 0.0303 16
0.0066 3.3 0.0088 3.3 0.0056 3.6 0.0074 3.8


RuII 3 0.0508 25 0.0527 20 0.0386 25 0.0411 21
± ± ± ± ± ± ± ±


RuII 4 0.0103 5.1 0.0156 5.9 0.0214 14 0.0253 13
± ± ± ± ± ± ± ±


Table 7. Total hydrogen bond energies ESEN
HS �


�


i


ESEN�HS�i
in kJ mol�1


estimated from shared-electron numbers as the sum of the values given
in Tables 5 and 6.


BP86/RI B3LYPmetal complex
SV(P) TZVP SV(P) TZVP


FeII 1 46 40 53 46
2 59 50 61 53
3 56 43 57 50
4 23 23 51 44


FeIII 1 29 29 28 26
2 32 28 24 24
3 39 35 43 42
4 12 19 14 22


RuII 1 34 30 37 34
2 44 36 45 39
3 50 40 49 42
4 10 12 27 26
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moiety in dinuclear diazene complexes, the stabilization
energies can be evaluated according to the reaction:


N2H2 � 2[M]� [M]-NH-HN-[M] �Estab (3)


in which [M] symbolizes the five-coordinate metal frag-
ment. Since all model complexes contain at least two strong
H ¥ ¥ ¥ S hydrogen bridges (NB an ordinary H ¥ ¥ ¥ S bond is
usually not stronger than about 5 kJ mol�1), their total
contribution to the diazene stabilization energy �Estab can
become fairly large. All molecules in reaction (3) possess
singlet ground states if M�RuII. This, however, is not the case
for M�FeII because the five-coordinate metal fragments
[FeII] possess ground states of higher multiplicity. The case
M�FeIII is not considered here since doublet and quartet
multiplicities must also be taken into account, which is out of
reach of current density functional calculations as will become
obvious in the following analysis of the FeII reaction
energetics.


The five-coordinate fragments [FeII] are predicted to have
triplet or singlet ground states in BP86/RI calculations, while
B3LYP yields quintet ground states. Table 8 gives values for
�Estab obtained with BP86/RI and B3LYP for FeII and RuII


complexes in their ground states, as predicted by the
particular density functionals. While the absolute values of
the RuII reaction energies are larger for BP86/RI by up to


about 40 kJ mol�1 when compared with B3LYP, this difference
is increased for FeII complexes to about 180 kJ mol�1. Addi-
tionally, the absolute values are larger for the RuII cases
than for FeII. Consequently, with some care it is possible to
draw conclusions from the calculated reaction energies for
Reaction (3) if M�RuII, while it is hardly possible to
interpret the FeII energetic data at all. The �Estab values have
not yet been corrected for the basis set superposition error,
since the results obtained with different functionals vary such
that is not yet worthwhile to calculate a counter-poise
correction.


The investigation of the energetics of Reaction (3) clearly
demonstrates that current density functional calculations
cannot reliably predict differences in total energies for iron
compounds in which spin states of different multiplicity are
energetically close. As a consequence, reliable stabilization
energies �Estab cannot be obtained for FeII complexes. This
result is in accordance with observations made by comparison
of calculated ground-state multiplicities with experimentally
found magnetic properties of fully characterized complexes
such as [Fe(L)(×NHS4×)] with L�N2H4, NH3, CO, NO�,
PR3.[32]


In spite of these results, we may extract lower and upper
boundaries for the contribution of the hydrogen bonding
interactions to the total stabilization energy �Estab ; for this
analysis we rely on the fact that the errors in results from both
functionals are systematic (cf. Ref. [32]). The BP86/RI/TZVP
calculations favoring singlet or triplet ground states for the
metal complex fragments [FeII] yield a lower boundary for the
hydrogen bond energy contribution to �Estab in FeII com-
plexes. As Table 8 demonstrates, we obtain a contribution by
hydrogen bonds to the stabilization energy �Estab in FeII


complexes of about 20 %. B3LYP calculations, on the other
hand, favor high-spin multiplicities such that B3LYP stabilizes
the high-spin quintet states of the five-coordinate [FeII] metal
fragments too much. This overemphasis of the quintet state
stability of [FeII] fragment molecules results in a reduced
reaction energy �Estab for Reaction (3), which is the differ-
ence of the total electronic energies for the dinuclear product
molecule and for the two [FeII] complex fragments plus
diazene. The �Estab values from B3LYP calculations are
therefore too small, and the hydrogen bonding contribution to
diazene stabilization comes out too large. We thus come to the
conclusion that the BP86/RI and B3LYP data in Table 8 yield
lower and upper boundaries, respectively, for the hydrogen
bond energy contribution to �Estab.


For RuII we arrive at a hydrogen bonding contribution to
diazene stabilization of only about 10 %, which is due to the
strong Ru�N bonds in the dinuclear complex resulting in large
binding energies.


Conclusion


Our analysis of nitrogenase model complexes containing
ligands with biologically compatible donor-atom sets and
metal centers leads us to the following conclusions. Bifurcated
hydrogen bridges are only found in dinuclear complexes 1 and
2 with FeII centers. All other complexes contain only two
nonbifurcated hydrogen�sulfur bonds. For 1 with FeII, a total
hydrogen bond energy of 70 kJ mol�1 has been estimated.[18]


The result is in fair agreement with the SEN value ESEN
HS of


46 kJ mol�1 for the total hydrogen bond energy in FeII�1.
The compounds with FeII centers exhibit stronger hydrogen


bonds than their FeIII analogues. This is an important
observation with respect to the mechanism proposed in
Scheme 3. The protonation of the ligand-sphere thiolate
donors in Scheme 3A yields the dicationic species B. A
consecutive intramolecular proton and electron transfer onto
molecular nitrogen bridging the two metal centers yields


Table 8. Stabilization energies �Estab in kJ mol�1 at 0 K obtained according
to Reaction (3) with the TZVP basis set for FeII and RuII complexes
(without zero-point vibrational energy corrections). Our results show that
BP86/RI and B3LYP calculations cannot be used to determine the �Estab


for FeII complexes reliably (cf. the discussion in the text).[a]


BP86/RI B3LYPmetal complex
�Estab M �Estab M


FeII 1 � 227 (18 %) T � 65.5 (70 %) Q
2 � 261 (19 %) S � 82.3 (64 %) Q
3 � 254 (17 %) T � 87.5 (57 %) Q
4 � 268 (9 %) T � 89.6 (49 %) Q


RuII 1 � 343 (9 %) S � 298 (11 %) S
2 � 310 (12 %) S � 280 (14 %) S
3 � 274 (15 %) S � 254 (17 %) S
4 � 324 (4 %) S � 283 (9 %) S


[a] All dinuclear complexes are calculated as singlet states. The ground
state multiplicities obtained for the five-coordinate metal fragments [M]
are given in column M (S� singlet, T� triplet, Q�quintet). The contri-
bution of the total hydrogen bond energies from Table 7 to diazene
stabilization as a percentage of the stabilization energy �Estab is given in
parentheses.
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intermediate C. The reduction of structure C to D would then
stabilize the diazene thus created through an increase in
hydrogen bond strength.


While the hydrogen bonds could stabilize dinuclear FeII


complexes by more than 20 %, this effect is strongly reduced
for RuII compounds, in which the binding energy of diazene to
RuII itself is comparatively large. RuII stabilizes the diazene
ligand mainly through this large binding energy. The hydrogen
bond energies are smaller than those in the analogous FeII


complexes and do not play a significant role in the stabiliza-
tion of N2H2. The increased stabilization of unstable N2H2 by
Ru complexes is thus mainly due to the greater strength of the
Ru�N bonds in the Ru-N2H2-Ru entity.


Fine tuning of the hydrogen bond energy can be achieved
through changing the hydrogen�sulfur bond lengths. The
H ¥ ¥ ¥ S lengths vary when different chelate ligands (penta- vs.
tetradentate) coordinate the metals, when iron is replaced by
ruthenium to yield complex fragments with different
metal ± sulfur lengths, or when the formal oxidation states
and/or the spin states of the metal centers change.


In the light of such large contributions of hydrogen bonding
to the stabilization of N2Hx species, the role of hydrogen
bonding can hardly be overestimated during a reduction from
molecular nitrogen to ammonia.


Computational Methods


For all calculations we used the density functional programs provided by
the ��������� 5.1 suite.[33] We employed the Becke ± Perdew functional
dubbed BP86[34, 35] and the hybrid functional B3LYP[36, 37] as implemented in
���������. Moreover, we always used the resolution of the identity (RI)
technique for the BP86 functional.[38, 39] For all compounds containing
ruthenium we employed the effective core potentials from the Stuttgart
group[40] as implemented in���������. All results were obtained from all-
electron Kohn ± Sham calculations.
The influence of the size of the basis set was studied by means of two
different basis sets, the first denoted SV(P). This is the Ahlrichs split-
valence basis set with polarization functions on heavy atoms, but not on
hydrogen atoms.[41] Moreover, the TZVP basis featuring a valence triple-
zeta basis set with polarization functions on all atoms was used.[42] All
structures were optimized with the corresponding basis set. In order to
analyze the electron density of the compounds, we made use of the concept
of shared-electron numbers as implemented in ���������. Details of the
SEN method are described in Part I.[27]


The program 	olden was used for the visualization of structures.[43]
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