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Introduction


Radical polymerization is one of the most important methods
for synthesizing polymers with nearly 50 % of synthetic
polymers prepared through radical processes.[1] The commer-
cial success of radical polymerization has several origins.
Firstly, a large number of monomers can undergo free radical
polymerization; nearly all alkenes can be polymerized or
copolymerized by a radical process. This is owing to the
growing number of species that have a high tolerance of many
functional groups, including acid, hydroxyl, and amino groups.
Secondly, facile copolymerization can occur between various
monomers. However, perhaps the most important is a
convenient temperature range and very minimal require-
ments for purification of monomers, solvents, and so forth,
which should only be deoxygenated. Radical polymerization
can be carried out in bulk in solution, aqueous suspension,
emulsion, dispersion, and so on.


There are, however, several limitations for a radical
polymerization, especially in comparison with ionic processes.
Anionic, and more recently also cationic, polymerization
enables the preparation of well-defined polymers and copoly-
mers with predetermined molecular weights and low poly-
dispersities.[2±5] The main advantage of ionic reactions is the
possibility of synthesizing segmented copolymers, such as
block and graft copolymers, that microphase separate and can


be used as thermoplastic elastomers, non-ionic surfactants,
dispersants, lubricants, viscosity modifiers, special additives,
and so on. These materials are prepared through so-called
ªlivingº polymerizations in which, after relatively fast initia-
tion, chains only propagate and the contribution of chain-
breaking reactions, such as transfer and termination, is
negligible. Unfortunately, ionic polymerization is limited to
a handful of monomers; it also requires very stringent drying,
exclusion of moisture, and also very low temperatures
(< ÿ 70 8C). On the other hand, until recently it was not
possible to prepare the well-defined polymers and copolymers
that were available from ionic reactions by radical methods.
The main reason for this was the presence of unavoidable
termination between growing radicals. In order to minimize
the termination in conventional radicals systems, radicals are
slowly and continuously generated by the thermal or photo-
induced decomposition of suitable initiators such as peroxides
or diazo compounds. This approach enables the synthesis of
ill-defined high polymers, but not block copolymers. In recent
years there has been a demand for the synthesis of the novel,
well-defined materials available from ionic reactions but from
techniques that require less stringent conditions. Radical
polymerization is an obvious choice in this regard because of
the facile reaction conditions and the large range of polymer-
izable monomers.


There are several approaches used to control radical
polymerization and to suppress contribution of chain-break-
ing reactions together with assuring quantitative initiation.[6]


All of them employ a dynamic equilibration between the
propagating free radicals (with the rate constant of free
radical propagation, kp) and some kind of dormant species
which is established through activation (ka) and deactivation
(kd) steps. We prefer to classify these reactions as controlled
radical polymerizations rather than living radical polymer-
izations because of the presence of unavoidable termination
(kt), which is inherently incompatible with the concept of
living polymerization.[7, 8]


Currently three approaches seem to be the most successful
for controlling radical polymerization:
1) Thermal homolytic cleavage of a weak bond in a covalent


species that reversibly provides a growing radical and a less
reactive radical (persistent or stable free radical,
Scheme 1). There are several examples of persistent
radicals but the most successful appear to be nitro-
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xides,[9±13] triazolinyl radicals,[14] some bulky organic radi-
cals, e.g. trityl[15, 16] , and organometallic species.[17]


2) Another approach is based on the catalyzed reversible
cleavage of the covalent bond in the dormant species
through a redox process (Scheme 2).[18, 19] The key step in
controlling the polymerization is atom (or group) transfer
between growing chains and a catalyst, and therefore was
named atom transfer radical polymerization (ATRP).[19]


Pn X Pn+  Mtm/Lz +  X-Mtm+1/Lz


ka


kd
+Mkp


kt


Scheme 2. Atom transfer radical polymerization (ATRP) (M�monomer,
Mt�metal).


3) The third approach is based on a thermodynamically
neutral exchange process between growing radicals pres-
ent at very low concentrations and dormant species. This
degenerative transfer process can employ alkyl iodides and
also unsaturated methacrylate esters and thioesters.[20±22]


The latter two processes operate by addition ± fragmenta-
tion chemistry (Scheme 3).


Pn X PnPm Pm X+ +


+Mkp+Mkp


kexch


ktkt


Scheme 3. Polymerization by a thermodynamically neutral exchange
process (M�monomer).


This Concepts article will summarize recent progress in
ATRP, explain some fundamental steps involved in it, and also
demonstrate some links to analogous processes in organic
chemistry.


Discussion


Atom transfer radical addition (ATRA): The importance of
radical reactions in organic synthesis is continuously increas-
ing because of the tolerance of many functional groups
exhibited by free radicals. It is possible to use radical


processes in multistep cascade syntheses, which are based on
the careful selection of reagents and make use of highly
chemoselective and regioselective processes.[23, 24] The en-
hanced control relies on concepts of electrophilicity and
nucleophilicity of organic radicals, and also on the persistent
radical effect (PRE) in which the stationary concentration of
reactive radicals is reduced and therefore minimizes the
contribution of termination.[25] One of the most successful
methods is the metal-catalyzed Kharasch addition[26] or atom
transfer radical addition (ATRA),[23] so named because it
employs atom transfer from an organic halide to a transition
metal complex to generate the reactive radicals. This is
followed by addition to the alkene, and then back transfer
from the transition metal to a product radical to form the final
product.


In ATRA, a metal catalyst such as a copper(i) halide
complexed by suitable ligands (although Ni, Pd, Ru, Fe, and
other metals have been used as well) undergoes an inner
sphere oxidation through abstraction of a halogen atom from
a substrate (Scheme 4). This reaction generates a copper(ii)
complex and an organic radical. The radical may add to an


Scheme 4. Atom transfer radical addition (M�monomer, Mt�metal).


alkene in an inter- or intramolecular fashion. It can also
abstract the halogen atom from the copper(ii) complex and
return back to the original dormant organic halide species, or
abstraction of the halogen may occur after addition to the
alkene and thus form a desired product. The copper(i)
complex is reformed, completing the catalytic cycle. The
radical may also react with another radical, but because the
steady-state concentration of radicals is very small, the
contribution of termination is negligible. The substrates for
ATRA should generate radicals much more easily than
products and, therefore, should lead only to monoaddition.


From experimental evidence it is not fully clear whether the
intermediate radicals are free radicals or coordinated to the
metal center, but the most plausible mechanism based upon
chemo-, regio-, and stereoselectivity suggests predominant
involvement of free radicals. Nevertheless, the mechanism
may change depending on the structure of metal compound,
ligands, substrates, products, as well as solvents and temper-
ature, and can include ionic intermediates, oxidative addition,
organometallic species, or a simple transfer to the substrate
without the catalyzed atom transfer step.


ATRA can be extended to atom transfer radical polymer-
ization (ATRP) if the conditions can be modified such that
more than one addition step occurs. Thus, if the radical species
in Scheme 4 both before and after addition of the unsaturated
substrate (monomer) possess comparable reactivity, then the
activation ± addition ± deactivation cycle will repeat until all of
monomer present is consumed. This process results in a chain-


Abstract in Polish: PrzeglaÎd ten jest posÂwieÎcony kontrolo-
wanej polimeryzacji rodnikowej w obecnosÂci metali przejsÂcio-
wych, a w szczegoÂlnosÂci polimeryzacji rodnikowej z przenie-
sieniem atomu z udziaøem zwiaÎzkoÂw miedzi. Przedyskutowa-
ny jest zakres i ograniczenia tej metody wraz z ostatnimi
osiaÎgnieÎciami i przyszøymi kierunkami rozwoju.
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Scheme 1. Persistent or stable, free radical polymerization
(M�monomer).
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growth polymerization (Scheme 5). However, not only one
but several monomer molecules may add during one activa-
tion step. The precise number depends on the relative rates of
propagation and deactivation and affects polydispersity of the
obtained polymers.


Polymerization systems utilizing this concept have been
developed with complexes of Cu, Ru, Ni, Pd, Rh and
Fe to establish the ATRP equilibrium; however, the remain-
der of this survey will describe developments in copper-based
ATRP.


Typical features of ATRP:[27] A successful ATRP process
should meet several requirements:
1) It should consume the initiator at the early stages of


polymerization and generate propagating chains leading to
polymers with degrees of polymerization (DP) predeter-
mined by the ratio of the concentrations of converted
monomer (M) to the introduced initiator (I) (DP�D[M]/
[I]o).


2) The number of monomer molecules added during one
activation step should be small, resulting in polymers with
low polydispersities.


3) Finally, the contribution of chain-breaking reactions
(transfer and termination) should be negligible so as to
yield polymers with high degrees of end functionalities and
allow the synthesis of block copolymers.


In order to reach these three goals, it is necessary to select
appropriate reagents and appropriate reaction conditions.
According to the general scheme of ATRP given above, the
rate of polymerization can be derived, and is given by
Equation (1).


Rp�kp[M][RX]o ka[CuI]/(kd[XÿCuII]) (1)


Thus, the rate of polymerization should be internal first-
order in monomer, external first-order with respect to
initiator and activator, CuI, and external negative first-order
with respect to deactivator, XCuII.[27] However, the kinetics
may be more complex owing to the formation of XCuII species
through PRE. Fractional orders with respect to the monomer
and other components have been predicted for the idealized
system with chain-length independent-termination rate coef-
ficients.[28] The actual kinetics depends on many factors
including the solubility of activator and deactivator, their
possible interactions, and variations of their structures and
reactivities with concentrations and composition of the


reaction medium. It should be
also noted that the contribution
of PRE at the initial stages
might be affected by the mixing
method, crystallinity of the
metal compound and ligand,
and so forth.


One of the most important
parameters in ATRP is the
dynamics of exchange and, es-
pecially, the relative rate of
deactivation. If the deactivation


process is slow in comparison with propagation, then a classic
redox initiation process operates leading to conventional and
uncontrolled radical polymerization. Polydispersities in
ATRP are defined by Equation (2).


Mw/Mn� 1� {(kp[RX]o)/(kd[XÿCuII])}(2/pÿ 1) (2)


Thus, polydispersities decrease with conversion (p), the rate
constant of deactivation (kd), and the concentration of
deactivator ([XCuII]). However, they increase with the
propagation rate constant (kp) and the concentration of
initiator ([RX]o). This means that more uniform polymers are
obtained at higher conversions, when the concentration of
deactivator in solution is high and the concentration of
initiator is low.[29] Also, more uniform polymers are formed
when the deactivator is very reactive (e.g., copper(ii) com-
plexed by 2,2'-bipyridine or pentamethyldiethylenetriamine
rather than by water) and the monomer propagates slowly
(styrene rather than acrylate).


Chain-breaking reactions do occur in controlled radical
systems. Fortunately, at typical reaction temperatures the
contribution of transfer is relatively small. For example, in
polymerization of styrene, less than 10 % of chains participate
in transfer to monomer before reaching Mn� 100 000. How-
ever, the contribution of transfer progressively increases with
chain length, and therefore molecular weights must be limited
by the appropriate ratio of monomer to initiator concentra-
tions (for styrene D[M]/[I]o< 1000). Termination does occur
in radical systems and currently can not be completely
avoided. However, since termination is second-order with
respect to radical concentration and propagation is first-order,
the contribution of termination increases with radical con-
centration and, therefore, with the polymerization rate. Thus,
most controlled radical polymerizations are designed to be
slower than conventional systems. It is possible to generate
relatively fast controlled radical polymerization, but only for
the most reactive monomers, such as acrylates, and/or for
relatively short chains. For short chains, the absolute concen-
tration of terminated chains is still high, but their percentile in
the total number of chains is small enough not to affect end
functionalities and blocking efficiency. A typical proportion of
terminated chains is between 1 and 10 %; with the large
domination of very short chains this may not markedly affect
the properties of the synthesized polymers and copolymers. It
is possible to measure the evolution of concentration of
terminated chains by following the copper(ii) species by
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Scheme 5. Chain-growth polymerization.
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EPR.[30] Because termination rate coefficients decrease sig-
nificantly with chain length and viscosity of the medium, the
rate of termination also dramatically reduces; furthermore,
the PRE also reduces this rate.


The radical nature of ATRP : A simplified picture of the
ATRP equilibrium with a copper halide complex that contains
two bipyridine ligands is shown in Scheme 6. Based on the
X-ray structures of the corresponding isolated solids, the CuI


cationic complex should have a slightly distorted tetrahedral
coordination and CuII a trigonal bipyramidal coordination.[31]


However, this picture may not be fully correct in solution,
especially in nonpolar solvents in which bridged species may
participate.[32] The rate constants of the exchange process,
propagation, and termination shown in Scheme 6 refer to
styrene polymerization at 110 8C.[27, 33]


In analogy to ATRA, it is possible that not only free
radicals but also other species may be involved in propaga-
tion. It was demonstrated that the ATRP mechanism operates
in the polymerization of styrene and (meth)acrylates, cata-
lyzed by copper halides complexed by 2,2'-bipyridine and the
corresponding 4,4'-dialkyl substituted bipyridines.[34] This
conclusion was reached based on several identical features
of ATRP and conventional radical polymerizations. They
include:
* chemoselectivity (reactivity ratios, effect of scavengers and


additives selective for radical, ionic and organometallic
reactions),[19, 35±39]


* regioselectivity (end groups, head-to-tail structures),[35]


* stereoselectivity (tacticity),[35]


* direct observation of radical coupling products (doubling
of molecular weights, crosslinking for multifunctional
systems, direct observation of copper(ii) by EPR),[30]


* approaching the ATRP equilibria from the opposite site
[e.g., azobisisobutyronitrile (AIBN) and XCuII species],
giving direct evidence that copper(ii) deactivates growing
radicals,[40±42]


* increasing rates and polydispersities by reducing concen-
tration of copper(ii), for example, by its lower solubility and
by adding copper(00).[43]


Actually, none of these experiments prove unambiguously
and unequivocally that a radical process operates. Never-
theless, when taken together they strongly indicated that the
majority of monomer was consumed and that the polymer was
predominantly formed by a free radical process.


Many features of copper-catalyzed atom transfer radical
polymerization resemble closely those of other controlled
radical systems, such as nitroxide-mediated processes,[12, 44]


degenerative transfer[20] or those proceeding with organo-
metallic intermediates.[17] Molecular weights increase linearly
with conversion, polydispersities initially decrease with con-
version, an excess of persistent radicals reduces polymer-
ization rates, oxygen inhibits polymerization, and water
generally does not affect polymerization. In addition, chemo-
selectivity (reactivity ratios and transfer coefficients), regio-
selectivity, and stereoselectivity (tacticity) are similar to those


in conventional radical polymer-
izations. However, the presence
of transition metals in the reac-
tion requires very careful ex-
amination of the reactive inter-
mediates and the mechanism of
propagation.


It is possible that under cer-
tain conditions degenerative
transfer and reversible forma-
tion of organometallic inter-
mediates can supplement
ATRP. It is also possible that
ATRP may sometimes occur


not by a concerted process with bridged intermediates but
by two step process with the involvement of radical anions.
For some monomers and some metal complexes, either
oxidation or reduction of growing radicals to ionic species is
possible and will usually induce loss of control owing to the
high reaction temperature and the presence of adventitious
water. However, it was found that although degenerative
transfer operates with iodine, it does not with chlorine and
bromine end groups. Also, a negligible effect of Cu(OTf) or
Cu(OTf)2 on rates and molecular weights in AIBN-initiated
polymerization of styrene and acrylates suggests insignificant
formation of organometallic intermediates.[45]


It is recommended that the involvement of radicals in
metal-catalyzed polymerizations should always be tested
using the above criteria, since even a small change in the
monomer, ligand, temperature, or solvent may favor other
reactions. For example, Cu(PF6)/4 CH3CN generates cationic
polymerization of styrene,[46] analogously the CuBr/2 Bpy
complex also yields a cationic polymerization of p-meth-
oxystyrene,[47] whereas it generates carbanions from diethyl
2-bromomalonate.[32]


Recent developments in ATRP : There are three directions in
the current development of ATRP. One is the preparation of
various new materials;[48, 49] this will be briefly covered in the
last section. The second one is the better understanding of the
reaction mechanisms,[32] construction of the structureÐreac-
tivity correlation for monomers, alkyl halides and catalysts;
these were discussed above. The third one is the continuous
improvement of the catalytic systems, hopefully leading to
better control, lower metal concentration, more selectivity,
the expansion to new monomers, the use of environmen-
tally friendly media such as water and carbon dioxide, and
so on.
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Scheme 6. ATRP equilibrium with a copper halide complex that contains two bipyridine ligands.
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Ligands and metals : The complexes of CuBr with bpy,
originally adopted from organic chemists, were expanded to
include alkyl-substituted bpy in order to increase solubility of
catalysts and ensure fast deactivation. This resulted in the
preparation of polymers with very low polydispersities, Mw/
Mn< 1.1.[29] There are several similar approaches for other
bidentate ligands such as pyridinimines[50] and phenanthro-
lines.[51] Another approach is to use multidentate ligands such
as pentamethyldiethylenetriamine (PMDETA) and the cor-
responding permethylated tetramine.[52] PMDETA is an
inexpensive ligand ($ 20/L), forms nearly colorless complexes
with CuI, and also provides fast and efficient polymerization
of styrene, acrylates, and methacrylates. The ATRP equili-
brium is shifted towards the copper(ii) species, possibily
because the more electron-donating ligand complexes the
stronger Lewis acid (cupric species) more efficiently. Even
more efficient is the tripodal ligand tris(dimethylaminoethyl)-
amine (Me6TREN). Methyl acrylate polymerizes rapidly at
room temperature with a low concentration of CuBr/Me6-
TREN. After 1 h at 22 8C, 41 % conversion is reached and a
polymer with Mn� 9100 and Mw/Mn� 1.09 is obtained from a
ratio of monomer, initiator, and catalyst of 1000:5:0.5.[53]


Some ligands used successfully in ATRP are shown in
Figure 1.
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Figure 1. Some ligands used successfully in ATRP.


It is believed that the development of better ATRP catalytic
systems will be a very exciting and rapidly developing area.
The basic factors involved will include: cost, recovery and
immobilization, efficiency (equilibrium constant and deacti-
vation rate) and chemoselectivity (contribution of side
reactions). Structurally, new improved catalysts should have
a faster rate of formation of cupric species (ka�
1 molÿ1 L sÿ1), but with a preserved very fast deactivation
(kd� 107 molÿ1 L sÿ1). The design of a catalyst should enable


the expansion of the coordination sphere to accommodate
atom transfer. Finally, the steric and electronic effects should
selectively favor inner sphere electron transfer (ET) over any
other process (b-H abstraction, outer sphere ET, formation of
organometallic species, etc.).


An important role may be played not only by the multi-
dentate amine ligands but also by the counterion. Some
improvements have been noted by replacing Br and Cl in
cuprous species by triflate,[54] carboxylate,[55] or PF6.[56]


Although copper-based ATRP currently seems to be the
most robust, other metals have been also successfully used
(Ru,[18] Fe,[42, 57, 58] Ni,[59, 60] Pd,[61] , Rh[62, 63]). The combination
of a variety of metals, anions, and ligands may provide new,
more efficient catalysts, which will expand the current
limitations of ATRP. However, the precise mechanism of
polymerization should also be carefully evaluated for each
system.


Media/solvents : Radical polymerization is much less sensitive
to solvent effects than ionic reactions. However, the structure
and reactivity of the catalysts is strongly affected by solvents.
For example, a remarkable effect of polar additives such as
ethylene carbonate have been noted.[64] Also, dimethylforma-
mide homogenizes CuBr/bpy systems.[65] It is expected that
some additives may strongly affect the nature and reactivity of
the catalyst by specific solvation.


Even more challenging is the use of water as medium for
ATRP. Water can be used under both homogeneous con-
ditions [e.g., water soluble poly(2-hydroxyethyl acrylate)][66]


and under heterogeneous conditions (e.g., emulsions).[67] In
both cases the proper catalytic system must be used. Activator
and deactivator must be at the appropriate concentrations in
the phase in which monomer is predominantly located and
also in which polymerization occurs; similar rules apply to the
initiator. A surfactant that does not interfere with ATRP
should be used. For example, emulsion polymerization of
styrene, butyl acrylate, and butyl methacrylate was successful
in the presence of non-ionic surfactants, with CuBr complexed
by 4,4'-dialkyl bpy as the catalyst and ethyl 2-bromoisobuty-
rate (added after monomer emulsion was formed) as initia-
tor.[67] Other ligands, surfactants, initiators, and modes of
addition often resulted in either unstable emulsions or poor
control.


A similar approach was used for the polymerization of
fluorinated (meth)acrylates and MMA (methyl methacrylate)
in liquid CO2. A special ligand with fluorinated groups used to
solubilize catalytic systems is shown in Figure 1.[68]


Miscellaneous developments : There are several directions in
which we can expand range of monomers, initiators, and
reaction conditions. For example, the range of acrylic mono-
mers have been expanded from the original primary alkyl
esters to hydroxyethyl, glycidyl, dimethylaminoethyl, amido,
and bromopropionyl derivatives and to tertiary esters con-
vertible to acids; these can directly provide hyperbranched
polymers[69] by self condensing vinyl polymerization.[70] Some
examples of these monomers are shown in Figure 2.
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Figure 2. Some of the range of acrylic monomers that can be used in
ATRP.


However, it is still difficult to homopolymerize some less
reactive monomers such as vinyl acetate, vinyl chloride, and a-
olefins, though their copolymerization has been successful in
some cases.[32] Various initiators containing hydroxy, silyl,
epoxy, amido, amino, cyano, halo, and unsaturated structures
have been used to prepare end-functional polymers (Fig-
ure 3).[71]
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Figure 3. Various initiators used for the preparation of end-functional
polymers.


Not only alkyl halides but also sulfonyl halides have been
used successfully for many ATRP systems.[72±74] Moreover, it is
possible to easily displace the halogen from the growing end
group (Figure 4).[71]


Figure 4. Example of the displacement of the halogen from the growing
end group.


Active halogens can be incorporated at the chain ends of
polymers prepared by other techniques such as cationic,
anionic, ring-opening metathesis, and conventional radical
processes to form macroinitiators. Such macroinitiators have


been successfully used to chain extend by ATRP to form novel
diblock, triblock, and graft copolymers.[75±78]


Recently, ATRP in the presence of metals in their zero
oxidation state have been reported.[43] While they do not serve
as catalysts themselves (radicals do not reduce CuI to CuO),
they can act as precursors to the true catalysts and reduce the
amount of ligands used by regenerating cuprous species from
the cupric species. Moreover, the excess of CuO can be used to
scavenge a limited amount of oxygen and inhibitor from the
system, allowing some ATRP systems to be carried out just on
a bench, without deoxygenation and/or inhibitor removal.[79]


New polymers and copolymers by ATRP :[48, 49] It is beyond
the scope of this article to list and discuss all of the new
materials made by ATRP. Generally, though, these materials
can be grouped in three categories:
* new polymeric topology (Figure 5),
* new controlled compositions (Figure 6),
* new functionalities (Figure 7).


Figure 5. Schematic represetation of possible new polymeric topologies.


Figure 6. Schematic represetation of possible new controlled composi-
tions.


Figure 7. Schematic represetation of possible new functionalities.


These new, and often novel, materials have come about
because of the large range of monomers and functionalities
that can be utilized in ATRP. Other, more comprehensive
reviews cover these structures prepared by ATRP in greater
detail.[48, 49, 80, 81] However, it should be remembered that any
controlled radical polymerization, ATRP included, is not as
precise as some anionic polymerizations, although they may
provide a larger variety of structures and encompass more
monomers and useful functionalities.
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Future Outlook


It is anticipated that controlled radical polymerization
systems will become a commercial reality in a very near
future, especially in the areas of specialties, coatings, surfac-
tants, dispersants, and so on. From the previously discussed
three methods used to control radical polymerizations, ATRP
has several advantages which include:
* Br, Cl as the least expensive end groups (very important for


short chains),
* a multitude of activated alkyl halides as functional


initiators and macroinitiators for making novel block
copolymers and hybrid materials,


* very facile removal of halogens, and their replacement by
useful functional groups,


* very simple reaction set up and multitude of reaction
conditions,


* possibility of adjusting rates and enhancing crosspropaga-
tion by selective catalysis,[82]


* and a large variation of the catalytic structures.
At the same time, the inherent part of ATRP is the


transition metal catalyst, which should be removed and,
ideally, recycled. In this area some successful approaches
include selective absorption, precipitation, and immobiliza-
tion techniques.


Mechanistically, the most exciting areas for future ATRP
research include understanding the details of the process,
especially the most crucial atom transfer step, and also a
comprehensive structure ± reactivity correlation for initiators,
monomers, and catalysts. Synthetically, it is necessary to
expand the range of monomers and initiators and better
understand limits for the range of controlled molecular
weights, crosspropagations, and end functionalities. Finally,
one of the most attractive features is the preparation of many
new functional polymers with novel and controlled composi-
tions and topologies for structure ± property relationship, and
the better design of novel materials for special applications.
ATRP is especially well suited for that purpose as a result of
facile reaction conditions, a multitude of polymerizable
monomers, and accessible chain functionalities.
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Introduction


The invention of new chemical transformations remains an
extraordinarily fertile area of research in synthetic organic
chemistry. Indeed, many conceptually simple chemical trans-
formations can be envisioned which have not yet been
reduced to practice. Additional contributions to the inventory
of chemical transformations also facilitate explorations of
novel strategies for efficient synthetic access to compounds of
commercial and academic importance.


This account presents the conceptual foundation for recent
discoveries of reagents and catalysts for endo-selective
alkynol cycloisomerizations, accompanied by a brief presen-
tation of several mechanistically related transformations as
well as some synthetic applications from our laboratory.


Discussion


Background : At the outset of our studies, we believed that
endo-cycloisomerizations of alkynyl alcohols and other al-
kyne-nucleophile substrates (Scheme 1) would be valuable
chemical transformations, given the commercial and synthetic
availability of many functionalized alkyne substrates, as well
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Scheme 1. Alkyne nucleophile endo-cycloisomerization. Nu�O, N, C, S.. .


as the versatility of known methods for regio- and stereo-
selective manipulations of cyclic heteroatom-substituted al-
kenes. However, such endo-selective cyclization transforma-
tions were virtually unknown prior to our work in this area.[1]


Examination of the organometallic literature revealed that
terminal alkynes can be converted into h2-vinylidene metal
complexes by many middle and late transition metal reagents,
with migration of the alkynyl hydrogen from the terminal a-
carbon to the internal b-carbon atom (Scheme 2).[2] The Ca


position of this metal vinylidene becomes electrophilic, and
this facilitates regioselective nucleophilic addition to afford
Fischer-type metal carbenes.


R Cβ Cα H R Cβ Cα H


MLn R


Cβ


H


R


Cβ Cα MLn


H


H Nu
H


Cβ Cα


MLn


R
H


Nu


MLn


δ- δ+


metal
vinylidene


Fischer carbene


Cα MLn


Scheme 2. Metal vinylidene generation and nucleophilic addition to afford
Fischer carbenes.


The intramolecular reaction of simple alkynyl alcohols is a
relatively general method for the generation of cyclic Fischer
oxacarbenes, exemplified in Scheme 3 by the first reported
five,[3] six,[4] and seven-membered[5] cyclic oxacarbenes arising
from alkynol cyclizations.


We realized that this method for preparation of stoichio-
metric Fischer oxacarbenes[6] might be combined with depro-
tonation under basic conditions to provide metal carbene
anions (isoelectronic with ester enolates, Scheme 4).[7] In the
1970�s the laboratories of Fischer and Casey had shown that
reactions of Group VI oxacarbenes with amine bases afforded
conversion to metal-free vinyl ether products.[8] Thus, our
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initial hypothesis for achieving the desired alkynol cyclo-
isomerization transformation proposed the catalytic reaction
of an alkynyl alcohol with a coordinatively unsaturated metal-
ligand species in the presence of a base.


Alkynol cycloisomerizations : In the course of exploring a
variety of metal carbonyl reagents and reaction conditions, we
found that substituted 1-alkyn-4-ols 1 were transformed into
the corresponding 2,3-dihydrofuran isomers 2 in the presence
of substoichiometric amounts of trialkylamine-molybdenum
pentacarbonyl (Scheme 5).[9] The important cyclic, reactive
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Scheme 5. Molybdenum-catalyzed alkynol cyclizations.


intermediate is apparently the molybdenum carbene anion 4,
which can be intercepted with a number of electrophiles.
Along these lines we discovered a new and very mild method
for preparing alpha-stannyl vinyl ethers 5 based on molybde-


num-catalyzed cyclization of alkynyl alcohols 1 in the
presence of tributyltin triflate.[10]


Although molybdenum-catalyzed cyclizations are largely
limited to five-membered ring formation, we have discovered
that tetrahydrofuran-tungsten pentacarbonyl is an effective
reagent for cyclizations of 1-alkyn-5-ols 6 leading to produc-
tion of six-membered rings (Scheme 6).[11] The stoichiometric
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Scheme 6. Tungsten-promoted alkynol cyclizations.


tungsten oxacarbenes 7 are often but not always observed as
isolable intermediates, which can be converted into metal-free
dihydropyrans 8 upon reaction with triethylamine. The
stannyl derivatives 9 are produced from treatment of carbene
7 with tributyltin triflate and triethylamine. The molybdenum
and tungsten pentacarbonyl-promoted cyclizations are com-
patible with a variety of functional groups, including carbox-
ylic esters, amides, and carbamate protective groups, as
exemplified in Scheme 7.[12]
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cyclizations.


1-Alkyn-5-ol substrates 14 bearing oxygen substituents at
the propargylic position (C3) rapidly react with the tungsten
pentacarbonyl reagent, but these substrates tend to give
mixtures of regioisomeric metal-free products, and favors the
five-membered exocyclic enol ether 15 when the cyclization
reaction is conducted at room temperature. However, the
desired endo-selectivity for six-membered ring formation (16)
is largely recovered when the reaction mixture is warmed
(Scheme 8).[13]
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Cycloisomerizations of other nucleophiles tethered to termi-
nal alkynes : This concept has been extended to cycloisome-
rization reactions with nitrogen, carbon, and sulfur nucleo-
philes. Although basic nitrogen substituents are incompatible
with Group VI metal pentacarbonyl reagents, alkynylaniline
17 and alkynylcarbamate 19 (Scheme 9) are suitable sub-
strates for cycloisomerization, providing the products indole
18 and cyclic enecarbamate 20, respectively.[14]
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Scheme 9. Azacycloisomerizations of alkynyl-nitrogen substrates.


A variety of carbon nucleophiles also participate in vinyl-
idene additions arising from metal-promoted rearrangements
of terminal alkynes (Scheme 10). The first examples of this
reaction were reported by Merlic and Pauly, who showed that
diene-yne substrates such as 21 undergo cycloisomerization to
the aromatic product 22 under ruthenium catalysis.[15] We
have found that activated methylenes 23 also participate in
cyclizations with terminal alkynes to afford cyclopentenes
24,[16] and phenolic nucleophiles 25 undergo cycloisomeriza-
tion to afford the benzopyran product 26.[17] Maeyama and
Iwasawa have recently reported mechanistically related
[W(CO)5]-promoted carbocyclizations of terminal alkynes
tethered to silyl enol ethers 27.[18]


We have also demonstrated the first examples of thiacy-
cloisomerization of thiol-alkyne substrates (Scheme 11). For
instance, alkynylthiol 29 undergoes molybdenum and chro-
mium-promoted cycloisomerization to the dihydrothiophene
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Scheme 10. Carbocycloisomerizations of alkynyl-carbon nucleophiles.
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Scheme 11. Thiacycloisomerizations of alkynyl-sulfur nucleophiles.


30. The chromium-promoted procedure appears to be supe-
rior, providing a 60 % isolated yield of 30 with less than
0.5 equivalents of the chromium carbonyl reagent.[19]


Synthetic applications : Not only is the alkynol cycloisomeri-
zation transformation a novel and direct method for forming
dihydrofurans and dihydropyrans, but this reaction also
provides an effective method for the efficient synthesis of
bioactive glycoconjugates. For instance, the cycloisomeriza-
tion reaction of alkynyl alcohol substrates is a key trans-
formation in a five-step enantioselective synthesis of the HIV
reverse transcriptase inhibitor d4T (33, Scheme 12).[20] The
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Scheme 12. A short, enantioselective synthesis of the anti-AIDS drug d4T.


alkynyl alcohol 31 arises from Sharpless ± Katsuki enantiose-
lective epoxidation of allyl alcohol followed by lithium
acetylide opening of the epoxide intermediate, whereupon
molybdenum-catalyzed cycloisomerization transforms the
acyclic substrate 31 into a highly deoxygenated furanosyl
glycal (1,2-endocyclic enol ether) 32. This metal-free cycliza-
tion product is then stereoselectively glycosylated with
thymine, and the resulting iodonucleoside undergoes regio-
selective elimination to place the alkene in the desired 2',3'-
position for a short and efficient synthesis of this clinically
valuable anti-AIDS drug.


The alkynol endo-cyclization reaction coupled with the
novel stannylation of the metal carbene intermediate has
been utilized in an iterative synthesis of trans-fused polypyran
substructures, as exhibited in the brevetoxin/maitotoxin
natural-product family (Scheme 13).[21] Although alkynol
cycloisomerization methodology is currently restricted to
five- and six-membered ring products, and efficient produc-
tion of the tricyclic compound 37 is hampered by a multistep
reaction sequence utilized for generation of alkynol 36 from
stannyl enol ether 35, these limitations might be eventually
overcome by further methodology development leading to
seven-membered ring synthesis (cf. Scheme 3) coupled with
other methods for alkynol generation from endocyclic enol
ethers.[22]


We recently disclosed a novel strategy for oligosaccharide
synthesis, in which enantioselective synthesis of pyranose
glycals by alkynol cycloisomerization is coupled with stereo-
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selective O-glycosylation of the alkyne-containing alcohols.[23]


Such a strategy is unprecedented for oligosaccharide syn-
thesis, which is classically conducted by coupling together two
preformed carbohydrate components. Although many glyco-
conjugates are composed of inexpensive d-sugars (i.e.,
glucose, galactose, mannose), the less readily available l-
sugars, as well as highly deoxygenated sugars and amino
sugars, are found in some glycoconjugates that exhibit
important biological activities, and the preparations of
unusual monosaccharides require multistep synthetic routes
prior to glycosylation.


Our new strategy for oligosaccharide construction involves
iterative utilization of alkynyl alcohols 39 as the nucleophilic
component (glycosyl acceptor) for glycosylation (Scheme 14).
After glycosylation another hydroxyl group is then unmasked
to afford alkynol 40, which cyclizes via a tungsten oxacarbene
intermediate, leading to a higher-order oligosaccharide bear-
ing a glycal 41 at the reducing terminus. An additional cycle of
this procedure provides a short synthesis of the trisaccharide
moiety 43 (l-aculose-a-l-rhodinose-a-l-rhodinose) found in
aquayamycin platelet aggregation inhibitors. The relatively
mild conditions of the alkynyl alcohol cycloisomerization
protocol are compatible with the acid-sensitive glycal and O-
glycoside bonds, as well as the l-aculose component (arising
from 38), which is quite sensitive to basic and nucleophilic
reagents. As modern methods in enantioselective synthesis
can provide alkynyl alcohol building blocks with virtually all
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Scheme 14. New strategy for oligosaccharide synthesis featuring iterative
alkynol cycloisomerization (PG�protecting group).


possible diastereo- and enantiomeric patterns, we predict that
this strategy will be applicable for the synthesis of a wide
range of hexose glycals and oligosaccharide compounds.
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A Phosphane-Free Catalyst System for the Heck Arylation of Disubstituted
Alkenes: Application to the Synthesis of Trisubstituted Olefins


Christoph Gürtler and Stephen L. Buchwald* [a]


Abstract: A new general procedure for the Heck arylation of disubstituted olefins is
described. This procedure allows, in many instances, the stereoselective synthesis of
trisubstituted olefins. Trisubstituted olefins are easily accessible under mild reaction
conditions using a new catalyst system consisting of dicyclohexylamine or methyl-
(dicyclohexyl)amine and a phase-transfer catalyst. The choice of base was found to be
crucial for the rate and stereoselectivity of the Heck arylation reactions. This method
is applicable to the coupling of both electron-deficient and electron-rich aryl halides
and displays good stereoselectivity and a high degree of functional group
compatibility. Labeling studies indicate that the source of this selectivity is
thermodynamic in nature.


Keywords: alkenes ´ base effects ´
Heck reaction ´ palladium ´ phase-
transfer catalysis


Introduction


The palladium-catalyzed reaction of organic halides with
alkenes (the Heck reaction, Scheme 1)[1] has become a well-
established synthetic method for carbon ± carbon bond for-
mation.[2] However, to date only a few examples of its use for
the stereoselective synthesis of trisubstituted olefins[3] have
been reported.[4] The development of an efficient process for
the stereoselective Heck arylation of disubstituted olefins
would be of significant utility.


Scheme 1. General Heck reaction.


Herein we describe general, phosphane-free, reaction
conditions for the Heck type coupling of aryl iodides and
aryl bromides with 1,1-and 1,2-disubstituted olefins. Under
relatively mild reaction conditions (95 ± 100 8C), trisubstituted
olefins could be prepared with high E selectivity starting from
1,2-disubstituted alkenes.[5] That this transformation is effi-
cient under these conditions indicates that this system
possesses a high level of catalytic activity.


Since the factors that influence the rate of Heck reactions
remain obscure, we sought to reexamine these processes with
the goal of developing a simple, relatively general protocol for
the Heck arylation reaction, which we hoped to apply to the
synthesis of trisubstituted olefins. In initial experiments we
investigated the influence of different bases[3b, 6] on the
reaction rates and selectivities of Heck reactions using a
standard catalyst system developed by Heck (tri-o-tolylphos-
phane, Pd(OAc)2). We began by studying the effect of
different bases on the relative rates of the reaction of
4-fluorobromobenzene with butyl methacrylate (see Table 1,
entry 1) using triethylamine, tri-n-butylamine, pentamethyl-
piperidine (PMP), diisopropylethylamine, dicyclohexylamine,
and methyl(dicyclohexyl)amine. The reaction procedures that
employed dicyclohexylamine or methyl(dicyclohexyl)amine
were considerably faster (about one order of magnitude) than
those that utilized the other amines. In addition, these
procedures gave the olefin product with a high level of E/Z
stereoselectivity. The E/Z selectivity could be improved by
using methyldicyclohexylamine as the base in combination
with tetraethylammonium chloride, as introduced in the
pioneering work of Jeffery.[7] A phosphane ligand was not
necessary, and, in fact, led to a loss of selectivity. This finding
was important because a phosphane-free system is desirable,
particularly for industrial applications. The current phos-
phane-free protocol is effective for both aryl iodides and
bromides, in reactions with both 1,1-and 1,2-disubstituted
olefins (Scheme 2). We note that Beletskaya et al. ,[8a,b]


Jeffery,[7b] Reetz et al.,[8c] and Moreno ± ManÄ as et al.[3a] have
previously described phosphane-free Heck procedures for
Heck arylations. However, only Moreno ± ManÄ as et al.
reported Heck arylations of disubstituted olefins and those
were with aryl iodides.
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Scheme 2. Modified Heck reaction using bulky amine bases and a phase-
transfer catalyst.


Results and Discussion


As shown in Table 1, a procedure employing the Pd(OAc)2/
Cy2NMe/tetraethylammonium chloride[9] system was very
effective in coupling activated olefins with both electron-rich
and electron-poor aryl halide substrates. Even ortho-substi-
tuted aryl halides, whose transformations are problematic
under typical reaction conditions, were efficiently converted
into the desired trisubstituted olefins. However, in these cases
a greater quantity of catalyst was required. In most instances,
procedures which employed a stoichiometric quantity of
tetraethylammonium chloride proceeded with the shortest
reaction times and manifested the best E/Z selectivities. In the
case of methacrylate substrates[10] (entries 1 and 2) however,
the use of a modified ammonium salt (Cy2(Me2)NBr) in
combination with methyl(dicyclohexyl)amine gave the best
results.


A common side product in reactions with methacrylates
results from a second Heck arylation of the initial olefin
product.[6,20] Using our modified catalyst system we were able
to suppress this side reaction while still achieving a high E/Z
ratio even for an ortho-substituted aryl halide (entry 2), if the
reaction was stopped after 75 % conversion. The Heck
coupling of electron-poor vinylic substrates or electron-poor
arenes is often inefficient.[11] Using the conditions described
herein, in dimethylacetamide, we were able to overcome these
problems; the reaction of dimethyl itaconate[12] with 2-iodo-
cyanobenzene afforded the product in 74 % yield (entry 4)
with essentially complete stereoselectivity.


Heck reactions of b-substituted, a,b-unsaturated esters
usually require relatively harsh reaction conditions.[13] In
contrast, we were able to cou-
ple a variety of substrates in-
cluding 3-bromothiophene and
2-ethylbromobenzene with cin-
namic acid esters at or below
100 8C. Reactions of methyl
cinnamate, however, with elec-
tron-poor aryl halide substrates
(e.g., methyl 4-bromobenzoate
or 4-bromobenzonitrile) did
not proceed in satisfactory
yields.[14] Electron-rich sub-
strates such as N,N-dimethyl-4-
bromobenzene could be cou-
pled with trans-methyl cinna-
mate to afford vinylogous ure-


thanes in high yield (entry 7). The E/Z ratio in this case
reflects the equilibrium ratio at 85 8C.[15]


This methodology was also used to couple aryl bromides or
iodides with methyl crotonate.[16] As in the reactions of trans-
methycinnamate (with the exception of entry 7) only the E
isomer was obtained. Whereas the coupling of ortho-substi-
tuted aryl bromides was inefficient, the reaction of ortho-
substituted aryl iodides proceeded satisfactorily. For example,
while 2-bromoanisole was not a suitable coupling partner for
methyl crotonate, the use of the corresponding iodide gave a
moderate yield of the desired trisubstituted olefin product
(entry 11). Bulky ortho substituents had a significant effect on
the outcome of the reaction as evidenced by our inability to
couple 2-ethyliodobenzene with methyl crotonate.[17] Using a
higher catalyst loading (4 mol %) it was possible to couple an
electron-poor olefin and an electron-poor aryl bromide
(entry 13), albeit in modest yield.


A comparison of the structure of dicyclohexylamine and
methyl(dicyclohexyl)amine to phosphanes led us to hypothe-
size that the similarly shaped amine bases function in the same
role as the phosphane ligands often employed in Heck
reactions. Dicyclohexylamine and methyl(dicyclohexyl)amine
are closer in shape to triphenylphosphane and tri-o-tolyl-
phosphane than the usual bases in Heck reactions, triethyl- or
tributylamine, which have a more spherical shape. The rate
enhancement observed in protocols which use dicyclohexyl-
amine and methyl(dicyclohexyl)amine as base might be due
to a more rapid conversion of an intermediate [L2Pd(HX)]
(I)[18] complex (L� e.g., methyl(dicyclohexyl)amine) since
the base which is needed to remove HX is already bound to
the palladium. Bis-phosphane complexes analogous to I are
intermediates in the regeneration of the Pd0 catalysts in the
Heck reaction and are known to be relatively stable.[19] The
slow decomposition of I would thus substantially reduce the
quantity of catalytically active palladium catalyst. A related
proposal for the influence of phase-transfer catalysts has been
put forward by Jeffery.[7]


In order to probe the source of the stereoselectivity of the
Heck arylation of cinnamate esters, the two experiments
shown in Scheme 3 were performed. First, using the reaction
protocol described above, [D5]bromobenzene was coupled
with (E)-methyl cinnamate to give [D5]diphenylmethylacry-
late as a 1:1 mixture of geometric isomers in 80 % yield. In a


Scheme 3. Heck reactions revealing the thermodynamic origin of selectivity.







Heck Arylation of Disubstituted Alkenes 3107 ± 3112


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3109 $ 17.50+.50/0 3109


Table 1. Palladium-catalyzed synthesis of trisubstituted olefins.


Entry Arene Olefin Product Ratio E/Z[a] Procedure[b] Time [h] Yield [%][c]


1 10.3:1:1.7 A 24 84


2 17:2.4:1 D 24 60


3 11:1 A 16 72


4 1 isomer A 16 74


5 1 isomer A 16 80


6 25:1 C 60 75


7 2:1 B 45 80


8 1 isomer A 60 76


9 16:1 A 16 87


10 18:1 A 20 81


11 20:1 A 20 65


12 20:1 A 20 81


13 19:1 A 16 51


[a] E/Z isomer and product of a second Heck reaction. [b] All reactions were carried out in dimethylacetamide using 1.0 equiv of Et4NCl, and 1.5 equiv of
Me(Cy2)N. Conditions A: 95 ± 100 8C, ratio arene/olefin 1.1:1, 2 mol % Pd(OAc)2 (with the exception of entry 9 (1 mol % of Pd) and entries 8 and 13
(4 mol % of Pd). Conditions B: 85 8C, ratio arene/double bond 1.1:1, 3 mol % Pd(OAc)2. Conditions C: 85 8C, ratio arene/double bond 1.5:1, two portions
of 2 mol % Pd(OAc)2 added. Conditions D: 110 8C, ratio arene/double bond 1.1:1, 3 mol % Pd(OAc)2 added. The run time is stated at each entry. [c] Yields
refer to the average of at least two yields of isolated product >95 % purity as determined by GC. The stereochemistry of all new compounds were secured
by NOE experiments.
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similar fashion, bromobenzene was coupled with II to give III
E/Z� 12:1. This result should be compared with that
described in Table 1, entry 6, in which 2-ethylbromobenzene
was coupled with with (E)-methyl cinnamate to give a 25:1
ratio of III E/Z. Taken together these results indicate that the
stereoselectivity is thermodynamic in origin. This finding is of
considerable interest since the generally accepted mechanism
for the Heck arylation of a disubstituted alkene predicts
that the trisubstituted alkene should be formed in a stereo-
specific manner. In the case of reactions of cinnamate
esters equilibration likely occurs subsequent to the Heck
arylation.


In summary, we have developed a general procedure for
Heck arylation of disubstituted olefins which allows, in many
instances, the stereoselective synthesis of trisubstituted ole-
fins. This method is applicable to the coupling of both
electron-deficient and electron-rich substrates and displays
good stereoselectivity and a high degree of functional group
compatibility. Labeling studies indicate that the source of this
selectivity is thermodynamic in nature.


Experimental Section


General considerations : All reactions were performed under an inert
atmosphere of argon in oven- or flame-dried glassware. Dimethylaceta-
mide (99.5 %) was purchased from Lancaster and used without further
purification. Unless otherwise noted, all reagents were purchased from
commercial sources and were used without further purification.


Preparative flash chromatography was performed using ICN flash silica gel,
230 ± 400 mesh. Yields refer to the average of two yields of isolated product
of 95 % or higher purity as determined by GC, 1H NMR, and elemental
analysis. All products were characterized by 1H NMR, 13C NMR, IR
spectroscopy, and elemental analysis from E & R Microanalytical
Laboratories, 96 ± 34 Corona Ave, Corona, NY 11368. NMR spectra were
recorded on a Bruker AC-250 and a Varian Unity 300 MHz spectrometer.
Yields indicated in this section refer to a single experiment, while those
reported in the tables are an average of two or more runs, so the numbers
may differ slightly. All 1H NMR spectra are reported in d units ppm
downfield from tetramethylsilane internal standard. All 13C spectra are
reported in d units relative to the central line of the triplet for CDCl3 at d�
77 ppm, with the exception of entry 6 where the central line of the quintet
of CD2Cl2 at d� 54 ppm was employed. IR spectra were recorded on a ASI
ReactIR 1000 spectrometer using the ATR technique. Gas chromatog-
raphy analyses were performed on a Hewlett ± Packard 5890 gas chromato-
graph, with an FID, a 25 meter capillary column with a dimethylpolysilox-
ane stationary phase, and a 3392A integrator. Melting points were
determined using a Haake Buchler melting point apparatus and are
uncorrected.


Pd-Catalyzed coupling of bromo-/iodoarene with olefins :


General procedure A : The aryl halide (1.1 mmol), the olefinic substrate
(1.0 mmol), Et4NCl (1.0 mmol), Cy2(Me)N (1.5 mmol), Pd(OAc)2


(0.02 mmol), (with the exception of entry 9 where 0.01 mol Pd(OAc)2


was employed and entries 8 and 13 where 0.04 mol was used), and
dimethylacetamide (4.0 mL) were added to an oven-dried Schlenk tube,
which was then sealed with a septum, purged with argon, and heated to
100 8C under argon. When the aryl halide was consumed as determined by
GC analysis, the reaction mixture was allowed to cool to room temperature,
diluted with Et2O, and washed three times with water. The organic layer
was dried over MgSO4 and concentrated under vacuum to give the crude
product. Purification by flash column chromatography afforded the
analytically pure product.


General procedure B : The aryl halide (1.1 mmol), the olefinic substrate
(1.0 mmol), Et4NCl (1.0 mmol), Cy2(Me)N (1.5 mmol), Pd(OAc)2


(0.03 mmol), and dimethylacetamide (4.0 mL) were added to an oven-


dried Schleck tube, which was then sealed with a septum, purged with
argon, and heated to 85 8C under argon until the aryl halide was consumed
as determined by GC analysis. The reaction mixture was then allowed to
cool to room temperature, diluted with Et2O, and washed three times with
water. The organic layer was dried over MgSO4 and concentrated under
vacuum to give the crude product. Purification by flash column chroma-
tography afforded the analytically pure product.


General procedure C : The aryl halide (1.5 mmol), the olefinic substrate
(1.0 mmol), Et4NCl (1.0 mmol), Cy2(Me)N (1.5 mmol), Pd(OAc)2 (two
portions of 0.02 mmol added at the start of the reaction and after 12 h), and
dimethylacetamide (4.0 mL) were added to an oven-dried Schlenk tube,
which was then sealed with a septum, purged with argon, and heated to
85 8C under argon until the aryl halide was consumed as determined by GC
analysis. The reaction mixture was then allowed to cool to room temper-
ature, diluted with Et2O, and washed three times with water. The organic
layer was dried over MgSO4 and concentrated under vacuum to give the
crude product. Purification by flash column chromatography afforded the
analytically pure product.


General procedure D : The aryl halide (1.1 mmol), the olefinic substrate
(1.0 mmol), Et4NCl (1.0 mmol), Cy2MeN (1.5 mmol), Pd(OAc)2


(0.03 mmol), and dimethylacetamide (4.0 mL) were added to an oven-
dried test tube, which was then sealed with a septum, purged with argon,
and heated to 110 8C under argon until 75% conversion was achieved as
determined by GC analysis. The reaction mixture was then allowed to cool
to room temperature, diluted with Et2O, and washed three times with
water. The organic layer was dried over MgSO4 and concentrated under
vacuum to give the crude product. Purification by flash column chroma-
tography on silica gel afforded the analytically pure product.


(E)-3-(4-Fluorophenyl)-2-methyl-n-butyl acrylate (entry1):[6a] Procedure
A was used to convert 4-fluorobromobenzene and n-butyl methacrylate to
the title product in 24 h. Instead of Et4NCl (1.0 mmol), Cy(Me)NBr
(1.0 mmol) was used. Purification by flash column chromatography (5 %
EtOAc/pentane) gave the analytically pure product as a clear oil (205 mg,
87% yield). 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.63 (s, 1H; CH),
7.39 (d, 3J(H,H)� 8.0 Hz, 1H; CH), 7.36 (d, 3J(H,H)� 8.0 Hz, 1 H; CH),
7.09 (d, 3J(H,H)� 8.0 Hz, 1H; CH), 7.05 (d, 3J(H,H)� 8.0 Hz, 1 H; CH),
4.21 ('t', 2J(H,H)� 5.5 Hz, 2 H; CH2), 2.09 (s, 3H; CH3), 1.67 (m, 2 H; CH2),
1.44 (m, 2H; CH2), 0.97 (t, 2J(H,H)� 5.5 Hz, 3 H; CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 168.6, 162.3, 137.4, 131.3, 128.5, 115.5,
115.2, 64.7, 30.8, 19.9, 13.3, 13.7; IR (ATR): nÄ � 2960, 2937, 2875, 1706, 1601,
1509, 1254, 1227, 1200, 1115, 833, 748 cmÿ1. C14H17O2F (236.29): calcd C
71.17, H 7.25; found C 71.35, H 7.44.


(E)-3-(2-Methylphenyl)-2-methyl-n-butyl acrylate (entry 2): Procedure D
was used to convert 2-bromotoluene and n-butyl-methacrylate to the title
product in 24 h. Instead of Et4NCl (1.0 mmol), Cy(Me)NBr (1.0 mmol) was
used. Purification by flash column chromatography (1% EtOAc/pentane)
gave the analytically pure product as a clear oil (144 mg, 62 % yield).
1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.76 (s, 1 H; CH), 7.22 (d,
3J(H,H)� 7.0 Hz, 1H; CH), 7.20 (dd, 3J(H,H)� 7.0 Hz, 3J(H,H)� 7.0 Hz,
1H; CH), 7.18 (dd, 3J(H,H)� 7.0 Hz, 3J(H,H)� 7.0 Hz, 1H; CH), 7.15 (d,
3J(H,H)� 7.0 Hz, 1H; CH), 4.22 ('t', 2J(H,H)� 5.5 Hz, 2H; CH2), 2.28 (s,
3H; CH3), 1.96 (s, 3 H; CH3), 1.71 (m, 2 H; CH2), 1.47 (m, 2H; CH2), 0.96
(dd, 2J(H,H)� 5.5 Hz, 2J(H,H)� 5.5 Hz, 3H; CH3); 13C NMR (62.5 MHz,
[D]CHCl3, 20 8C): d� 168.4, 138.0, 136.7, 135.1, 130.2, 129.9, 128.7, 128.0,
125.4, 64.6, 30.7, 19.7, 19.2, 13.8, 13.7; IR (ATR): nÄ � 2960, 2933, 2875, 1710,
1459, 1250, 1219, 1119, 741 cmÿ1; C15H20O2 (232.33): calcd C 77.55, H 8.68;
found C 77.25, H 8.82.


(E)-3-(4-Anisyl)-2-methylenemethylcarboxylate-methyl acrylate (en-
try 3):[12] Procedure A was used to convert dimethyl itaconate and
4-bromoanisole to the title product in 16 h. Purification by flash column
chromatography (33 % diethyl ether/pentane gave the analytically pure
product as a clear oil (180 mg, 74 % yield). 1H NMR (250 MHz, [D]CHCl3,
20 8C): d� 7.83 (s, 1H; CH), 7.30 (d, 3J(H,H)� 8.0 Hz, 2 H; 2CH), 6.89 (d,
3J(H,H)� 8.0 Hz, 2H; 2CH), 3.81 (s, 3H; CH3), 3.79 (s, 3H; CH3), 3.55 (s,
2H; CH2); 13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d� 171.6, 168.0, 160.2,
141.8, 130.9 (2C), 127.3, 123.7, 114.1 (2C), 55.2, 52.1, 52.0, 33.5; IR (ATR):
nÄ � 3003, 2952, 2844, 1737, 1706, 1636, 1605, 1513, 1435, 1254, 1204, 1173,
1092, 1030, 837, 764 cmÿ1; C14H16O5 (264.28): calcd C 63.63, H 6.10; found C
63.82, H 6.30.
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(E)-3-(2-Cyanophenyl)-2-methylenemethylcarboxylate-methyl acrylate
(entry 4): Procedure A was used to convert dimethyl itaconate and
2-cyanoiodobenzene to the title product in 16 h. Purification by flash
column chromatography (25 % EtOAc/hexane) gave the analytically pure
product as a colorless solid (194 mg, 75 % yield). M.p. 64 8C; 1H NMR
(250 MHz, [D]CHCl3, 20 8C): d� 7.98 (s, 1H; CH), 7.70 (d, 3J(H,H)�
7.5 Hz, 1 H; CH), 7.60 (dd, 3J(H,H)� 7.5 Hz, 3J(H,H)� 7.5 Hz, 1 H; CH),
7.46 (d, 3J(H,H)� 7.5 Hz, 1 H; CH), 7.44 (dd, 3J(H,H)� 7.5 Hz, 3J(H,H)�
7.5 Hz, 1 H; CH), 3.82 (s, 3 H; CH3), 3.69 (s, 3H; CH3), 3.40 (s, 3 H; CH3);
13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d� 171.1, 166.6, 138.3, 137.4, 133.1,
132.8, 130.1, 129.1, 129.0, 112.5, 81.7, 52.4, 52.2, 33.6; IR (ATR): nÄ � 2960,
2227, 1717, 1432, 1339, 1269, 1231, 1204, 1092, 775 cmÿ1; C14H13NO4:
(259.26): calcd C 64.86, H 5.05; found C 64.86, H 5.10.


(E)-3,3-Diphenylmethyl acrylate (entry 5):[13] Procedure A was used to
convert bromobenzene and trans-methyl cinnamate to the title product in
16 h. Purification by flash column chromatography (1 % Et2O/pentane)
gave the analytically pure product as a clear oil (196 mg, 82 % yield).
1H NMR (250 MHz, [D2]CH2Cl2, 20 8C): d� 7.43 ± 7.40 (m, 6H; 6CH),
7.35 ± 7.32 (m, 4H; 4CH), 6.39 (s, 1H; CH), 3.62 (s, 3 H; CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 166.4, 157.2, 141.5, 139.5, 130.8, 130.6,
129.5 (2C), 129.2 (2 C), 128.1 (2C), 127.5 (2C), 117.6, 51.5; IR (ATR): nÄ �
2945, 2856, 1725, 1702, 1617, 1447, 1266, 1188, 1161, 772, 694 cmÿ1; C16H14O2


(238.29): calcd C 80.65, H 5.92; found C 80.58, H 6.11.


(E)-3-(2-Ethylphenyl)-3-phenylmethyl acrylate (entry 6): Procedure C was
used to convert 2-ethylbromobenzene and trans-methyl cinnamate to the
title product in 60 h. Purification by flash column chromatography (5%
EtOAc/hexane) gave the analytically pure product as a clear oil (237 mg,
89% yield). 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.30 ± 7.22 (m, 8H;
8CH), 7.06 (d, 3J(H,H)� 7.5 Hz, 1 H; CH), 6.51 (s, 1H; CH), 3.56 (s, 3H;
CH3), 2.37 (m, 2 H; CH2), 0.99 ('t', 2J(H,H)� 5.5 Hz, 3H; CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 166.1, 129.7, 129.5, 129.2, 129.1, 128.7,
128.5 (2 C), 128.2, 128.1, 127.7, 127.5 (2C), 125.7, 125.4, 51.2, 26.1, 14.6; IR
(ATR): nÄ � 2968, 1725, 1617, 1447, 1358, 1262, 1188, 1161, 1015, 760,
694 cmÿ1; C18H18O2: (266.34): Calcd C 81.17, H 6.81; found C 80.98, H 6.62.


(E)-3-(4-Dimethylaminophenyl)-3-phenylmethyl acrylate (entry 7): Proce-
dure B was used to convert 4-N,N-dimethylaminobromobenzene and trans-
methyl cinnamate to the title product in 45 h. Purification by flash column
chromatography (5% EtOAc/pentane) gave the analytically pure product
as a slightly yellow solid (225 mg, 80% yield). M.p. 124 8C; 1H NMR
(250 MHz, [D]CHCl3, 20 8C): d� 7.38 (m, 3 H; 3CH), 7.22 (m, 2 H; 2CH),
7.20 (d, 3J(H,H)� 8.0 Hz, 2 H; 2CH), 6.62 (d, 3J(H,H)� 8.0 Hz, 2H; 2CH),
6.30 (s, 1 H; CH), 3.58 (s, 3H; CH3), 3.00 (s, 6 H; 2CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 166.8, 157.5, 151.3, 139.5, 131.2, 129.5
(2C), 129.0 (2C), 128.3, 128.2, 127.7 (2C), 112.0, 111.6 (2C), 50.9, 40.2; IR
(ATR): nÄ � 2914, 2856, 1710, 1605, 1582, 1439, 1370, 1146, 814,
779, 702 cmÿ1; C18H19O2N (281.36): calcd C 76.84, H 6.81; found C 76.91,
H 6.99.


(Z)-3-(4-Dimethylaminophenyl)-3-phenylmethyl acrylate (entry 7): Slight-
ly yellow oil. 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 8.07 (d, 3J(H,H)�
8.0 Hz, 2H; 2CH), 7.96 (d, 3J� 8.0 Hz, 2 H; 2CH), 7.38 ± 7.25 (m, 4 H; 4CH),
7.19 (m, 1H; CH), 6.40 (s, 1H; CH), 3.90 (s, 6H; 2CH3), 3.60 (s, 3H; CH3);
13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d� 166.0, 138.1, 130.8, 129.5 (2C),
129.0 (2 C), 128.4, 128.2 (2C), 128.0, 127.2, 118.5 (2C), 117.4, 52.1, 51.3 (2C);
IR (ATR): nÄ � 2952, 2254, 1721, 1609, 1435, 1273, 1165, 1111, 1015, 849, 733,
698 cmÿ1; MS (GCMS): m/z (%): 296 (90) [M�].


(E)-3-(3-Thiophenyl)-3-phenylmethyl acrylate (entry 8): Procedure A was
used to convert 3-bromothiophene and trans-methyl cinnamate to the title
product in 60 h. Purification by flash column chromatography (5% EtOAc/
pentane) gave the analytically pure product as a clear oil (190 mg, 78%
yield). 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.42 (m, 3 H; 3CH), 7.32
(m, 2 H; 2CH), 7.30 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.5 Hz, 1 H; 1CH),
7.27 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.5 Hz, 1 H; CH), 7.02 (dd, 4J(H,H)�
1.5 Hz, 4J(H,H)� 1.5 Hz, 1H; CH), 6.41 (s, 1H; CH), 3.59 (s, 3 H; CH3);
13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d� 166.4, 151.2, 142.7, 129.3, 128.4
(2C), 128.0 (2 C), 126.3, 125.7, 124.4, 117.3, 115.1, 51.2; IR (ATR): nÄ � 3107,
2949, 1721, 1613, 1432, 1262, 1158, 795, 772, 698 cmÿ1; C14H12O2S (244.31):
calcd C 68.83, H 4.95; found C 68.71, H 5.13.


(E)-(2-Naphthyl)-3-methylmethyl acrylate (entry 9):[16c] Procedure A was
used to convert 2-bromonaphthalene and methyl crotonate to the title
product in 16 h. Purification by flash column chromatography (6.6 %


EtOAc/pentane) gave the analytically pure product as a colorless solid
(197 mg, 87 % yield). M.p. 49 8C; 1H NMR (250 MHz, [D]CHCl3, 20 8C):
d� 7.96 (s, 1H; CH), 7.87 (dd, 3J(H,H)� 7.0 Hz, 3J(H,H)� 7.0 Hz, 1H;
CH), 7.83 (d, 3J(H,H)� 8.5 Hz, 1H; CH), 7.82 (dd, 3J(H,H)� 7.0 Hz,
3J(H,H)� 7.0 Hz, 1H; CH), 7.62 (dd, 3J(H,H)� 8.5 Hz, 4J(H,H)� 1.5 Hz,
1H; CH), 7.51 (d, 3J(H,H)� 7.0 Hz, 1 H; CH), 7.49 (d, 3J(H,H)� 7.0 Hz,
1H; CH), 6.31 (d, 4J(H,H)� 1.5 Hz, 1H; CH), 3.80 (s, 3H; CH3), 2.71 (s,
3H; CH3); 13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d� 167.1, 155.0, 139.2,
133.5, 133.1, 128.4, 128.1, 127.5, 126.6, 126.4, 125.9, 123.9, 117.0, 51.0, 19.1;
IR (ATR): nÄ � 2949, 1710, 1621, 1435, 1235, 1192, 1161, 1131, 1042, 856,
818, 756 cmÿ1; C15H14O2 (226.28): calcd C 79.62, H 6.24; found C 79.78, H
6.46.


(E)-3-(4-tert-Butylphenyl)-3-methylmethyl acrylate (entry 10):[22] Proce-
dure A was used to convert 4-tert-butylbromobenzene and methyl
crotonate to the title product in 20 h. Purification by flash column
chromatography (6.6 % EtOAC/pentane) gave the analytically pure
product as a colorless solid (193 mg, 83% yield). 1H NMR (250 MHz,
[D]CHCl3, 20 8C): d� 7.42 (d, 3J(H,H)� 7.0 Hz, 4H; 4CH), 6.15 (s, 1H;
CH), 3.75 (s, 3H; CH), 2.58 (s, 3H; CH3), 1.34 (s, 9H; 3CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 167.6, 152.4, 139.1, 126.1, (2C), 125.4
(2C), 115.9, 51.0, 34.7, 31.2 (3C), 17.8; IR (ATR): nÄ � 2964, 2906, 2871, 1717,
1628, 1435, 1269, 1165, 1115, 1038, 833 cmÿ1; C15H20O2 (232.33): calcd C
77.55, H 8.86; found C 77.64, H 8.86.


(E)-3-(2-Methoxyphenyl)-3-methylmethyl acrylate (entry 11): Procedure
A was used to convert 2-iodoanisole and methyl crotonate to the title
product in 20 h. Purification by flash column chromatography (6.6 %
EtOAc/pentane) gave the analytically pure product as a colorless oil
(142 mg, 69% yield). 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.27 (dd,
3J(H,H)� 7.5 Hz, 3J(H,H)� 7.5 Hz, 1 H; CH), 7.10 (d, 3J(H,H)� 7.5 Hz,
1H; CH), 6.92 (d, 3J(H,H)� 7.5 Hz, 1H; CH), 6.90 (dd, 3J(H,H)� 7.5 Hz,
3J(H,H)� 7.5 Hz, 1 H; CH), 5.89 (s, 1H; CH), 3.80 (s, 3H; CH3), 3.71 (s,
3H; CH3), 2.48 (s, 3H; CH3); 13C NMR (62.5 MHz, [D]CHCl3, 20 8C): d�
167.1, 156.9, 156.2, 132.8, 129.4, 128.8, 120.5, 118.6, 110.9, 56.3, 54.3, 20.8; IR
(ATR): nÄ � 2999, 2949, 2841, 1717, 1632, 1490, 1462, 1435, 1262, 1235, 1161,
1026, 876, 752 cmÿ1; C12H14O3 (206.24): calcd C 69.89, H 6.84; found C
69.94, H 7.03.


(E)-3-(3-Methoxyphenyl)-3-methylmethyl acrylate (entry 12): Procedure
A was used to convert 3-bromoanisole and methyl crotonate to the title
product in 20 h. Purification by flash column chromatography (6.6 %
EtOAc/hexane) gave the analytically pure product as a clear oil (173 mg,
84% yield). 1H NMR (250 MHz, [D]CHCl3, 20 8C): d� 7.25 (dd, 3J(H,H)�
7.5 Hz, 3J(H,H)� 7.5 Hz, 1H; CH), 7.10 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)�
1.5 Hz, 1H; CH), 6.96 (dd, 4J(H,H)� 1.5 Hz, 4J(H,H)� 1.5 Hz, 1 H; CH),
6.88 (dd, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.5 Hz, 1 H; CH), 6.11 (s, 1 H; CH),
3.79 (s, 3 H; CH3), 3.72 (s, 3 H; CH3), 2.54 (s, 3H; CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 167.5, 159.6, 155.1, 143.6, 129.4, 118.7,
116.8, 114.3, 112.0, 55.2, 51.0, 18.5; IR (ATR): nÄ � 2952, 2918, 2837, 1713,
1632, 1578, 1435, 1219, 1161, 1038, 856, 783 cmÿ1; C12H14O3 (206.24): calcd C
69.89, H 6.84; found C 69.80, H 7.04.


(E)-3-(4-Cyanophenyl)-3-methylmethyl acrylate (entry 13): Procedure A
was used to convert 4-bromobenzonitrile and methylcrotonate to the title
product in 16 h. Purification by flash column chromatography (6.6 %
EtOAc/pentane) gave the analytically pure product as a colorless solid
(107 mg, 53 % yield). M.p. 66 8C; 1H NMR (250 MHz, [D]CHCl3, 20 8C):
d� 7.68 (d, 3J(H,H)� 7.0 Hz, 2H; 2CH), 7.56 (d, 3J(H,H)� 7.0 Hz, 2H;
2CH), 6.14 (s, 1 H; CH), 3.76 (s, 3 H; CH3), 2.56 (s, 3H; CH3); 13C NMR
(62.5 MHz, [D]CHCl3, 20 8C): d� 166.5. 153.4, 146.4, 132.5, 132.1, 127.1,
126.9, 126.7, 118.4, 112.4, 52.4, 18.7; IR (ATR): nÄ � 2952, 2227, 1713, 1625,
1439, 1351, 1169, 1034, 841 cmÿ1; C12H11NO2 (201.23): calcd C 71.63, H 5.51;
found C 71.54, H 5.26.
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Selective and Efficient Recognition of Thymidylylthymidine (TpT)
by Bis(ZnII-cyclen) and Thymidylylthymidylylthymidine (TpTpT)
by Tris(ZnII-cyclen) at Neutral pH in Aqueous Solution


Eiichi Kimura,* Motoya Kikuchi, Hideyuki Kitamura, and Tohru Koike[a]


Abstract: Following our previous re-
ports of a ZnII-cyclen (1) complex (cy-
clen� 1,4,7,10-tetraazacyclododecane)
that selectively recognizes imide-depro-
tonated thymidine (Tÿ) to form a stable
ternary complex, [Tÿ-(ZnII-cyclen)] (2),
in aqueous solution, we now report on
the interaction of thymidylylthymidine
(TpT) with a dimeric ZnII-cyclen com-
plex, which contains a p-xylyl spacer,
bis(ZnII-cyclen) (3), and thymidylylthy-
midylylthymidine (TpTpT) with a tri-
meric ZnII-cyclen complex, which is
linked by two alternate p-xylyl spacers,
tris(ZnII-cyclen) (4). These interactions
were studied by 1H NMR spectroscopy,
UV spectrophotometric titration, poten-
tiometric pH titration, isothermal calo-
rimetric titration, and FAB-MS meas-
urements. In relation to the 1:1 [Tÿ-(ZnII-
cyclen)] (2) complex (Kd� [uncom-


plexed T][uncomplexed 1]/[2]� 7.9�
10ÿ4m), far more stable 1:1 complexes
of the dimeric and trimeric ZnII-cyclen
derivatives are formed with imide-de-
protonated thymidine nucleotides:
[TÿpTÿ-bis(ZnII-cyclen)] (5) (Kd� [un-
complexed TpT][uncomplexed 3]/[5]�
6.3� 10ÿ7m) and [TÿpTÿpTÿ-tris(ZnII-
cyclen)] (6) (Kd� [uncomplexed
TpTpT][uncomplexed 4]/[6]� 8.0�
10ÿ10m, determined by potentiometric
pH titration) at pH 7.4 and 25 8C with
I� 0.10 (NaNO3). For comparison, we
also determined Kd values for 1:1 2'-
deoxyguanylylthymidine (GpT, Kd�
1.3� 10ÿ5m), 2'-deoxycytidylylthymi-


dine (CpT, Kd> 10ÿ4m), and 2'-deoxy-
adenylylthymidine (ApT, Kd> 10ÿ4m)
complexes with the bis(ZnII-cyclen) (3)
(Kd� [uncomplexed XpT][uncom-
plexed 3]/[1:1 complex], determined by
isothermal calorimetric titration), and
for the ZnII-(1-benzyl-1,4,7,10-tetraaza-
cyclododecane) complex (16) of (ZnII-
benzylcyclen) (15) with Tÿ (Kd� [un-
complexed T][uncomplexed 15]/[16]�
5.0� 10ÿ4m, determined by potentio-
metric pH titration) with I� 0.10
(NaNO3) at pH 7.4 and 25 8C. This paper
represents the first quantitative assess-
ment of stoichiometric and reversible
interactions of multinuclear metal com-
plexes with oligonucleotides, whereby
the selective and efficient recognition of
TpT by 3 and TpTpT by 4 were discov-
ered.


Keywords: macrocyclic ligands ´
molecular recognition ´ nucleotides
´ thymidine ´ zinc


Introduction


Small molecules that bind to nucleic acids have been
attracting growing interest. The dynamic and biochemical
functions of the resulting supramolecular complexes have
been extensively studied.[1, 2] A number of clinically useful
drugs belong to this type of complex; these were obtained
mostly from natural products (e.g., bleomycin,[3] distamycin,[4]


actinomycin D[5]). Their modes of interaction with nucleic
acids are now fairly well understood. These molecules interact
with DNA at multi-interaction sites (shape-selective recog-
nition), mostly through hydrogen bonding and/or p ± p stack-


ing interactions. Distamycin, for example, has four carbonyl
oxygens and four amide hydrogens, which in a lipophilic DNA
minor groove find appropriate hydrogen bonding partners on
A-T-rich oligonucleotides.[2a, 4] Although each hydrogen-
bonding interaction is weak (<2 kcal molÿ1), such multiple
bonding contributes to the formation of stable complexes with
dissociation constants of less than 10ÿ6m at physiological pH.


Great efforts have been made to synthesize artificial
molecules that work on DNA in a similar fashion. Conven-
tional designs are mostly based on organic molecules that
contain a hydrophobic linker for minor groove binding,
aromatic rings for stacking, and/or protonated functional
groups (e.g., amidine, guanidine, and quaternary amine)[6, 7]


for electrostatic interactions with anionic phosphate or DNA
bases.[8]


In the course of our continuing studies on the intrinsic
properties of ZnII in zinc enzymes with macrocyclic polyamine
complexes,[9±11] we discovered that the [ZnII-(1,4,7,10-tetra-
azacyclododecane)] complex (1; ZnII-cyclen), in aqueous
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solution at physiological pH, selectively and efficiently
interacts with thymidine (T), uridine (U), and their homo-
logues that contain an ªimideº functionality.[12±16] The recog-
nition occurs through one coordination bond between ZnII


and the deprotonated imide Nÿ anion (represented for
thymidine as Tÿ in Scheme 1)[13±16] and two complementary


Scheme 1.


hydrogen bonds between the two imide oxygens and two NH
groups of the cyclen (as established by X-ray crystal
structures[14]); this yields a stable 1:1 Tÿ-bound complex 2
with a binding constant, logK(2) {� log([2]aH�/[1 a][T])}, of
ÿ4.2, determined by potentiometric pH titration with ionic
strength I� 0.10 (NaNO3) at 25 8C.[13] The corresponding
dissociation constant Kd (� [uncomplexed 1][uncomplexed
T]/[2]) at pH 7.4 is calculated, from the pKa values for ZnII-
bound water (7.86 for 1 a>1 b�H�)[11] and thymidine (9.76
for T>Tÿ�H�), to be 7.9� 10ÿ4m.[13] Other nucleobases (A,
G, and C) did not interact with 1 under the same conditions.
Thus, complex 1 is a novel T(or U)-recognizing molecule.
However, the dissociation constant of the order of 10ÿ4m at
physiological pH may not be good enough for practical
biochemical or medicinal applications.[3±5]


Recently we found that ZnII-cyclen 1 disrupts double-
stranded polyT-polyA at room temperature and pH 7.6 by
invasion into the two complementary hydrogen-bonding sites
in T ± A pairs (see Scheme 2).[17±19] Such dissociative DNA
recognition by ZnII-cyclen 1 is remarkably different from the
associative DNA recognition by distamycin[4] or other organic
molecules.[1]


Scheme 2.


In order to develop host molecules that recognize multiple
T(or U)-motif structures in DNA (or RNA), we studied a
dimeric ZnII-cyclen 3 {bis(ZnII-cyclen)} with a p-xylyl
spacer[20] and a trimeric ZnII-cyclen 4 {tris(ZnII-cyclen)} with
two alternate p-xylyl spacers, which has been newly synthe-
sized. It was hoped that 3 and 4 would form the stable 1:1


complexes 5 and 6 with thymidylylthymidine (TpT) and
thymidylylthymidylylthymidine (TpTpT), respectively, at
neutral pH in aqueous solution. Indeed the present qualitative
and quantitative measurements have established the forma-
tion of complexes 5 and 6, with much greater stability
constants (i.e., much smaller dissociation constants) than that
of complex 2. These results set a new prototype of small
molecules that bind to consecutive thymidine or uridine
nucleotides at specific spots in DNA or RNA for controlling
gene expression.
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Results


Synthesis of tris(ZnII-cyclen) (4): 1,4,7-Tris(tert-butyloxycar-
bonyl)-1,4,7,10-tetraazacyclododecane (7, (Boc)3-cyclen)[21]


was treated with 1,4-bis(bromomethyl)benzene in the pres-
ence of anhydrous Na2CO3 in CHCl3 to obtain 1-bromometh-
yl-4-(4,7,10-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclo-
dodecan-1-ylmethyl)benzene (8 ; Scheme 3). The monocyclic


Scheme 3.


compound 8 was treated with 1,7-bis(diethoxyphosphoryl)-
1,4,7,10-tetraazacyclododecane (9, (Dep)2-cyclen)[22] in the
presence of anhydrous Na2CO3 in CH3CN. The resulting
product was deprotected by HCl in aqueous EtOH and then
purified as the octahydrobromic acid salt of 1,7-bis(4-(1,4,7,10-
tetraazacyclododecan-1-ylmethyl)benzyl)-1,4,7,10-tetraazacy-
clododecane (10). After the HBr salt had been neutralized
with NaOH aqueous solution (5m), the free ligand 10 was
treated with Zn(NO3)2 in EtOH to obtain [4 a][NO3]6


Stoichiometric interaction of bis(ZnII-cyclen) (3) with thymi-
dylylthymidine (TpT) and tris(ZnII-cyclen) (4) with thymi-
dylylthymidylylthymidine (TpTpT): In order to determine the
stoichiometry of complex 5, the complex formed from TpT
and bis(ZnII-cyclen) (3), in aqueous solution, we conducted a
1H NMR titration experiment of TpT (5 mm) with varying
concentrations of 3 (0 ± 10 mm) in D2O with I� 0.10 (NaNO3)
at 35 8C and pD 8.4 (see Figure 1). The chemical shifts of the
aromatic HC(6) protons of TpT (for numbering, see structure
of 5) moved upfield from d� 7.65 and 7.68 (5'-T and 3'-T,
respectively; for location of T, see structure of 5) to d� 7.51
with peak broadening during the addition of one equivalent of
3 (see Figure 1a!b). The upfield shift is possibly due to the
higher electron density of the deprotonated thymidine groups
and/or the magnetic shielding effect of the phenylene group of
3. Similar behavior was observed for a reverse titration of 3
(5 mm) with TpT (0 ± 10 mm) under the same conditions; the


Figure 1. 1H NMR spectra at pD 8.4 and 35 8C in D2O with I� 0.10
(NaNO3): a) 5mm TpT; b) a� 5mm bis(ZnII-cyclen) (3); c) 5mm 3 ;
d) 10 mm 1-methylthymine (T'); e) d� 5mm 3 (� 5mm 22); f) e� 5 mm
TpT.


chemical shifts of the aromatic protons (ArH) of complex 3
moved upfield from d� 7.43 to 7.14 (see Figure 1c!b). No
further change in the chemical shifts was seen at higher
concentration (>5 mm) of the titrants; this suggests a 1:1
complexation to give 5. Furthermore, the almost equivalent
upfield shifts of the two HC(6) protons of TpT are consistent
with the 1:1 structure of complex 5, in which both of the
thymine groups deprotonate to bind with ZnII (see the
following section on potentiometric pH titration study). In
this context, it should be noted that ZnII-cyclen (1) has a
negligible interaction with the phosphodiester monoanion
(each in mm concentration) in aqueous solution.[21] The
1H NMR spectrum of TpTpT (5 mm) upon mixing with
tris(ZnII-cyclen) (4) in D2O became too complex (due to peak
broadening) to be analyzed.


The stoichiometric 1:1 complexation of 5 was independ-
ently established by UV-spectrophotometric titrations of TpT
(0.5 mm, lmax� 267 nm, ed� 1.88� 104 cmÿ1mÿ1, assigned to
thymine group) with increasing concentrations of bis(ZnII-
cyclen) (3, 0 ± 1.0 mm) with I� 0.10 (NaNO3) at 25 8C and
pH 7.4 (10 mm HEPES buffer; see Figure 2b). The results
indicate a linear decrease in the UVabsorption at 267 nm (due
to gradual formation of the deprotonation of T)[13] up to the
addition of equimolar amounts of 3 and a sharp break at
equiv(titrant)� 1 (e '


d� 1.47� 104), followed by a slight linear
increase (due to the weak UV absorption of 3, e� 2.5� 102 at
267 nm). Under the same conditions, thymidine (T) and the
Tÿ-bound ZnII-cyclen complex 2 (prepared in situ with 1 mm T
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Figure 2. UV absorption changes of T, TpT, and TpTpT in the presence of
cyclen derivatives at 25 8C and pH 7.4 (10 mm HEPES buffer) with I� 0.10
(NaNO3): a) 1.0mm T with ZnII-cyclen (1) (0 ± 10 mm); b) 0.50 mm TpT with
bis(ZnII-cyclen) (3) (0 ± 1.0mm); c) 50 mm TpTwith 3 (0 ± 0.10 mm); d) 50 mm
TpTpT with tris(ZnII-cyclen) (4) (0 ± 0.10 mm). The e values of the test
solutions are based on the concentration of thymidine derivatives.
Equiv(titrant) is the number of equivalents of titrant added.


and 10 mm 1) exhibited molar absorption coefficients of
1.08� 104 (em) at lmax� 267 nm and 8.8� 103 cmÿ1mÿ1 (e '


m) at
267 nm (see equiv(titrant)� 0 and 10 in Figure 2a), respec-
tively. These e values are almost half those of TpT in the
absence and presence of equimolar amounts of 3 (Figure 2b at
equiv� 0 and 1), respectively. Thus, the stoichiometric
decrease in the UV absorbance of TpT upon mixing with 3
implies 1:1 complexation of 3 with doubly imido-deproto-
nated TÿpTÿ; this lends support to the stoichiometric struc-
ture of [TÿpTÿ-bis(ZnII-cyclen)] (5). The e values per thymine
base for TpT (ed/2� 0.94� 104) and 5 (e '


d/2� 0.74� 104) are
smaller than those of T and Tÿ-(ZnII-cyclen) (2), respectively.
The hypochromic effect of 5 versus 2 (i.e. , 2e '


m/e '
d� 1.20) is


larger than that of TpT versus T (i.e. , 2em/ed� 1.15); this might
originate from a face-to-face structure of TÿpTÿ in 5.


The 1:1 structure of complex 5 was finally proven by FAB-
MS (positive mode) measurement of a 1:1 TpT/3 mixture
(30 mm) at pH 8 in aqueous solution. We observed a major
peak at m/z 1119 with Zn isotopic peaks (1118, 1120 etc.)
ascribed to the formation of [(TÿpTÿ)3ÿ-34�]� , complex 5 (m/z
1120.84).


The stoichiometric 1:1 complexation of TpTpT with tris-
(ZnII-cyclen) (4) was established by a similar UV titration of
TpTpT (50 mm) under the same conditions. The titration
pattern shown in Figure 2d was similar to that for TpT with 3
(Figure 2b), that is, a linear decrease in the UV absorption of
TpTpT (et� 2.56� 104 cmÿ1mÿ1 at lmax� 267 nm) until
equiv(titrant)� 1 (e '


t� 1.92� 104), followed by a slight in-
crease (due to a weak UV absorption of 4, e� 5.2� 102 at
267 nm). This fact supports the formation of the 1:1 complex
[TÿpTÿpTÿ-tris(ZnII-cyclen)] (6). The e values per thymine
base for TpTpT (et/3� 0.85� 104) and 6 (e '


t/3� 0.64� 104) are
much smaller than those (em and e '


m) of T and Tÿ-(ZnII-cyclen)
(2), respectively. In this case, too, the hypochromic effect of 6
versus 2 (i.e. , 3e '


m/e '
t� 1.38) is much larger than that of TpTpT


versus T (i.e., 3em/et� 1.27). The evidence for formula 6 was
obtained by the FAB-MS data that revealed a major peak at


m/z at 1763 with Zn isotopic peaks (1764, 1767 etc.) for
[(TÿpTÿpTÿ)5ÿ-46�]� , complex 6 (m/z 1762.81), prepared in
situ with 1:1 TpTpT/4 mixture (30 mm) at pH 8 in aqueous
solution.


Quantitative measurement of the interaction of bis(ZnII-
cyclen) (3) with thymidine (T) and thymidylylthymidine
(TpT): A more detailed study on the interaction of 3 a
(1.0 mm) with two equivalents of thymidine (T; 2.0 mm) or
equimolar amounts of dinucleotide TpT (1.0 mm) was con-
ducted by means of potentiometric pH titrations with I� 0.10
(NaNO3) at 25 8C in an identical manner as previously done
for ZnII-cyclen (1) with T.[13] Typical titration curves for 3 a
with TpT and T are shown in Figure 3. The two imide


Figure 3. Potentiometric pH titration curves for TpT and 3 a at 25 8C with
I� 0.10 (NaNO3): a) 1mm TpT; b) 1mm 3a ; c) b� 2 mm T; d) b� 1mm
TpT. Equiv(OHÿ) is the number of equivalents of base added.


deprotonation constants for dinucleotide TpT are estimated
from the pH titration data (Figure 3a) to be 9.55� 0.02 for the
first imide deprotonation (pK1) and 10.25� 0.03 for the
second (pK2) [Eqs. (1) and (2)]. As before with complex 1 and
T, the buffer region of the mixtures (0< equiv(OHÿ)< 2),
which corresponds to the deprotonation of the two ZnII-
bound waters in 3 a (pKa� 7.23 and 7.88),[20] significantly
dropped (see Figure 3c for T and Figure 3d for TpT); this
implies the concomitant ªtwo thymidyl imideº deprotonation
for complex formation. The decrease in pH is more significant
with TpT (1 mm) than with T (2 mm), which suggests that 3 a
forms a more stable complex with one equivalent of TpT than
with two equivalents of T.


TpT>TpTÿ�H� K1� [TpTÿ]aH�/[TpT] (1)


TpTÿ>TÿpTÿ�H� K2� [TÿpTÿ]aH�/[TpTÿ] (2)


3a�TpT>[TpTÿ-bis(ZnII-cyclen)] (11)�H� K(11)� [11]aH�/[3 a][TpT] (3)


11>[TÿpTÿ-bis(ZnII-cyclen)] (5)�H� K(5)� [5]aH�/[11] (4)


The titration data (pH> 5) with equimolar amounts of 3 a
and TpT (1mm) were best treated for equilibria of [TpTÿ-
bis(ZnII-cyclen)] (11) [Eq. (3)] and [TÿpTÿ-bis(ZnII-cyclen)]
(5) [Eq. (4)], by use of the program ªBESTº[23] for pH
titration analysis (see Scheme 4). The obtained logK(11) and
logK(5) values were ÿ2.6� 0.1 and ÿ5.5� 0.1, respectively.
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Scheme 4.


The species distribution diagram as a function of pH
(�ÿ log aH�) for an aqueous solution of TpT (1 mm) in the
presence of equimolar amounts of bis(ZnII-cyclen) 3 a was
calculated, and the result is shown in Figure 4. As expected by


Figure 4. Species distribution that results from an aqueous solution of
1mm 3 a in the presence of 1 mm TpT at 25 8C with I� 0.10 (NaNO3).


the initial 1H NMR and UV titration studies, we see very little
dissociation of 5 when 3 a and TpT (initially both 1 mm) are
mixed at physiological pH (i.e., more than 95 % of 3 a and TpT
are in the form of the 1:1 complex 5 in the pH range from 7 to
10). A dissociation constant Kd (� [uncomplexed TpT][un-
complexed 3 a]/[5]) at pH 7.4 and 25 8C is calculated to be
6.3� 10ÿ7m. From the UV spectrophotometric titration curve
(with diluted concentrations of TpT and 3 a) with I� 0.10
(NaNO3) at pH 7.4 in HEPES buffer (Figure 2c), we could
calculate a 1:1 complexation constant of (1.0� 0.2)� 10ÿ6m,
which is close to the value obtained by the potentiometric pH
titration.


Complexation equilibria for a mixture of 3 a (1 mm) and T
(2 mm) with I� 0.10 (NaNO3) at 25 8C were determined from
Figure 1c, see Scheme 5. The complexation constants for 1:1
and 2:1 thymidine complexes (12 and 13) and deprotonation
constant for ZnII-bound H2O of 12 (to give 14) are defined by
Equations (5) ± (7). The obtained logK(12), logK(13), and
logK(14) values are ÿ3.7� 0.1, ÿ3.8� 0.1, and ÿ7.5� 0.1,
respectively. The complexation constants K(12) and K(13) are


3a�T>[Tÿ-bis(ZnII-cyclen)] (12)�H� K(12)� [12]aH�/[3a][T] (5)


12�T>[(Tÿ)2-bis(ZnII-cyclen)] (13)�H� K(13)� [13]aH�/[12][T] (6)


12>[Tÿ-bis(ZnII-cyclen)-OHÿ] (14)�H� K(14)� [14]aH�/[12] (7)


Scheme 5.


almost the same, which indicates weak a interaction between
the the two thymine anions in the 2:1 complex 13. The species
distribution diagram at varying pH is shown in Figure 5. In
contrast to the above case with TpT, we see only about 50 %
complexation to give (Tÿ)2-bis(ZnII-cyclen) (13) at pH 7.4
when 3 a (1 mm) and T (2 mm) are mixed.


Figure 5. Species distribution that results from an aqueous solution of
1mm 3 a in the presence of 2 mm T at 25 8C with I� 0.10 (NaNO3).


Interaction of ZnII-benzylcyclen (15) with thymidine (T) and
thymidylylthymidine (TpT): In order to obtain reference
values, potentiometric pH titrations of ZnII-(1-benzyl-1,4,7,10-
tetraazacyclododecane) (15, ZnII-benzylcyclen)[24] in the pres-
ence of T (in 1:1 molar ratio) or TpT (in 2:1 molar ratio) were
conducted under the same conditions (see Figure 6). A similar
extent of the decrease in the buffer pH (Figure 6c) implies
that two molecules of ZnII-benzylcyclen (15) independently
interact with each T part of TpT, like the interaction of two T
with bis(ZnII-cyclen) 3 a (cf. Figure 3c). From a comparison of
the decrease in pH for imide deprotonation in Figures 3d and
6c, it is intuitively understood that TpT forms a stronger
complex with 3 a than with two equivalents of 15. Complex-
ation equilibria for 15 in the presence of T and TpT (see
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Figure 6. Potentiometric pH titration curves for ZnII-benzylcyclen (15) at
25 8C with I� 0.10 (NaNO3): a) 1 mm 15 ; b) 1 mm 15� 1.0 mm T; c) 2 mm
15� 1.0 mm TpT. Equiv(OHÿ) is the number of equivalents of base added.


Schemes 6 and 7, respectively) were determined from
Figure 6b and c. The complexation constants for [Tÿ-(ZnII-
benzylcyclen)] (16), [TpTÿ-(ZnII-benzylcyclen)] (17), [TÿpTÿ-
(ZnII-benzylcyclen)2] (18), and [TÿpTÿ-(ZnII-benzylcyclen)]


Scheme 6.


Scheme 7.


(19) are defined by Equations (8) ± (11). The obtained
logK(16), logK(17), logK(18), and logK(19) values are
ÿ3.9� 0.1, ÿ3.6� 0.1, ÿ3.9� 0.1, and ÿ10.4� 0.1, respec-
tively. The 1:1 complexation constant log K(16) is almost the
same as those for complexes 2 [log K(2)�ÿ4.2][13] and 12
[log K(12)�ÿ3.7]. In this case the relative concentration of
the TÿpTÿ complex with two ZnII-benzylcyclen molecules (18)


in a mixture of TpT (1 mm) and 15 (2 mm) is only 52 % at
pH 7.4.


15�T>[Tÿ-(ZnII-benzylcyclen)] (16)�H� K(16)� [16]aH�/[15][T] (8)


15�TpT>[TpTÿ-(ZnII-benzylcyclen)] (17)�H� K(17)� [17]aH�/[15][TpT] (9)


15� 17>[TÿpTÿ-(ZnII-benzylcyclen)2] (18)�H� K(18)� [18]aH�/[15][17] (10)


17>[TÿpTÿ-(ZnII-benzylcyclen)] (19)�H� K(19)� [19]aH�/[17] (11)


Quantitative measurement of interaction of tris(ZnII-cyclen)
(4) with tymidylylthymidylylthymidine (TpTpT): Since the
stoichiometric 1:1 complexation has been established by the
UV spectrophotometric titration (Figure 2d) and FAB-MS
data, the interaction of tris(ZnII-cyclen) (4 ; 1.0 mm) with
thymidylylthymidylylthymidine (TpTpT; 1.0 mm) was inves-
tigated in more detail by the potentiometric pH titrations with
I� 0.10 (NaNO3) at 25 8C. Typical titration curves for TpTpT
and 4 are shown in Figure 7a and b, respectively, both of which


Figure 7. Potentiometric pH titration curves for TpTpT and tris(ZnII-
cyclen) (4 a) at 25 8C with I� 0.10 (NaNO3): a) 1 mm TpTpT; b) 1mm 4a ;
c) b� 1 mm TpTpT. Equiv(OHÿ) is the number of equivalents of base
added.


show dissociation of three protons at 0< equiv(OHÿ)< 3.
The deprotonation constants (� ÿ log([Aÿ]aH�/[HA]) are
estimated to be 6.98� 0.02 for 4 a>4 b�H�, 7.41� 0.02 for
4 b>4 c�H�, 8.02� 0.02 for 4 c>4 d�H�, 9.37� 0.05
for TpTpT>TpTpTÿ�H�, 10.10� 0.05 for TpTpTÿ>
TpTÿpTÿ�H�, and 10.31� 0.05 for TpTÿpTÿ>
TÿpTÿpTÿ�H�.


Next, tris(ZnII-cyclen) 4 a (1.0 mm) was titrated under the
same conditions (Figure 7 c), but in the presence of equimolar
amounts of TpTpT. We saw a great fall of the buffer pH region
(cf. Figure 3c and d) with a break at equiv(OHÿ)� 3; this
indicates extremely facile deprotonation of ªthree thymidyl
imidesº with concomitant complexation. Since 4 is stable (i.e.,
negligible ZnII dissociation) at mm concentration at pH 5 in
aqueous solution (see Experimental Section), the analysis was
applied to the titration data at pH> 5. These data were fitted
to three complexation equilibria [see Scheme 8 and
Eqs (12) ± (14)] that did not include such equilibria as
formation of ZnII-bound OHÿ species found for the T/
bis(ZnII-cyclen) system. Furthermore, no more deprotonation
(e.g., dissociation of 6 to 4 d�TÿpTÿpTÿ� 3 H�) was ob-
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Scheme 8.


served until pH 12, which indicates an extremely high affinity
of TÿpTÿpTÿ for 4 a. The obtained complexation constants
logK(20), log K(21), and logK(6) are ÿ0.6� 0.1, ÿ5.5� 0.1,
and ÿ6.4� 0.1, respectively. From the complexation and
deprotonation constants for 4 a and TpTpT, the dissociation
constant Kd (� [uncomplexed TpTpT][uncomplexed 4 a]/[6])
at pH 7.4 and 25 8C is estimated to be extremely small with a
value of 8.0� 10ÿ10m.


4a�TpTpT>[TpTpTÿ-tris(ZnII-cyclen)] (20)�H�


K(20)� [20]aH�/[4a][TpTpT]
(12)


20>[TpTÿpTÿ-tris(ZnII-cyclen)] (21)�H� K(21)� [21]aH�/[20] (13)


21>[TÿpTÿpTÿ-tris(ZnII-cyclen)] (6)�H� K(6)� [6]aH�/[21] (14)


Replacement reaction of 1-methylthymine (T'') with thymi-
dylylthymidine (TpT) on bis(ZnII-cyclen) (3a): All the
attempts to isolate the bis(ZnII-cyclen) complexes with T or
TpT failed, but one homologous complex with 1-methylthy-
mine (T', pKa� 10.04� 0.05 at 25 8C) was isolated as its
diperchlorate salt, [(T'ÿ)2-3 a][ClO4]2 (22). The potentiometric
pH titration of 3 a (1.0 mm) with T' (2.0 mm) was conducted at
25 8C and the result was analogous to that with T. The 1:1 and


1:2 complexation constants {log([T'ÿ-3 a]aH�/[T'][3 a]) and
log([22]aH�/[T'][T'ÿ-3 a])} have almost the same value,
ÿ3.9� 0.1 and ÿ3.8� 0.1, respectively; these in turn are
almost the same as those found for complexes formed with T
(log K(12)�ÿ3.7 and logK(13)�ÿ3.8). In this case, the ZnII-
cyclen units of 3 a act as an independent recognition site for
the thymine imido anion.


Comparison of proton NMR spectra of 1-methylthymine T'
(Figure 1d), the complex 22 (Figure 1e), and complex 3
(Figure 1c) in D2O with I� 0.10 (NaNO3) at pD 8.4 and
35 8C showed significant upfield shifts of the HC(6) protons of
T' and the aromatic protons (ArH) of 3 upon complexation to
give 22 : shift in d from 7.46 to 7.31 for HC(6) and from 7.43 to
7.23 for ArH. The aromatic NMR signals of T' (10 mm)
gradually moved upfield as complex 3 (final concentration of
5 mm) was added, which is similar to the case for complex 5
(Figure 1a and b).


Next, we examined, by 1H NMR spectroscopy, the displace-
ment of T' by TpT when 22 was mixed with equimolar
amounts of TpT in D2O solution (see Figure 1e and f) with I�
0.10 (NaNO3) at 35 8C and pD� 8.4. We found the prompt and
complete replacement of the two 1-methylthymine anions
(T'ÿ) by TpT (i.e., 22�TpT>5� 2 T'), which supports 5
being overwhelmingly more stable than 22, a conclusion
derived from the potentiometric pH titrations. The NMR
peak assignment of the mixture was conducted with the
reference spectra for [TÿpTÿ-bis(ZnII-cyclen)] (5, 5 mm) and
free 1-methylthymine (T'; Figure 1b and d).


Isothermal titration calorimetric study of [Tÿ-(ZnII-benzylcy-
clen)] (16), [TÿpTÿ-bis(ZnII-cyclen)] (5), other deoxydinu-
cleotides-bis(ZnII-cyclen) complexes, and [TÿpTÿpTÿ-tris-
(ZnII-cyclen)] (6): To demonstrate the selective TpT recog-
nition by bis(ZnII-cyclen) (3), 2'-deoxyguanylylthymidine
(GpT), 2'-deoxycytidylylthymidine (CpT), and 2'-deoxyade-
nylylthymidine (ApT) were also investigated by isothermal
calorimetric titrations[25] with I� 0.10 (NaNO3) at 25 8C in
10 mm HEPES buffer solution (pH 7.4). For a check, the
cumulative heat (mJ) of the complexation reaction was
plotted for titration of 3 (0.25 mm) with TpT (10 mm ;
see Figure 8a). The result indicated a linear increase


Figure 8. Isothermal calorimetric titration curves for bis(ZnII-cyclen) 3
(0.25 mm, 1 mL) at 25 8C and pH 7.4 (10 mm HEPES buffer) with I� 0.10
(NaNO3): a) with 10mm TpT; b) with 10mm GpT; c) with 10mm CpT;
d) with 10mm ApT. Equiv(titrant) is the number of equivalents of titrant
added.
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(i.e., exothermic, see Experimental Section) until ca.
0.8 equivalents of TpT had been added and a gentle curve
near equimolar mixture that was followed by a plateau with
additional TpT; this suggests that the 1:1 complexation of
[TÿpTÿ-bis(ZnII-cyclen)] (5) is almost finished at the concen-
tration level of 0.25 mm TpT. The computation of the titration
data gave a dissociation constant of (1.0� 0.1)� 10ÿ6m
(� [uncomplexed TpT][uncomplexed 3]/[5] at pH 7.4 (in
HEPES buffer), which is a good match with the Kd value of
6.3� 10ÿ7m, determined above by potentiometric pH and UV
titrations under the same conditions.


Less-sharp titration curves (Figure 8b ± d) were obtained
with GpT, CpT, and ApT under the same conditions, which
implies weaker interactions of these with bis(ZnII-cyclen) (3).
The dissociation constant Kd for GpT (� [uncomplexed
GpT][uncomplexed 3]/[1:1 complex]) was estimated to be
(1.3� 0.1)� 10ÿ5m. The structure 23 is proposed for the 1:1
complex; this is based on the reported G and Tÿ binding


modes with 1-[(9-acridinyl)methyl]-1,4,7,10-tetraazacyclodo-
decane ZnII complex at physiological pH[14] and the extremely
small interaction of ZnII-cyclen with phosphodiester linkage
of polyT[17, 19] and phosphodiester anion (e.g., bis(butyl)
phosphate).[21] The stoichiometric 1:1 complexation (to give
23) was independently established by UV titration of GpT
(0.50 mm, e� 1.83� 104mÿ1 cmÿ1 at 267 nm) with complex 3
(0 ± 1.00 mm). The UV titration curve was similar to that for
[TÿpTÿ-bis(ZnII-cyclen)] (5, see Figure 2c) and gave an
identical value of (1.3� 0.2)� 10ÿ5m. The decrease in UV
absorbance (at 267 nm, De� 1.4� 103) on going from GpT to
23 (e� 1.69� 104) was smaller than that on going from TpT to
5 (De� 4.1� 103). The much larger dissociation constants for
the 1:1 complexations (>10ÿ4m) were considered for other
deoxydinucleotides CpT and ApT from the lesser complex-
ation heats. However, the computation failed to give accurate
Kd values that fit to the experimental curves, possibly due to
multiple (1:1, 1:2, etc.) complexation modes of 3 with these
deoxydinucleotides.


The earlier potentiometric pH titration study established
the much stronger interaction (Kd� 8.0� 10ÿ10m) of tris(ZnII-
cyclen) (4) with TpTpT. We checked this by the isothermal
titration technique with a much lower concentration of 4
(50 mm) with TpTpT titrant (2.5 mm), whereby the heat
generated was sufficient to permit studying the exothermic
complexation reaction (see Experimental Section). The
results showed a linear increase of cumulative heat up to
the addition of an equimolar amount of TpTpT and a sharp
break at [4]� [TpTpT], followed by a plateau at additional
TpTpT. This fact implies that the 1:1 complexation is


stoichiometric under these conditions and its apparent
dissociation constant should be less than 10ÿ7m, which
supports the result from the pH titration study.


Discussion


From this study, bis(ZnII-cyclen) (3 a) and tris(ZnII-cyclen)
(4 a) were found to be excellent host molecules for TpT and
TpTpT, respectively. Although the final products [TÿpTÿ-
bis(ZnII-cyclen)] (5) and [TÿpTÿpTÿ-tris(ZnII-cyclen)] (6)
could not be isolated, the stoichiometric formation of 5 and
6 in aqueous solution, in analogous fashions to the well
established [Tÿ-(ZnII-cyclen)] (2),[12±19] is now evident by
combined studies of the UV spectrophotometric, potentio-
metric pH, 1H NMR, and isothermal calorimetric titrations,
and FAB-MS measurements.


The 1:1 affinities may most simply be compared in terms of
the dissociation constants Kd values at a common pH of 7.4;
the order of affinity is [TÿpTÿpTÿ-tris(ZnII-cyclen)] (6) (Kd�
0.80 nm)> [TÿpTÿ-bis(ZnII-cyclen)] (5) (Kd� 0.63 mm)� [Tÿ-
(ZnII-benzylcyclen)] (16) (Kd� 0.50 mm)� [Tÿ-(ZnII-cyclen)]
(2) (Kd� 0.79 mm).


Bis(ZnII-cyclen) (3) binds with two thymidines with almost
the same complexation constant (log K(12)�ÿ3.7 and
logK(13)�ÿ3.8) as those for ZnII-cyclen (1) (log K(2)�
ÿ4.2) and ZnII-benzylcyclen (15) (log K(16)�ÿ3.9). In a
similar way, TpT forms complexes with one or two molecules
ZnII-benzylcyclen with similar complexation constants
(log K(17)�ÿ3.6 and log K(18)�ÿ3.9). These facts indicate
that each ZnII-cyclen unit independently acts as a binding site
for a thymine base with almost the same affinity (i.e. , each Kd


value is ca. 10ÿ3m at pH 7.4). The greater stability (ca.
103 times) for 5 than for [(Tÿ)2-bis(ZnII-cyclen)] (13) or for
[TÿpTÿ-(ZnII-benzylcyclen)2] (18) may remind us of a ªchelate
effectº. A further 103 times greater ªchelate effectº might
then be anticipated, as was the case for complex 6 with respect
to complex 5.


The minimum energy calculation (MM2) gives the likely
structures for 5 and 6 in Figure 9. It is of interest that in the
structures 5 and 6, the distance between the two T planes of
TpT is about 10 �, which is extremely elongated from the
usual distance (ca. 3.5 �) between two adjacent nucleobases
in double-helical DNA. This fact, along with the much
stronger affinity of 3 a to TpT than that of 1 a to T, well
explains our previous finding that bis(ZnII-cyclen) 3 far more
effectively disrupts polyA-polyT double strand than 1.[19]


From the isothermal calorimetric titrations, interaction
between 3 and other deoxydinucleotides were determined.
The dissociation constants for the GpT complex 23 (Kd�
1.3� 10ÿ5m), CpT complex (Kd> 10ÿ4m), and ApT complex
(Kd> 10ÿ4m) are significantly larger than that (Kd� 1.0�
10ÿ6m) for TpT complex 5 at pH 7.4 in HEPES buffer. Thus,
complex 3 virtually recognizes only TpT, but not GpT, CpT,
and ApT at the concentration level of mm order. The Kd value
of 1.3� 10ÿ5m for GpT complex is smaller than that (7.9�
10ÿ4m) for complex 2, which suggests an additional interaction
between G and the ZnII-cyclen unit, as depicted in 23.
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Figure 9. Minimum-energy structures: a) [TÿpTÿ-bis(ZnII-cyclen)] (5);
b) [TÿpTÿpTÿ-tris(ZnII-cyclen)] (6).


In conclusion, we have demonstrated that bis(ZnII-cyclen)
(3) and tris(ZnII-cyclen) (4) are new types of sequence-
selective ligands, which are extremely efficient in binding to
TpT and TpTpT, respectively, in aqueous solution at physio-
logical pH. The recognition occurs at the concentrations of mm
and nm order, respectively, in pH 7.4 aqueous solution. These
ZnII-polymacrocyclic complexes and their modifications
would find wide biochemical and medicinal applications by
a mechanism entirely different from those of conventional
DNA-motif recognizing drugs.[27]


Experimental Section


General information : All reagents and solvents used were of analytical
reagent grade (purity> 99 %) and used without further purification. All
aqueous solution were prepared with deionized and distilled water.
Anhydrous acetonitrile (CH3CN) was distilled from calcium hydride. IR
spectra were recorded on a Shimadzu FTIR-4200 spectrometer. 1H
(500 MHz) and 13C (125 MHz) NMR spectra were recorded on a JEOL
JNM LA-500 spectrometer at 35 8C. 3-(Trimethylsilyl)propionic-2,2,3,3-
[D4] acid sodium salt in D2O and tetramethylsilane in CDCl3 and
[D6]DMSO were used as internal references for NMR measurements.
The pD values in D2O were corrected for a deuterium isotope effect using
pD� [pH meter reading]� 0.40. Elemental analysis was performed on a
Perkin Elmer CHN Analyzer 2400. Fast atom bombardment mass spectra
(FAB-MS) were recorded in the positive ion mode with xenon primary
atom beam in conjunction with glycerol matrix on a JEOL JMS-SX102
mass spectrometer. Thin-layer (TLC) and column chromatographies were
performed with Merk Art. 5554 (silica gel) TLC plates and Fuji
Silysia Chemical FL-100D (silica gel), respectively. Thymidylylthymidine
(TpT, C20H30N4O14PNa ´ 0.16 Et2O), 2'-deoxyguanylylthymidine (GpT,
C20H29N7O13PNa ´ 0.13 Et2O), 2-deoxyadenylylthymidine (ApT,
C20H29N7O12PNa ´ 0.18 Et2O), 2-deoxycytidylylthymidine (CpT,
C19H29N4O13PNa ´ 0.08 Et2O), and thymidylylthymidylylthymidine (TpTpT)
were prepared as their sodium salts by reported methods,[26] and were
characterized by elemental analysis (CHN, within� 0.3%) and 1H NMR
spectrsocopy. A Good�s buffer HEPES (2-[4-(2-hydroxyethyl)-1-piperazi-


nyl]ethanesulufonic acid) was commercially available from Dojindo and
used without further purification.


Synthesis of 1-bromomethyl-4-(4,7,10-tris(tert-butyloxycarbonyl)-1,4,7,10-
tetraazacyclododecan-1-ylmethyl)benzene (8): A solution of (Boc)3-cy-
clen[21] 7 (3.2 g, 6.8 mmol) in CHCl3 (150 mL) was added dropwise to a
mixture of 1,4-bis(bromomethyl)benzene (3.6 g, 14 mmol) and Na2CO3


(1.0 g, 9.4 mmol) in CHCl3 (120 mL) at 50 8C. The reaction mixture was
stirred at 60 8C for 3 days. After inorganic salts had been removed by
filtration, the solvent was evaporated. The residue was purified by silica gel
column chromatography (eluent: AcOEt/n-hexane 1:5). After evaporation
of the solvent, the residue was crystallized from n-hexane to obtain 8 as
colorless prisms (3.0 g, 67% yield). IR (KBr pellet): nÄ � 3489, 3053, 1690,
1462, 1404, 1366, 1277, 1250, 1155, 1124, 1096, 1049, 864, 774, 594 cmÿ1;
1H NMR (CDCl3): d� 1.42 (br, 18H; CH3), 1.48 (br, 9 H; CH3), 2.65 (br,
4H; NCH2), 3.26 ± 3.71 (m, 28H; NCH2, ArCH2N), 4.46 (s, 2 H; ArCH2Br),
7.22 ± 7.33 (m, 4H; ArH); 13C NMR (CDCl3): d� 28.51, 28.71, 47.59, 47.99,
49.913, 54.89, 55.80, 57.10, 79.42, 79.55, 128.92, 130.58, 136.85, 137.45,
155.48, 155.78, 156.15.


Synthesis of 1,7-bis(4-(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzyl)-
1,4,7,10-tetraazacyclododecane octahydrobromic acid salt (10 ´ 8HBr): A
mixture of 8 (2.6 g, 4.0 mmol), Na2CO3 (0.43 g, 4.1 mmol), and 1,7-
bis(diethoxyphosphoryl)-1,4,7,10-tetraazacyclododecane[22] 9 (0.73 g,
1.6 mmol) in anhydrous CH3CN (120 mL) was stirred at 80 8C for 2 days.
After inorganic salts had been removed by filtration, the solvent was
evaporated. The residue was purified by silica gel column chromatography
(eluent: AcOEt). After evaporation of the solvent, the residue was
dissolved in EtOH (10 mL). Aqueous HCl (36 %, 10 mL) was added slowly
to the EtOH solution. The reaction mixture was stirred at 50 8C for 12 h.
After the solvent had been evaporated, the residue was dissolved in H2O
(25 mL) and the solution pH was adjusted to 12 with NaOH aqueous
solution (5m). The alkaline solution was extracted with CHCl3 (50 mL�
10). The organic layer was dried over anhydrous Na2SO4, and then the
solvent was evaporated. The residue was crystallized from 48 % aqueous
HBr/EtOH to obtain 10 ´ 8HBr ´ 4H2O as colorless prisms (1.5 g, 65%
yield). IR (KBr pellet): nÄ � 2830, 1619, 1446, 1396, 1362, 1082, 1005, 968,
764 cmÿ1; 1H NMR (D2O): d� 2.94 ± 3.28 (m, 48 H; NCH2), 3.94 (s, 4H;
ArCH2), 4.00 (s, 4 H; ArCH2), 7.46 ± 7.51 (m, 8 H; ArH); 13C NMR (D2O):
d� 44.92, 45.00, 45.48, 47.14, 50.16, 50.95, 59.02, 59.38, 133.52, 137.11,
137.87; C40H88N12O4Br8 (1440.4): calcd C 33.4, H 6.2, N 11.7; found C 33.4, H
6.4, N 11.8.


Synthesis of 1,7-bis(4-(1,4,7,10-tetraazacyclododecan-1-ylmethyl)benzyl)-
1,4,7,10-tetraazacyclododecane tris(zinc(iiii)) complex ([4 a][NO3]6): The pH
of a solution of 10 ´ (HBr)8 ´ 4 H2O (1.0 g, 0.69 mmol) in H2O (25 mL) was
adjusted to 12 with NaOH aqueous solution (5m). The alkaline solution
was extracted with CHCl3 (50 mL� 10). After the organic layer had been
dried over anhydrous Na2SO4, the solvent was evaporated. Zn(NO3)2 ´
6H2O (0.70 g, 2.4 mmol) was added slowly to a solution of the residue in
EtOH (100 mL) at 60 8C. After evaporation of the solvent, the residue was
crystallized from H2O/MeOH to obtain [4a][NO3]6 as colorless prisms
(0.68 g, 73 % yield). IR (KBr pellet): nÄ � 3489, 3225, 2880, 1638, 1385, 1092,
984, 826 cmÿ1; 1H NMR (D2O): d� 2.71 ± 3.02 (m, 40 H; NCH2), 3.26 (br,
8H; NCH2), 4.02 ± 4.05 (br, 11 H; NH, ArCH2), 4.27 (br, 2 H; NH) 7.45 (br,
8H; ArH); 13C NMR (D2O): d� 44.96, 45.07, 45.75, 46.51, 47.32, 47.44,
51.84, 51.99, 58.17, 58.32, 134.18, 134.75, 134.79; C40H78N18O21Zn3 (1343.3):
calcd C 35.8, H 5.9, N 18.8; found C 35.8, H 6.0, N, 18.8. The stability of 4 in
mm concentration was determined by 1H NMR spectra of 4 a (1 mm) in
10% (v/v) D2O/H2O at pH 5. Only one species was detected and the
solution pH remained unchanged within 0.05 of a pH unit after 2 h under an
argon atmosphere.


Synthesis of 1,4-bis(1,4,7,10-tetraazacyclododecane-1-ylmethyl)benzene
bis(zinc(iiii)) bis(1-methylthymineÿ) complex ([22][ClO4]2 ´ 4 H2O): A sol-
ution of 1-methylthymine (13.4 mg, 0.10 mmol) in H2O (5 mL) and an
NaOH aqueous solution (0.1m, 0.1 mL) were added to a solution of
[3][ClO4]4 ´ 2 H2O[20] (50 mg, 0.05 mmol) in H2O (10 mL). The reaction
mixture was stirred at room temperature for 10 min. After evaporation of
the solvent, the residue was crystallized from H2O to obtain [22][ClO4]2 ´
4H2O (41 mg, 76% yield) as colorless needles. IR (KBr pellet): nÄ � 3295,
2932, 1658, 1638, 1574, 1551, 1474, 1447, 1634, 1335, 1144, 1092, 972, 941,
858, 783, 625, 467 cmÿ1; 1H NMR (D2O): d� 1.82 (s, 6 H; CH3), 2.75 ± 3.01
(m, 28H; NCH2), 3.20 ± 3.30 (m, 12H; NH, NCH2, NCH3), 3.69
(br, 4 H; ArCH2), 3.83 (br, 4H; NH), 7.23 (s, 4 H; ArH), 7.32 (s, 2H;
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HC(6)); 13C NMR ([D6]DMSO): d� 12.65, 35.39, 42.09, 43.62, 44.34, 48.77,
54.36, 108.28, 130.81, 132.19, 141.39, 157.36, 171.79; C36H68N12O16Cl2Zn2


(1126.7): calcd C 38.4, H 6.1, N 14.9; found C 38.6, H 6.1, N 15.1.


Potentiometric pH titrations : The electrode system (Orion Research
Expandable Ion Analyzer EA920 with a Ross Combination pH Electrode
8102 BN) was calibrated daily as follows: An aqueous solution (50 mL)
containing HCl (4.00 mm) and NaNO3 (96.0 mm ; i.e., I� 0.10) was prepared
under an argon (>99.999 % purity) atmosphere at 25.0� 0.1 8C and then
first pH value (pH1) was read. After NaOH (4.00 mL, 0.100m) was added to
acidic solution, the second pH value (pH2) was read. The theoretical pH
values corresponding to pH1 and pH2 were calculated: pH '


1� 2.481 and
pH '


2� 11.447, with Kw (�aH�aOHÿ)� 10ÿ14.00, K '
w(� [H�][OHÿ])� 10ÿ13.79,


and fH�� 0.825. The corrected pH values (ÿ log aH�) were obtained using
following equations: a� (pH '


2ÿ pH '
1)/(pH2ÿpH1); b� pH '


2ÿ a pH2; pH�
a (pH-meter reading)�b.


The potentiometric pH titrations were carried out with I� 0.10 (NaNO3) at
25.0� 0.1 8C, where at least two independent titrations were always
performed. Deprotonation constants and complexation constants K
(defined in the text) were determined by means of the program BEST.[23]


The pH sigma-fit values defined in the program are smaller than 0.02. The
obtained constants, which contained an [H�] term, were converted to
corresponding mixed constants with the equation [H�]� aH�/fH� . The
species distribution values (%) against pH (� ÿ log aH�) were obtained by
use of the program SPE.[23]


Isothermal titration calorimetric study : Heats of reaction were determined
on a Calorimetry Sciences Isothermal Titration Calorimeter 4200 at 25.0 8C
and pH 7.4 (10 mm HEPES buffer) with I� 0.10 (NaNO3). The calorimeter
was calibrated by use of the heat of protonation of tris(hydroxymethyl)-
aminomethane (250 mm, 1.0 mL) in H2O at 25.0 8C, for which a heat value
of 474.7 mJ is obtained for a 10 mL injection of 1.00mm aqueous HCl. A
sample solution of 3 (0.25 mm), 4 (50 mm) or 15 (1.0mm) in the HEPES
buffer (1.0 mL) was loaded into a calorimeter cell. After the cell temper-
ature had become constant at 25.0 8C, the guest molecule of TpT (10 mm),
GpT (10 mm), CpT (10 mm), ApT (10 mm), T (25 mm), or TpTpT (2.5 mm)
in the HEPES buffer was added, for which at least three independent
titrations were performed. All the calorimetric data were analyzed for
dissociation constant Kd with the programs Data Works and Bind Works
provided by the Calorimetry Sciences, and the average values were
calculated. The programs were used for analysis of spectrophotometric UV
titration too, for which the UV absorption decrease at each titration point
was used instead of the heat of reaction.


FAB-MS measurements : FAB-MS (positive mode) was measured for 1:1
mixture (30 mm) TpT and 3, and for 1:1 mixture (30 mm) TpTpT and 4 both
at pH 8 in aqueous solution. In the former case a major peak at m/z 1119
with Zn isotopic peaks (1118, 1120 etc) were observed, which proved the
formation of 5 (m/z 1120.84). In the latter case, a major peak at m/z 1763
with Zn isotopic peaks (1764, 1767 etc) was seen, which supported the
formation of 6 (m/z 1762.81).


Molecular mechanics calculations : Structure minimization for 5 and 6 was
accomplished with molecular mechanics (MM2) and molecular dynamics
(MD) package (CAChe Version 3.9) provided by the Oxford Molecular
Group. Initial component parts of bis(ZnII-cyclen) 3 and its homologue
tris(ZnII-cyclen) 4 in 5 and 6 were constructed by use of a crystal structure
of bis(ZnII-cyclen) unit in bis(ZnII-cyclen) complex with barbital dianion,[20]


and coordination bonds between ZnII ions and imido Nÿ atoms of TÿpTÿ


and TÿpTÿpTÿ were added. The structures were first minimized by MM2
method (block-diagonal Newton-Raphson method, until the change in
total energy (DEtotal) became less than 0.01 kJ molÿ1) with MM2 parameters
at 300 K; the resulting structure was submitted to MD simulation at 800 K
with MM2 parameters, for which sp3dz2 trigonal bipyramidal configuration
was selected for the ZnII ions. The lowest energy structures for 5 and 6
(Figure 9) were obtained by further optimization by the same MM2
method at 300 K until the change in total energy (DEtotal) became less than
0.001 kJmolÿ1. The energy terms (kJ molÿ1) for the MM2 force field are
bond strech (Ebs), bond angle (Eba), dihedral angle (Eda), improper torsion
(Eit), van der Waals (Evdw), electrostatic (Ee), and hydrogen bond (Ehb):
Etotal�ÿ402.7 kJ molÿ1 for 5 (Ebs� 47.4, Eba� 311.7, Eda� 48.6, Eit� 0.1,
Evdw� 25.1, Ee�ÿ807.5, and Ehb�ÿ28.2); Etotal�ÿ563.0 kJ molÿ1 for 6
(Ebs� 72.4, Eba� 496.8, Eda� 60.6, Eit� 0.2 Evdw� 47.5, Ee�ÿ1205.3, and
Ehb�ÿ35.3).
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Reversible Binding of Dioxygen by a Copper(i) Complex with
Tris(2-dimethylaminoethyl)amine (Me6tren) as a Ligand


Michael Becker, Frank W. Heinemann, and Siegfried Schindler*[a]


Abstract: The copper(i) complex [Cu(Me6tren)]ClO4 (Me6tren� tris(2-dimethyl-
aminoethyl)amine) and the copper(ii) complex [Cu(Me6tren)Cl]ClO4 have been
synthesized and structurally characterized. The copper(i) complex reacts reversibly
with dioxygen at low temperatures to form a quite persistent superoxo complex at
ÿ90 8C in propionitrile. At higher temperatures a peroxo complex is formed which is
much more stable in acetone than in propionitrile. A peroxo intermediate is not
observed when the copper(i) complex of the non-methylated amine tren is treated
with dioxygen.


Keywords: bioinorganic chemistry ´
copper ´ dioxygen complexes ´ per-
oxo complexes ´ tripodal ligands


Introduction


Copper ions are found in the active sites of a large number of
metalloproteins involved in important biological electron
transfer reactions.[1, 2] Interest in preparing functioning model
complexes for such copper proteins is twofold: first, the
models provide better understanding of the biological mole-
cules, and second, they assist in the development of new
homogeneous catalysts for selective oxidations under mild
conditions.[2±6]


A fundamental step in metalloenzyme redox reactions is
activation upon binding of dioxygen at the active site prior to
reaction with a substrate. Therefore, it is important to gain a
better understanding of the reaction of dioxygen with
copper(i) complexes.


The first example of a structurally characterized copper
peroxo complex was obtained by Karlin and co-workers by
reaction of [Cu(tmpa)(CH3CN)]PF6 (tmpa� tris[(2-pyridyl)-
methyl]amine) with O2 at low temperatures.[7, 8] A detailed
kinetic investigation of the reversible reaction of [Cu(tmpa)-
(CH3CN)]� (1) with O2 was performed in propionitrile, which,
for the first time, allowed the spectroscopic observation of a
superoxo complex before formation of the peroxo complex.[9]


The influence of steric hindrance as well as the effect of
different donor atoms on the formation of the peroxo
complexes was also studied.[9±12] Since then, various reactions
of copper(i) complexes with dioxygen have been investigated


and several new copper peroxo complexes with different
dioxygen binding modes have been structurally character-
ized.[13±18] Many of the complexes formed by reaction of
copper(i) with dioxygen are only stable at low temperatures.
However, more recently, copper peroxo complexes have been
reported which are quite stable at room temperature.[19±21]


Furthermore, an unusual example of a stable copper peroxo
complex was described by Krebs and co-workers; in this case
four copper ions share one dioxygen ligand.[17]


In our own studies, which investigate the factors influencing
the reactions of dioxygen with CuI complexes,[22±25] we have
started to use tripodal ligands derived from the parent
compound tris(2-aminoethyl)amine (tren) (Scheme 1). We


Scheme 1. Structures of the ligands found in complexes 1 ± 7.


recently reported that the copper(i) complex [Cu(Me6tren)]�


(2) (Me6tren� tris(2-dimethylaminoethyl)amine) reacts re-
versibly with O2 at low temperatures.[26] Here we describe this
reaction in more detail.
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Results and Discussion


It is well known that copper(ii) tren complexes show trigonal-
bipyramidal geometry in the solid state and in solution.[27, 28]


One axial position is occupied by the tertiary amine nitrogen,
while the other is occupied by water or another monodentate
ligand.[27, 29±31] The geometry is important for ligand substitu-
tion reactions because copper(ii) complexes with a tetrago-
nally distorted geometry react very fast (close to the diffusion
limit), while copper(ii) complexes with trigonal-bipyramidal
geometry react much more slowly.[32±34] Copper(ii) complexes
of the related tripodal ligand tmpa also possess a trigonal-
bipyramidal geometry.[35]


The interesting reaction of 1 with dioxygen gave rise to the
question of whether the aliphatic ligand tren would also
support the formation of copper dioxygen adducts. To answer
this question we prepared [Cu(tren)]PF6, a complex that has
not yet been described. It turned out that we could not isolate
this complex as a pure solid because it undergoes dispropor-
tionation to a copper(ii) salt and copper metal at higher
concentrations. Nevertheless, it was possible to obtain dilute
solutions of [Cu(tren)]PF6 by mixing stoichiometric amounts
of [Cu(CH3CN)4]PF6 and tren in propionitrile or acetone
under inert conditions. Reaction of dioxygen with these
solutions, under the same conditions used to study the
formation of the copper tmpa peroxo complex,[9] did not
permit observation of a copper tren peroxo complex. This
behavior was not completely unexpected because we found
that the formation of the peroxo complex [(tmpa)Cu(O2)-
Cu(tmpa)]2� (3) was dramatically disfavored when the
reaction of 1 with dioxygen was performed in methanol.
Obviously, copper peroxo complexes with tripodal ligands
made from tren or its derivatives are destabilized by the
presence of protons from either the solvent or the ligand.


To avoid these problems we decided to use the fully
methylated tren ligand that can be easily synthesized.[36] When
a solution of Me6tren and [Cu(CH3CN)4]PF6 salt in propioni-
trile was allowed to react with O2 in a Schlenk tube at ÿ80 8C,
a color change from colorless to deep blue occurred. Such an
intensive color change is typical for the formation of a copper
peroxo complex. The solution became colorless again when
dioxygen was replaced by nitrogen (with slight warming),
indicating the reversible reaction of O2 with 2. The cycle could
be repeated several times before the solution turned green
and no further reaction with O2 was observed.


Me6tren and tmpa are related tripodal ligands but differ in
their donor atoms. In complex 1 the three pyridine nitrogen
atoms of tmpa stabilize the CuI ion in contrast to complex 2,
where Me6tren can provide only aliphatic nitrogen donor
atoms that are not very suitable for stabilization of the CuI


ion. As a consequence, isolation of a pure solid sample of 2
was quite difficult compared with the facile synthesis of 1.
Solutions containing Me6tren and CuI salts were extremely
sensitive towards traces of dioxygen or moisture (as was
[Cu(tren)]PF6 described above) and oxidation or dispropor-
tionation of the complex often occurred.


We were able to prepare a small amount of solid 2-BF4 but
the crystals were not suitable for X-ray characterization.
Finally, we were able to isolate white needles of 2 as a


perchlorate salt that could be characterized structurally. An
ORTEP plot of the molecular structure of 2-ClO4 is shown in
Figure 1.


Figure 1. An ORTEP view of 2-ClO4 The thermal ellipsoids are at the 50%
probability level and the hydrogen atoms are omitted for clarity.


The geometry is best described as trigonal pyramidal; the
copper ion is surrounded by the four amine nitrogen atoms
with bond lengths of 2.122(7) � for the equatorial CuÿN and
2.200(14) � for the axial CuÿN bonds. Furthermore, weak
interaction with the perchlorate anion cannot be neglected,
since the anion can be regarded as being in the axial position
of a trigonal-bipyramidal arrangement; the distance between
the copper ion and three of the four oxygen atoms is
3.53(1) �. The ClÿO bond lengths in the perchlorate ion are
normal and range from 1.419(8) to 1.436(11) �. The copper
ion lies only slightly (0.191(8) �) below the plane of the three
equatorial nitrogens, towards the perchlorate ion.


The structure is exceptional because of the weak interaction
of the perchlorate anion with the copper(i) cation. Especially
after crystallizing 2-ClO4 from acetonitrile, we had expected
to find an additional acetonitrile molecule coordinated to the
copper ion in the axial position (instead of perchlorate) as had
been found for 1 and a structurally characterized derivative of
1.[8] Comparison of these complexes with 2-ClO4 reveals that
bond lengths and angles are quite different. In the derivative
of 1 the copper ion lies 0.568 � above the plane of the three
equatorial nitrogens, towards the acetonitrile molecule; the
axial nitrogen atom is only weakly coordinated (CuÿN�
2.439(8) �).[8a] Because in 2-ClO4 the axial nitrogen atom is
coordinated more strongly to the copper ion it may not need
an additional acetonitrile in its coordination sphere. There-
fore, it only interacts weakly with the perchlorate ion in the
solid state. Compound 2-ClO4 resembles the complex [Cu-
(Me5dien)(CH3CN)]ClO4 (Me5dien� 1,1,4,7,7-pentamethyl-
diethylethylenetriamine) more closely (the bond lengths and
angles are similar) if Me5dien is regarded as Me6tren missing
one arm.[37] But even in this case an acetonitrile molecule is
coordinated and interaction with the perchlorate ion was not
observed. The Cambridge Structural Data Base does not show
any other example of such a weak interaction between a CuI


ion and three oxygen atoms as in 2-ClO4.[38]
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When 2 was treated with O2 at low temperature in a
stopped-flow instrument the spectral changes for the forma-
tion of dioxygen adducts were observed. An example of the
time-resolved spectra at ÿ60 8C is shown in Figure 2.


The spectral features are similar to UV/Vis spectra of
known copper superoxo and peroxo complexes.[9, 11] There-
fore, we assigned the absorbance maxima to the superoxo
complex [Cu(Me6tren)O2]� (4) (lmax� 412 nm, e� 4000 cmÿ1


mÿ1) and peroxo [(Me6tren)Cu(O2)Cu(Me6tren)]2� (5) (lmax�
560 nm, e� 10 000 cmÿ1mÿ1) complexes accordingly. Complex
4 has nearly identical spectral features to [Cu(tmpa)O2]� (6)
(lmax� 410 nm, e� 4000 cmÿ1mÿ1). But the absorbance max-
imum of 5 is shifted by 35 nm towards lower energy compared
with that of 3 (lmax� 525 nm, e� 15 000 cmÿ1mÿ1). Complex 5


was characterized further by its
resonance Raman spectrum in
propionitrile. The intense peak
for the oxygen ± oxygen stretch-
ing frequency n(OÿO) was ob-
served at 880 cmÿ1 compared
with 826 cmÿ1 for 3.[39]


At ÿ90 8C the formation of 4
alone can be observed. The
reaction was studied under
pseudo-first-order conditions
([O2]� [2]) and the absorb-
ance-time trace at 410 nm was
fitted to an exponential func-
tion. A plot of the observed rate
constant kobs vs. [O2] showed a
linear dependence with an in-
tercept that indicated a rever-
sible reaction. The kinetic find-
ings demonstrate that at low
temperature complex 2 reacted
with dioxygen in a stoichiomet-
ric ratio of 1:1 to form 4. This
compound is much more persis-
tent than 6 under the same
conditions. Complex 6 immedi-
ately underwent further reac-
tion to give the peroxo com-
plex, while 4 only reacted slow-
ly to yield 5. The formation of 4
became much faster at higher
temperatures. Therefore, only
its decomposition could be ob-
served with simultaneous pro-
duction of the peroxo complex
5 (see Figure 2). Above ÿ20 8C
the formation of 5 was too fast
to be observed spectroscopical-
ly under these conditions.


Nitriles are excellent ligands
for copper(i) and compete
strongly with dioxygen [Eq. (1)
and (2)]. Therefore nitriles


[Cu(L)RCN]��O2 > [Cu(L)O2]��RCN (1)


[Cu(L)O2]�� [Cu(L)RCN]� > [Cu2(L)2O2]2
��RCN (2)


are not ideal solvents for these reactions. This is also true for
dichloromethane because it reacts with 1.[8] Methanol on the
other hand destabilizes the peroxo complex (as discussed
above), but we could still observe the transient formation of
the peroxo intermediate at low temperatures. In the end,
acetone proved to be the solvent of choice and, compared
with propionitrile, the peroxo complex 3 was highly stabilized
in this solvent.[20]


When complex 2 is allowed to react with dioxygen in
acetone at ÿ90 8C the formation of 4 was much faster than in


Figure 2. Reaction of 2 with dioxygen at ÿ60 8C in dry propionitrile ([complex]� 0.27 mm, [O2]� 4.4 mm, Dt�
0.1 s).


Figure 3. Reaction of 2 with dioxygen at 20 8C in dry acetone ([complex]� 0.5 mm, [O2]� 0.92 mm, Dt� 4 ms).
The insert shows the absorbance vs. time trace at 555 nm.
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propionitrile. For this reason only a minor part of the reaction
could be observed. Additionally, a larger amount of 4 was
formed. These findings clearly demonstrate that in solutionÐ
in contrast to the solid stateÐa nitrile molecule is coordinated
to 2 [Eq. (1) and (2)]. Even more dramatically, the change of
solvent affected the stability of 5. Unlike in propionitrile, it
was possible to observe the formation of 5 in acetone at room
temperature. The spectral changes during the reaction of 2
with dioxygen in acetone at 20 8C are shown in Figure 3 (the
absorbance time trace for the formation and decomposition of
the peroxo species is shown as an insert).


So far, efforts to isolate crystals of the peroxo complex 5 at
low temperatures for structural characterization have been
unsuccessful. Comparison with the spectral data for 3 suggests
that it is most likely a trans-m-1,2-peroxo complex. In contrast,
a copper(ii) complex, [Cu(Me6tren)Cl]ClO4 (7-ClO4), was
easily obtained. An ORTEP plot of the crystal structure of its
cation is shown in Figure 4.


Figure 4. An ORTEP view of 7. The thermal ellipsoids are at the 50%
probability level and the hydrogen atoms are omitted for clarity.


Complex 7 has a nearly ideal trigonal-bipyramidal geom-
etry with the chloride ion in an axial position and the copper
ion positioned slightly below the plane (0.208(3) �) of the
three equatorial nitrogens, towards the chloride ion. Bond
lengths and angles are similar to those of other CuII complexes
derived from Me6tren.[40±43] Furthermore, the structure of 7
compares well with that of complex 2, as both are charac-
terized by a crystallographically imposed threefold axis (C3


symmetry). While the bond lengths for the equatorial CuÿN
bonds in 2 and 7 are comparable, the axial CuÿN bond is much
shorter in 7 (2.040(6) �). This is different for the copper tmpa
analogue, [Cu(tmpa)Cl]ClO4, in which the CÿN bond lengths
are all very similar (2.050 ± 2.072 �).[35] The angles Naxial-Cu-
Nequatorial (84.55(7)8) are slightly larger in 7 than in [Cu(tm-
pa)Cl]ClO4 (80.8 ± 81.58), while the angles in the plane are
very similar. The CuÿCl bond lengths are identical in the two
complexes.


Comparison of the two complexes is quite useful because
[Cu(tmpa)Cl]ClO4 is structurally very much similar to the
peroxo complex 3.[8, 35] Therefore, we suggest that the com-
plexes 5 and 7 should also have a similar structure. The UV/
Vis spectra of 7 in solution (water, l� 876 nm, e�
248 cmÿ1mÿ1) are typical for trigonal-bipyramidal CuII com-


plexes and confirm that this geometry is retained in solu-
tion.[30]


Taken together the findings show that the oxidation of 2, as
with complex 1, is not accompanied by the dramatic geometry
change normally observed for copper(i) oxidation reactions.
This is most likely the reason for the facile formation of
tripodal copper dioxygen adducts of 2. Furthermore, as
discussed above, once the trigonal-bipyramidal copper peroxo
complex is formed it should be more stable towards ligand
substitution reactions, than an analogous square-pyramidal
copper peroxo complex.


Conclusions


We have shown that a copper(i) complex with the aliphatic
tripodal amine Me6tren as a ligand reacts reversibly with
dioxygen at low temperatures. During this oxidation a much
more stable superoxo complex is formed than during a similar
reaction of the copper(i) tmpa complex. The peroxo complex
is highly stabilized if the reaction takes place in acetone
instead of nitrile solvents. The overall findings show that
copper compounds with ligands derived from derivatives of
tren are well suited for the activation of dioxygen. Therefore,
we have started to investigate a whole series of copper(i)
complexes with modified tren ligands.


Experimental Section


Materials and methods : Reagents and solvents used were of commercially
available reagent-grade quality. Me6tren, [Cu(CH3CN)4]� salts and 1 were
synthesized and characterized according to literature methods.[8, 36, 44]


Preparation and handling of air-sensitive compounds were carried out in
a glove-box filled with argon (Braun, Garching, Germany; water and
dioxygen less than 1 ppm). UV/Vis spectra were measured on a Hewlett
Packard8452 A spectrophotometer. Resonance Raman spectra (excitation
frequency of 5145 �) were measured in propionitrile at ÿ70 8C in a low-
temperature, four-window cell. Time-resolved UV/Vis spectra of the
reactions of dioxygen with copper(i) complexes were recorded with a
modified Hi-Tech SF-3L low-temperature stopped-flow unit equipped with
a J&M TIDAS 16-500 diode array spectrophotometer (J&M, Aalen,
Germany). Data fitting was carried out in the integrated J&M software
Kinspec or the program Specfit (Spectrum Software Associates, Chapel
Hill, NC, USA).


Caution! Perchlorate salts are potentially explosive and should be handled
with great care.


[Cu(Me6tren)]ClO4 (2-ClO4): [Cu(CH3CN)4]ClO4 (0.33 g, 1 mmol) was
added with stirring to a solution of Me6tren (0.23 g, 1 mmol) in a small
amount of acetonitrile in a glove-box. Colorless crystals suitable for X-ray
characterization were obtained by diffusion of diethyl ether into this
solution. Yield: 39 mg (10 %); CuC12H30N4ClO4: calcd C 36.64, H 7.69, N
14.24; found C 36.38, H 8.21, N 13.95.


[Cu(Me6tren)]BF4 (2-BF4): [Cu(Me6tren)]BF4 was synthesized in the same
way as [Cu(Me6tren)]ClO4 from [Cu(CH3CN)4]BF4. Yield: 30%;
CuC12H30N4BF4: calcd C 37.86, H 7.94, N 14.71; found C 37.54, H 8.18, N
14.50.


[Cu(Me6tren)Cl]ClO4 (7-ClO4): A solution of Cu(ClO4)2 ´ 6H2O (0.46 g,
1.25 mmol) and CuCl2 ´ 2H2O (0.21 g, 1.25 mmol) in water (20 mL) was
added to a solution of Me6tren (0.576 g, 2.5 mmol) in methanol (10 mL).
The solution was stirred for a few minutes and then filtered. Turquoise
crystals suitable for X-ray analysis were formed soon afterwards. Yield:
0.75 g (70 %); CuC12H30N4Cl2O4: calcd C 33.61, H 7.05, N 13.06; found C
33.61, H 7.27, N 13.00.
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Single-crystal X-ray structure determinations : Crystal data and experi-
mental conditions for the two complexes are listed in Table 1. The
molecular structures are illustrated in Figures 1 and 4. Selected bond
lengths and angles with standard deviations in parentheses are presented in
Table 2. Intensity data were collected with graphite-monochromated MoKa


radiation (l� 0.71073 �). The collected reflections were corrected for
Lorentz and polarization effects. An empirical correction with psi-scans of
20 reflections (7.38� 2V� 26.78, Tmin� 0.4820, Tmax� 0.5784) was per-
formed for 2-ClO4, while absorption effects in 7-ClO4 were neglected.
The structures were solved by direct methods and refined by full matrix
least squares methods on F 2.[45] Hydrogen positions of 7-ClO4 were
geometrically positioned and allowed to ride on their carrier atoms during
the refinement; their isotropic displacement parameters were tied to those
of the adjacent carbon atoms by a factor of 1.5. For 7-ClO4 all the hydrogen
atom positions were taken from a difference Fourier synthesis and refined
with a common fixed isotropic u parameter.[46]
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Modeling Acidic Sites in Zeolites and Aluminosilicates by
Aluminosilsesquioxanes
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Abstract: Protolysis of alkylaluminum
compounds with silsesquioxanes is an
efficient procedure to synthesize both
Lewis and Brùnsted acidic aluminosil-
sesquioxanes. Treatment of AlEt3 with
(c-C5H9)7Si7O9(OH)3 and (c-C5H9)7Si7-
O9(OSiMe3)(OH)2 gives the corre-
sponding Lewis acidic aluminosilses-
quioxanes, {[(c-C5H9)7Si7O12]Al}n (1)
and [(c-C5H9)7Si7O11(OSiMe3)]AlEt ´
NEt3 (2). By allowing AlEt3 to react
with two equivalents of (c-C5H9)7Si7-
O9(OSiMe3)(OH)2, the Brùnsted acidic
aluminosilsesquioxane [(c-C5H9)7Si7-


O11(OSiMe3)]Al[(c-C5H9)7Si7O10(OSi-
Me3)(OH)] (3) is selectively formed.
1H NMR and IR spectroscopy and
density functional theory (DFT) calcu-
lations show that complex 3 contains a
strong intramolecular hydrogen bond.
Although the high strength of this hy-
drogen bond reduces the Brùnsted acid-
ity of 3 substantially, 3 can easily be


deprotonated by amines to yield the
corresponding ammonium salts {[(c-
C5H9)7Si7O11(OSiMe3)]2Al}ÿX� (X�
Et3NH 4 a, PhN(H)Me2 4 b, C5H5NH
4 c). The X-ray crystal structure of 4 a
demonstrates that the ammonium cation
is bonded to the aluminosilsesquioxane
anion by a hydrogen bond. The corre-
sponding lithium salt {[(c-C5H9)7Si7-
O11(OSiMe3)]2Al}ÿ{Li ´ 2 THF}� (5)
could best be prepared by protolysis of
(c-C5H9)7Si7O9(OSiMe3)(OH)2 with half
an equivalent of LiAlH4.


Keywords: aluminosilicates ´ alumi-
num ´ silicon ´ silsesquioxane ´
zeolite analogues


Introduction


Acidic aluminum sites in zeolites and clays play an important
role in catalysis. Typical examples of processes catalyzed by
solid acidic aluminum sites are isomerization and cracking of
hydrocarbons.[1] The study of such catalysts in detail is,
however, considerably hampered by the heterogeneity of
these systems. Recently, an increasing number of metal
complexes based on incompletely condensed silsesquiox-
anes[2] have been prepared and successfully used as homoge-
neous models for silica-grafted catalysts.[3, 4] Several studies
have shown that the catalytic activity of these model systems
resembles that of their supported analogues.[3] With this in
mind we studied the applicability of soluble aluminosilses-


quioxanes as models for both Lewis and Brùnsted acidic
aluminum sites as found in aluminosilicates and zeolitic
materials.


The few well-defined aluminosilsesquioxane complexes
known to date are either based on the cyclohexyl-substituted
silsesquioxane (c-C6H11)7Si7O9(OH)3


[5] or its monosilylated
analogue (c-C6H11)7Si7O9(OSiMe3)(OH)2.[6] In our study, we
focused exclusively on the cyclopentyl-substituted analogues
of these two silsesquioxanes and, as we will demonstrate here,
the replacement of cyclohexyl groups by cyclopentyl sub-
stituents appears to have a pronounced influence on the
structure of the aluminosilsesquioxane complexes formed.


Results and Discussion


The first aluminosilsesquioxane reported was prepared by
Feher et al.[5a] who treated (c-C6H11)7Si7O9(OH)3 with AlMe3,
to afford the dimeric aluminosilsesquioxane {[(c-C6H11)7-
Si7O12]Al}2. In contrast, the reaction of the cyclopentyl-
substituted silsesquioxane (c-C5H9)7Si7O9(OH)3 with AlEt3


does not yield a dimer but instead gives a polymeric
compound with an empirical formula of {[(c-C5H9)7Si7-
O12]Al}n (1, Scheme 1) that is completely insoluble in most
common organic solvents (hexane, toluene, THF). Interest-
ingly, in contrast to the crystalline 1, the similar reaction of
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Scheme 1. Synthesis of aluminosilsesquioxanes 1 ± 5. R� c-C5H9.
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AlMe3 with the silsesquioxane (c-C6H11)7Si8O11(OH)2 resulted
in the formation of a highly porous polymer with high
hydrocarbon sorption capacity.[4] The solid-state 29Si NMR
spectrum of 1 shows five sharp (ÿO)3Si(c-C5H9) resonances in
a 1:2:2:1:1 ratio, which indicates C2 symmetry of the
silsesquioxane ligand in 1. The proposed structure of 1
(Scheme 1) is comparable to that of its cyclohexyl-substituted
analogue {[(c-C6H11)7Si7O12]Al}2;[5a] two siloxy functionalities
bridge two neighboring aluminum sites while one siloxy group
is monodentately bonded to a third aluminum center to form
the polymeric structure. Clearly, the apparently small differ-
ence in steric bulk between cyclopentyl and cyclohexyl
substituents is large enough to result in considerably different
structures. When the protolysis of the disilanol (c-C5H9)7Si7-
O9(OSiMe3)(OH)2 with an equimolar amount of AlEt3 was
carried out in the absence of Lewis bases, the reaction was
nonselective and yielded a mixture of products. In the
presence of NEt3, the amine adduct 2 is selectively formed.
The 1H, 13C, and 29Si NMR spectra of 2 clearly show two
isomers in a 10:8 ratio, indicating little preference for either of
the two possible configurations (Scheme 1). It is clear that the
aluminum sites in 1 and 2 are strong Lewis acids since they
form either polymeric structures or coordinate even the
sterically hindered triethylamine to relieve the electronic
unsaturation.


Reaction of AlEt3 with two equivalents of (c-C5H9)7Si7-
O9(OSiMe3)(OH)2 selectively affords the bis(silsesquioxane)
aluminum complex 3, a homogeneous model for a Brùnsted
acidic aluminum site present in zeolites and aluminosilicates.
The 29Si NMR spectrum of 3 displays two SiMe3 signals and
fourteen distinct (ÿO)3Si(c-C5H9) resonances, corresponding
to an asymmetric structure in which all silicon atoms are
nonequivalent. The OH resonance in the 1H NMR spectrum
of 3 is found at d� 8.50, and such deshielding is characteristic
for acidic and/or hydrogen-bonded hydroxy groups. For
example, the OH resonance (d� 6.95 ppm)[2] for the hydro-
gen-bonded silsesquioxane (c-C6H11)7Si7O9(OH)3 is consider-
ably shifted to low field compared to the OH resonances of
the less acidic, nonbridged silsesquioxanes (c-C5H9)7Si8-
O12(OH) (d� 2.93)[7] and (c-C6H11)7Si7O8(OH) (d� 3.00),[2a]


and, for example, the silanols Me2Si(OSiMe2)2CHSiMe2OH
(d� 1.38) and Me2Si(Si(OH)Me2)2(SiMe2)3 (d� 2.74).[8] In
agreement with the 1H resonance of 3, the low OÿH stretching
vibration frequency of 3150 cmÿ1 indicates strong hydrogen
bonding within 3. As a comparison, the OÿH vibration of
acidic, hydrogen-bonded hydroxy groups in zeolite HY is
found at 3550 cmÿ1, shifted to lower frequency compared to
the vibration of nonbridged acidic OH (3650 cmÿ1) and
nonacidic terminal OH groups (3750 cmÿ1).[9] The much
stronger shift to lower frequency observed for 3 indicates
substantially more efficient hydrogen bonding in 3 than in
zeolite HY.[9] Further proof for a strong hydrogen bond came
from a DFT computational study.[10] The calculated structure
of 3 is shown in Figure 1. For computational reasons, in these
calculations the silsesquioxane alkyl groups had to be
replaced by hydrogen atoms. Although even small differences
in steric bulk were found to have a significant influence on the
structure of the complex, this approximation seems reason-
able for the computation of an internal feature such as an


Figure 1. Calculated structure of [H7Si7O11(OSiH3)]Al[H7Si7O10(OSi-
H3)(OH)]. H3SO ´´´ O(H)Al 2.84 �; AlÿO(H) 1.94 �, AlÿOav, 1.75 �.


intramolecular hydrogen bond. With a H3SiO ´´´ O(H)Al
distance of 2.84 � (Figure 1), the OSiH3 group is clearly bent
towards the hydroxy group bonded to aluminum, thus
enabling the formation of a hydrogen bond. Although the
X-ray crystal structure analysis of 3 encountered serious
problems which prevented complete refinement of the
structure,[3c, 11] one of the OSiMe3 groups in 3 was clearly
bent towards the AlOH hydroxyl (Me3SiO ´´´ O(H)Al�
2.74(2) �),[12a] in a very similar fashion to the calculated
structure.


Complex 3 is an interesting model for a Brùnsted acidic
aluminum site in aluminosilicates and zeolites. The strong
hydrogen bonding in 3 reduces its Brùnsted acidity substan-
tially, which is supported by the incapacity of 3 to catalyze
even the isomerization of 1-hexene. However, 3 is signifi-
cantly more acidic than aluminum-free silsesquioxanes. For
example, unlike (c-C5H9)7Si7O9(OH)3 and (c-C5H9)7Si8-
O12(OH),[7] 3 is readily deprotonated by amines (NEt3,
PhNMe2, pyridine) to give the corresponding ammonium
salts 4 a ± c (R3N�Et3N 4 a, PhNMe2 4 b, pyridine 4 c).
Deprotonation of complex 3 by alkyllithium reagents (MeLi,
BuLi) was complicated by competitive SiMe3 abstraction, a
reaction that was also observed during attempted lithiation of
(c-C5H9)7Si7O9(OSiMe3)(OH)2.[7] However, the correspond-
ing aluminosilsesquioxane lithium salt 5 can easily be
synthesized by treatment of LiAlH4 with two equivalents of
(c-C5H9)7Si7O9(OSiMe3)(OH)2 in THF. Since only two THF
molecules are coordinated to the lithium atom in 5 it can be
concluded that, to fill its coordination sphere, the lithium is
also bonded to the silsesquioxane framework.[13] The single
SiMe3 resonance in the 1H, 13C, and 29Si NMR spectra of 4 a ± c
and 5 is consistent with a tetrahedrally coordinated aluminum
center which has local C2 symmetry. In analogy with [(c-
C5H9)7Si7O11(OSiMe3)]2M (M�Ti, Zr),[3c] for example, the
13C and 29Si NMR spectrum of 4 a ± c show seven equally
intense resonances (assigned to methine CH and silsesquiox-
ane (ÿO)3Si(c-C5H9)), which indicates that the local mirror
symmetry of the silsesquioxane ligands is lost. On the other
hand, with five methine CH (1:2:2:1:1 ratio) and (ÿO)3Si(c-
C5H9) (1:2:2:1:1 ratio) resonances, the C2 symmetry of the
silsesquioxane ligands is retained in 5.


Recently, Edelmann et al. reported the cyclohexyl-substi-
tuted analogue of 4 a, {[(c-C6H11)7Si7O11(OSiMe3)]2Al}ÿ{Et3-
NH}�, which was synthesized by dehydrochlorination of (c-
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C6H11)7Si7O9(OSiMe3)(OH)2 with AlCl3 in the presence of
NEt3.[6] Comparison of the X-ray crystal structures of 4 a
(Figure 2, Table 1)[12b] and its cyclohexyl-substituted analogue


Figure 2. Perspective view of the molecular structure of 4 a. Hydrogen
atoms and cyclopentyl groups have been omitted for clarity.


{[(c-C6H11)7Si7O11(OSiMe3)]2Al}ÿ{Et3NH}� clearly reveals
the difference in steric congestion between cyclopentyl and
cyclohexyl-substituted aluminosilsesquioxanes. Whereas in
the latter structure the aluminosilicate anion and the ammo-
nium cation form a separated ion pair,[6] less steric crowding in
4 a allows the formation of a contact ion pair in which the
ammonium proton forms a hydrogen bond with one of the Al-
O-Si oxygens in the aluminosilicate anion (N ´´´ O12�
2.775(6) �). The coordination of the ammonium ion is
accompanied by slight elongation of the AlÿO12
(1.771(4) �) and Si8ÿO12 (1.621(4) �) bonds, compared to
the other three AlÿO (av 1.730(4) �) and SiÿOAl bonds
(1.588(4) �). Although the SiÿO distances and Si-O-Si angle
span a wide range, they are not exceptional for silsesquioxane
compounds.[2±6]


In summary, aluminosilsesquioxanes appear to be interest-
ing models for either Lewis or Brùnsted acidic aluminum sites
in aluminosilicates and zeolites. The Lewis acidic aluminosil-
sesquioxanes (1, 2) form either oligomeric structures or Lewis
base adducts to relieve the electronic unsaturation. Brùnsted
acid 3 contains an intramolecular hydrogen bond comparable
to that found in zeolite HY, for example. Although the
Brùnsted acidity of 3 is reduced substantially by the strength
of the hydrogen bond, aluminosilsesquioxane 3 can still be
easily deprotonated by amines to yield the corresponding


ammonium salts (4 a ± c). This work provides the first signifi-
cant study on the relation between the structures and steric
bulk of silsesquioxane complexes. Unexpectedly, the appa-
rently small difference in steric bulk between silsesquioxane
cyclopentyl and cyclohexyl substituents appears to have a
significant effect on the structure of the corresponding
aluminosilsesquioxane complexes.


Experimental Section


General information : All manipulations were performed under an argon
atmosphere in a glove box (Braun MB-150 GI) and with Schlenk
techniques. Solvents were distilled from Na (toluene), K (THF) or Na/K
alloy (hexanes, [D6]benzene) and stored under argon. Acetonitrile,
triethylamine, N,N-dimethylaniline, pyridine, and [D1]chloroform were
dried over 4 � molecular sieves. The IR spectrum of 3 was recorded on a
Shimadzu FTIR-8300 spectrophotometer. NMR spectra were recorded on
a Varian GEMINI 300 MHz (1H 300 MHz, 13C 75 MHz) and a Bruker
AC400 MHz (29Si 79.5 MHz) spectrometer at 25 oC. Chemical shifts are
reported in ppm and referenced to residual solvent resonances (1H, 13C) or
an external standard (29Si TMS� 0 ppm). (c-C5H9)7Si7O9(OH)3


[2] and
(c-C5H9)7Si7O9(OSiMe3)(OH)2


[14] were prepared following literature pro-
cedures.


{[(c-C5H9)7Si7O12]Al}n (1): At room temperature, AlEt3 (3.0 mmol, 1.6 mL,
1.9 m in toluene) was added to a solution of (c-C5H9)7Si7O9(OH)3 (2.6 g,
3.0 mmol) in THF (30 mL). Immediately, gas evolution and precipitation of
a white solid was observed. After 10 min at room temperature, the solid was
collected, washed with THF (2� 5 mL) and dried in vacuum to yield 1 as a
microcrystalline material (2.4 g, 2.67 mmol, 89 %). Magic angle spinning
(2.5 kHz) solid-state 29Si NMR: d�ÿ61.74, ÿ62.94, ÿ64.79, ÿ65.34,
ÿ69.49 (O3SiC5H9, 1:2:2:1:1 ratio); (C35H63AlO12Si7)n : calcd C 46.74, H
7.06; found C 46.44, H 7.44.


[(c-C5H9)7Si7O11(OSiMe3)]AlEt ´ NEt3 (2): At 0 oC, a solution containing
NEt3 (0.5 mL, 3.6 mmol) and (c-C5H9)7Si7O9(OSiMe3)(OH)2 (2.80 g,
2.95 mmol) in toluene (25 mL) was treated with AlEt3 (3.0 mmol, 1.6 mL,
1.9 m in toluene). Gas evolved immediately. The solution was allowed to
warm to room temperature and was stirred for one additional hour. The
solvent was removed in vacuum. The remaining sticky solid was dissolved
in hexane (10 mL) which was subsequently evaporated. This procedure was
repeated twice until a non-sticky solid was obtained (2.40 g, 2.18 mmol,
74%). Slow crystallization from hexane (5 mL) at ÿ30 oC yielded 2 as
colorless crystals (0.94 g, 0.85 mmol, 29 %). The 1H and 13C NMR spectra
showed the two stereoisomers in a 1:0.8 ratio. 1H NMR ([D6]benzene): d�
2.55 (q, 3J(H,H)� 7 Hz, 6 H; N(CH2CH3)3,), 2.42 (q, 3J(H,H)� 7 Hz, 6H;
N(CH2CH3)3), 1.98 (m, 28H; CH2 ± C5H9), 1.75 (m, 56H; CH2 ± C5H9), 1.56
(m, 28 H; CH2C5H9), 1.50 (t, 3J(H,H)� 8 Hz, 3H; AlCH2CH3), 1.48 (t,
3J(H,H)� 8 Hz, 3 H; AlCH2CH3), 1.21 (m, 14 H; CH-C5H9), 1.00 (t,
3J(H,H)� 7 Hz, 9 H; N(CH2CH3)3), 0.90 (t, 3J(H,H)� 7 Hz, 9H; N(CH2-
CH3)3), 0.39 (s, 9H; Si(CH3)3), 0.27 (s, 9H; Si(CH3)3), 0.22 (q, 3J(H,H)�
8 Hz, 2H; AlCH2CH3), 0.11 (q, 3J(H,H)� 8 Hz, 2 H; AlCH2CH3); 13C{1H}
NMR ([D6]benzene): d� 47.45, 47.28 (s, N(CH2CH3)3), 28.72, 28.57, 28.48,
28.43, 28.15, 28.06, 28.01, 27.76, 27.69, 27.48, 27.43, 27.39, 27.30 (s, CH2 ±
C5H9), 25.69, 25.43, 24.75, 24.67, 24.20, 24.08, 23.57, 23.39, 23.27 (s, CH ±
C5H9), 10.40, 10.01 (s, AlCH2CH3), 9.33, 9.06 (s, N(CH2CH3)3), 2.22, 2.15 (s,
Si(CH3)3), 0.79, 0.42 (s, AlCH2CH3); 29Si NMR (toluene): d� 7.14, 6.85 (s,
SiMe3), ÿ65.26, ÿ65.37, ÿ65.44, ÿ65.78, ÿ66.03, ÿ66.60, ÿ66.83, ÿ66.94,
ÿ68.05,ÿ68.62 (s, O3SiC5H9); C46H92AlNO12Si8 (1102.91): calcd C 50.10, H
8.41, N 1.27; found C 49.43, H 8.22, N 1.14.


[(c-C5H9)7Si7O11(OSiMe3)]Al[(c-C5H9)7Si7O10(OH)(OSiMe3)] (3): A sol-
ution of (c-C5H9)7Si7O9(OSiMe3)(OH)2 (3.87 g, 4.08 mmol) in toluene
(25 mL) was cooled to 0 oC and AlEt3 (2.1 mmol, 1.1 mL, 1.9 m in toluene)
was added. The solution was warmed to room temperature and stirred for
an additional hour. Evaporation of the volatiles yielded 3 as a white foam in
nearly quantitative yield. Recrystallization by slow diffusion of acetonitrile
into a concentrated toluene solution yielded 3 (0.8 g, 0.4 mmol, 20%) as
colorless crystals. IR (C4Cl6): nÄ � 3150 cmÿ1 (OH); 1H NMR ([D6]benzene):
d� 8.50 (s, 1 H; OH), 1.67 (m, 112 H; CH2 ± C5H9), 1.14 (m, 14H; CH ±
C5H9), 0.44 (s, 18H; Si(CH3)3); 13C{1H} NMR ([D6]benzene): d� 28.47,
28.31, 28.11, 27.98, 27.87, 27.84, 27.66, 27.60, 27.52, 27.44, 27.23 (s, CH2 ± C5H9),


Table 1. Selected interatomic distances [�] and bond angles [8] for 4a.


AlÿO9 1.727(5) Al-O9-Si5 150.9(3)
AlÿO12 1.771(4) Al-O12-Si8 128.1(2)
AlÿO13 1.722(5) Al-O13-Si9 148.8(3)
AlÿO14 1.742(4) Al-O14-Si15 144.5(3)
Si5ÿO9 1.586(5) O9-Al-O12 107.5(2)
Si8ÿO12 1.621(4) O9-Al-O13 114.0(2)
Si9ÿO13 1.594(5) O9-Al-O14 109.6(2)
Si15ÿO14 1.585(4) O12-Al-O13 110.2(2)
NÿO12 2.775(6) O12-Al-O14 105.1(2)


O13-Al-O14 110.0(2)
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25.31, 24.50, 23.97, 22.84 (s, CH ± C5H9), 2.47 (s, Si(CH3)3); 29Si NMR
(toluene): d� 8.02, 7.93 (s, SiMe3), ÿ58.72, ÿ62.01, ÿ63.46, ÿ64.53,
ÿ65.10, ÿ65.18, ÿ65.25, ÿ66.26, ÿ66.49, ÿ67.09, ÿ67.33, ÿ67.56, ÿ68.30,
ÿ68.45 (s, O3SiC5H9); C76H145AlO24Si16 (1919.33): calcd C 47.56, H 7.62;
found C 47.26, H 7.67.


{[(c-C5H9)7Si7O11(OSiMe3)]2Al}ÿ{Et3NH}� (4a): At 0 oC, a solution of (c-
C5H9)7Si7O9(OSiMe3)(OH)2 (4.03 g, 4.25 mmol) in toluene (40 mL) was
treated with AlEt3 (1.1 mL, 1.9 m in toluene, 2.1 mmol) followed by NEt3


(0.7 mL, 5.0 mmol). The solution was allowed to warm to room temper-
ature and stirred for an additional hour. After evaporation of the solvent,
the sticky product was dried in vacuum and traces of toluene were removed
by dissolving the product in hexane (10 mL) and evaporation of the
volatiles. Crystallization from a cooled (ÿ30 oC) hexane (10 mL) solution
yielded 4a (1.83 g, 0.91 mmol, 43 %) as a white microcrystalline material.
1H NMR ([D1]chloroform): d� 9.72 (s, 1H; NH), 3.26 (m, 6H;
N(CH2CH3)3), 1.76 (m, 28 H; CH2 ± C5H9), 1.51 (m, 84 H; CH2 ± C5H9),
0.99 (m, 23 H; CH ± C5H9�N(CH2CH3)3), 0.16 (s, 18 H; Si(CH3)3); 13C{1H}
NMR ([D1]chloroform): d� 45.71 (s, N(CH2CH3)3), 28.25, 28.12, 28.02,
27.88, 27.81, 27.66, 27.55, 27.36, 27.16, 27.11, 27.02, 26.95, 26.86 (s, CH2 ±
C5H9), 25.27, 25.23, 24.39, 24.17, 23.80, 22.86, 22.48 (s, CH ± C5H9), 8.96 (s,
N(CH2CH3)3), 2.11 (s, Si(CH3)3); 29Si NMR (toluene): d� 6.65 (s, SiMe3),
ÿ65.15, ÿ65.34, ÿ65.43, ÿ65.56, ÿ65.75, ÿ67.86, ÿ68.46 (s, O3SiC5H9);
C82H160AlNO24Si16 (2020.52): calcd C 48.74, H 7.98, N 0.69; found C 48.73, H
8.25, N 0.62.


X-ray crystal structure analysis of 4 a : Single crystals suitable for an X-ray
structure analysis were grown in an NMR tube by slow evaporation of a
saturated solution of 4 a in CDCl3. Slightly disordered CDCl3 molecules
were found in the lattice, which frustrated the refinement. Enraf-Nonius
CAD-4F diffractometer, MoKa radiation (l� 0.71073 �), T� 130 K, 0.25�
0.30� 0.50 mm, C82H160AlNO24Si16 ´ CDCl3, Mr� 2140.90, monoclinic, P21/
n, a� 14.655(1) b� 32.976(3), c� 23.042(2) �, b� 98.448(6)o, V�
11014.5(16) �3, Z� 4, 1calcd� 1.291 g cmÿ3, m(MoKa)� 3.30 cmÿ1, w/2q


scans, total data (�h, ÿk, ÿ l)� 22548, The structure was solved by direct
methods with SHELXS97[15] and subsequent difference Fourier maps. A
final refinement on F 2 converged at wR(F 2)� 0.2574 for 21572 reflections
with F2


o� 0 and R(F)� 0.0865 for 13093 reflections with Fo� 4.0s(Fo) and
1150 parameters. Max. residual electron density ÿ1.21 and 1.14 e �ÿ3.


{[(c-C5H9)7Si7O11(OSiMe3)]2Al}ÿ{C6H5N(H)Me2}� (4b): The general pro-
cedure was similar as for 4 a. Starting from (c-C5H9)7Si7O9(OSiMe3)(OH)2


(3.00 g, 3.17 mmol), AlEt3 (1.5 mmol, 0.8 mL, 1.9 m in toluene), and N,N-
dimethylaniline (0.4 mL, 3.5 mmol) yielded after recrystallization from
hexane 4b as a white microcrystalline material (1.99 g, 0.98 mmol, 65%).
1H NMR ([D6]benzene): d� 12.71 (s, 1 H; PhN(H)Me2), 7.41 (m, 2H;
C6H5N(H)Me2), 7.31 (m, 2H; C6H5N(H)Me2), 7.03 (m, 1H; C6H5N(H)Me2),
3.19 (s, 6 H; PhNH(CH3)2), 1.68 (m, 112 H; CH2-C5H9), 1.22 (m, 14H; CH-
C5H9), 0.10 (s, 18 H; Si(CH3)3); 13C{1H} NMR ([D6]benzene): d� 130.54 (s,
C6H5N(H)Me2), 121.85 (s, C6H5N(H)Me2), 28.77, 28.51, 28.35, 28.23, 28.11,
28.02, 27.93, 27.83, 27.70, 27.61, 27.51, 27.39, 27.35, 27.39 (s, CH2 ± C5H9),
25.64, 25.52, 24.43, 24.34, 24,28, 23.28, 23.04 (s, CH ± C5H9), 2.12 (s,
Si(CH3)3); 29Si NMR (toluene): d� 7.21 (s, SiMe3), ÿ64.63, ÿ65.05,
ÿ65.18, ÿ65.36, ÿ65.62, ÿ67.91, ÿ68.16 (s, O3SiC5H9); C84H156AlNO24Si16


(2040.51): calcd C 49.44, H 7.71, N 0.69; found C 49.48, H 7.77, N 0.73.


{[(c-C5H9)7Si7O11(OSiMe3)]2Al}ÿ{C5H5NH}� (4 c): The general procedure
was similar as for 4a. Starting from (c-C5H9)7Si7O9(OSiMe3)(OH)2 (3.48 g,
3.67 mmol), AlEt3 (1.9 mmol, 1.0 mL, 1.9 m in toluene), and pyridine
(0.3 mL, 3.7 mmol) yielded after recrystallization from hexane 4c as a
white microcrystalline material (2.28 g, 1.09 mmol, 58%). The product
contained one equivalent of lattice hexane. 1H NMR ([D6]benzene): d�
18.22 (s, 1H; C5H5NH), 9.33 (s, 2H; C5H5 ± NH), 7.35 (s, 2 H; C5H5NH), 7.09
(s, 1H; C5H5NH), 1.98 (m, 28H; CH2 ± C5H9), 1.75 (m, 56 H; CH2 ± C5H9),
1.57 (m, 28H; CH2 ± C5H9), 1.23 (m, 14H; CH ± C5H9), ÿ0.10 (s, 18H;
Si(CH3)3); 13C NMR ([D6]benzene): d� 143.88 (s, C5H5N), 127.57 (s,
C5H5N), 126.31 (s, C5H5N), 28.68, 28.58, 28.44, 28.31, 28.20, 28.08, 28.01,
27.91, 27.73, 27.61, 27.47, 27.37, 27.30 (s, CH2 ± C5H9), 25.29, 24.82, 24.44,
24.19, 23.22, 23.18 (s, CH ± C5H9, 2:1:1:1:1:1 ratio), 1.83 (s, Si(CH3)3); 29Si
NMR (toluene): d� 8.15 (s, SiMe3), ÿ64.44, ÿ65.28, ÿ65.52, ÿ65.98,
ÿ68.45, ÿ68.69 (s, O3SiC5H9, 1:1:2:1:1:1). Gradual loss of hexane from the
lattice prevented satisfactory elemental analysis.


{[(c-C5H9)7Si7O11(OSiMe3)]2Al}ÿ{Li ´ 2 THF}� (5): To a stirred solution of
(c-C5H9)7Si7O9(OSiMe3)(OH)2 (4.49 g, 4.74 mmol) in THF (25 mL),


LiAlH4 (1.4 mL, 1.7 m in THF, 2.3 mmol) was added at 0 oC. After gas
evolution had ceased, the volatiles were removed in vacuum to leave a
sticky white solid. The crude product was dissolved in diethyl ether (10 mL)
and filtered to remove traces of insoluble material. Concentration and
cooling to ÿ30 oC gave 5 as colorless crystals (2.30 g, 1.11 mmol, 48%).
1H NMR ([D1]chloroform): d� 3.74 (m, 4 H; THF-a-CH2), 1.83 (m, 4H;
THF-b-CH2), 1.71 (m, 14H; CH2C5H9), 1.51 (m, 42H; CH2C5H9), 0.91 (m,
7H; CHC5H9), 0.20 (s, 9H; Si(CH3)3); 13C{1H} NMR ([D1]chloroform): d�
67.98 (s, THF-a-CH2), 28.09, 28.06, 27.67, 27.62, 27.59, 27.56, 27.39, 27.34,
27.29, 27.26, 27.15, 27.09, 26.98, 26.95, 26.93 (s, CH2C5H9), 25.60 (s, THF-b-
CH2), 24.24 23.68, 23.37, 22.40, 22.37 (s, CHC5H9, 1:2:2:1:1), 1.62 (s,
Si(CH3)3); 29Si NMR (toluene): d� 0.10 (s, SiMe3), ÿ63.40, ÿ64.79,
ÿ65.33, ÿ67.07, ÿ67.89 (s, O3SiC5H9, 1:2:2:1:1); C84H160AlLiO26Si16


(2069.48): calcd C 48.75, H 7.79; found C 48.76, H 7.75.


DFT computational studies : Density functional theory (DFT) formed the
basis of our calculations as implemented by the Amsterdam density
functional (ADF) code.[16] The exchange correlation functionals in the
local-density approximation[17] were augmented by generalized gradient
approximations to the exchange[18] and correlation.[19] All the corrections
were applied self-consistently. We chose a double j basis set of Slater type
orbitals with polarization functions for hydrogen, oxygen, silicon, and
aluminum. The inner electrons were treated with a frozen-core approx-
imation, for silicon and aluminum these were taken up to the 2p and for
oxygen up to the 1s electrons. A quasi Newtonian approach[20] to geometry
optimization is combined with the direct inversion in the iterative subspace
(DIIS) method.[21] Full geometry optimization was used in all calculations
in this work. The convergence criteria used in these calculations are 10ÿ3


Hartree for the energy, 5� 10ÿ3 Hartree/� for the gradients and 5� 10ÿ3 �
for the Cartesian displacement. ADF code makes use of the natural
symmetry properties of the different clusters. The silsesquioxanes were
approximated by substitution of the large cyclopentyl groups on the silicon
atoms by hydrogen atoms.
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Solid-State Architectures of Aggregates of the Cubic Cluster [Pd6Cl12] with
Polynuclear Aromatic Hydrocarbons


Marilyn M. Olmstead,* Pin-pin Wei, and Alan L. Balch*[a]


Abstract: Deeply colored, air-stable
molecular solids consisting of planar
polynuclear aromatic hydrocarbon
(PAH) molecules and cubic clusters of
[Pd6Cl12] are readily formed from solu-
tions of bis(benzonitrile)palladium(ii)
dichloride and the appropriate PAH in
benzene. Three compounds, [Pd6Cl12] ´
1.5 (naphthalene), [Pd6Cl12] ´ (1-methyl-
anthracene), and [Pd6Cl12] ´ 0.5 (1,2:5,6-
dibenzanthracene) ´ 0.5 (benzene), have
been isolated in crystalline form, and
the geometric structures of each of these
three compounds have been determined
by X-ray crystallography. The structure
of the [Pd6Cl12] unit, which consists of an


octahedral array of six palladium atoms
that are surrounded by twelve equiva-
lent chlorine atoms in edge-bridging
sites, is invariant within this group of
compounds. In each of the three new
compounds described here, alternating
molecules of [Pd6Cl12] and the PAH are
organized into columnar structures so
that flat surfaces of the cubic cluster and
the PAH make contact. The separations


of these organic and inorganic surfaces is
about 3.3 �, and no covalent bonding is
present between the individual molec-
ular components. In these columns each
[Pd6Cl12] molecule is sandwiched be-
tween two PAH molecules and each
PAH is sandwiched between two clus-
ters. For [Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzan-
thracene) ´ 0.5 (benzene), the PAH is
sufficiently extended to span two col-
umns. In each structure the columns are
arranged in a side-by-side manner with
small slip angles. Consequently, a com-
mon feature is the existence of extended
layer of organic PAHs alternating with
one of inorganic clusters.


Keywords: charge compounds ´
cluster compounds ´ crystal engi-
neering ´ palladium ´ polynuclear
aromatic hydrocarbons


Introduction


The study of formation and structures of complex solids
through noncovalent interactions of two or more individual
molecules is an aspect of supramolecular chemistry that is
currently undergoing considerable development.[1±3] The
identification of compatible molecular components that have
specific proclivities to form ordered solids is a significant goal
in this area. Situations in which components drawn from such
disparate areas as inorganic and organic molecules, which are
found to aggregate, are particularly interesting.[4] In that
context, it is known that weak charge-transfer interactions can
be observed when certain metal halides are exposed to
aromatic hydrocarbons.[5±7] In some cases, these interactions
lead to the formation of p complexes, in which covalent
bonding occurs between the aromatic component and the
metal as is the case, for example, in [(h6-durene)ZrCl2(m-
Cl)3ZrCl3][8] and [(h6-C6H6)2Ga(GaCl4)].[9, 10] However, coor-


dination of this sort is not required, and crystalline com-
pounds such as SbCl3 ´ 0.5 (naphthalene)[11] and Al2Br6 ´ (ben-
zene)[12] lack any covalent bond between the constituent
molecules.


Recently, this laboratory reported that a number of supra-
molecular aggregates [e.g., [Pd6Cl12] ´ (mesitylene) and
[Pd6Cl12] ´ (durene)] of the cubic cluster [Pd6Cl12] with meth-
ylated benzenes can be isolated in crystalline form.[13] These
compounds consist of individual molecules of [Pd6Cl12] with
the aromatic molecule arranged in close, face-to-face prox-
imity. The [Pd6Cl12] cluster itself is soluble in aromatic
solvents. Spectroscopic studies on solutions of [Pd6Cl12] in
various methylated benzenes (e.g., mesitylene, xylene, tol-
uene) are consistent with a charge-transfer interaction
between the aromatic donors and the palladium cluster. A
ternary compound, which is comprised of molecules of
[Pd6Cl12], benzene, and C60, has also been isolated form
solutions of the fullerene and bis(benzonitrile)palladium(ii)
dichloride.[13]


Here we describe the formation and structures of crystalline
compounds that involve co-crystallization of [Pd6Cl12] with
polynuclear aromatic hydrocarbons (PAHs). The ionization
potentials (IP) of PAHs such as naphthalene (IP 8.12 eV) and
anthracene (IP 7.43 eV) fall within or below the range of
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ionization potentials for the aromatic compounds such as p-
xylene (IP 8.44 eV) and durene (IP 8.05 eV), which are known
to form crystalline adducts with [Pd6Cl12]. Consequently, these
PAHs should be suitable donors to interact effectively with
[Pd6Cl12].


In the context of this work, it is important to note that
palladium(ii) chloride is known to form several polymorphs.
The a-form consists of infinite, linear chains in which each
palladium is coordinated by four chlorine atoms in a square,
while each chlorine atom bridges two palladium atoms.[14] The
b-form consists of discrete molecules of [Pd6Cl12] that have an
octahedral array of metal atoms.[13, 15, 16] Each metal atom is
again surrounded by four equivalent chlorine atoms that
bridge edges of the octahedron. The b-form can be prepared
in several ways. Treatment of [Pd3(acetate)6] with carbon
monoxide in glacial acetic acid that contains some perchloric
acid yields polycrystalline [Pd6Cl12].[17] Larger, single crystals
of [Pd6Cl12] have been prepared by gradual precipitation of
[Pd6Cl12] from a solution of bis(benzonitrile)palladium(ii)
dichloride in benzene/chloroform[13] or by treatment of
[Pd2(m-Cl)2Cl2(CO)2] with thionyl chloride.[15] Commercial
PdCl2 is not soluble in aromatic solvents and has been
reported to consist of another polymorph of currently
unknown structure.[18] The b-form of [Pd6Cl12] crystallizes in
the space group R3Å , which is the space group that is predicted
for the packing of cubic molecules with a simple octapole
model.[19] Other cubic molecules including cubane, C8H8,[20]


and octa-(methylsilsesquioxane), (CH3SiO)8,[21] crystallize in
this same space group.


Results


Bis(benzonitrile)palladium(ii) dichloride is a labile complex
that readily loses benzonitrile to form complexes with
coordinated PdCl2 groups or [Pd6Cl12], in the absence of
strong ligating molecules.[22, 23] Upon standing, yellow solu-
tions of bis(benzonitrile)palladium(ii) dichloride and the
appropriate polynuclear aromatic hydrocarbon (PAH), naph-
thalene (1), 1-methylanthracene (2), or 1,2:5,6-dibenzanthra-
cene (3), in benzene gradually produce deep red crystals of
the new compounds: [Pd6Cl12] ´ 1.5 (naphthalene), [Pd6Cl12] ´
(1-methylanthracene), and [Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzan-


thracene) ´ 0.5 (benzene), respectively. Molecules 1 and 2 were
chosen for study as representative PAHs. Other arenes such as
anthracene itself and triphenylene also produced crystalline
adducts, but these suffered from severe disorder. The


extended hydrocarbon 3 was chosen as the smallest PAH that
could conceivably span a pair of [Pd6Cl12] clusters. The
structures of each of these compounds have been determined
by single-crystal X-ray diffraction. Relevant data from these
crystal structures are summarized in Table 1, which contains
data on the [Pd6Cl12] clusters, and Table 2, which contains
crystallographic data. Views of the individual structures are
presented in Figures 1 ± 7.


[Pd6Cl12] ´ 1.5 (naphthalene): Figure 1 shows a view of the
molecules present in the solid and the numbering scheme
employed here. Figure 2 shows how these components are


Figure 1. A view of the components in the structure of [Pd6Cl12] ´
1.5 (naphthalene) showing the atom-numbering scheme and 50% proba-
bility thermal elipsoids.


Table 1. Selected interatomic distances and angles in [Pd6Cl12] clusters.


[Pd6Cl12] ´ 1.5 [Pd6Cl12] ´ [Pd6Cl12] ´ 0.5(1,2:5,6-
(naphthalene) (1-methylanthracene) dibenanthracene ´ 0.5(benzene)


Distance [�]
PdÿCl (ave) 2.312 (5) 2.311(8) 2.303(5)
(range) 2.300(5) ± 2.342(5) 2.327(7) ± 2.302(7) 2.299(4) ± 2.318(5)
Pd ´´´ Pd (ave) 4.698(14) 4.68(2) 4.68(2)
face-to-face (range) 4.687(2) ± 4.714(2) 4.670(2) ± 4.711(2) 4.664(1) ± 4.701(1)


Angles [8]
ClÿPdÿCl (ave) 90.0(3) 90.0(5) 90.0(4)
cis (range) 89.2(2) ± 90.5(2) 89.3(3) ± 90.9(3) 89.4(2) ± 90.5(2)
ClÿPdÿCl (ave) 178.1(3) 178.4(4) 178.4(5)
trans (range) 177.2(2) ± 178.5(2) 177.7(3) ± 178.8(3) 177.7(2) ± 179.4(2)
PdÿClÿPd (ave) 91.9(3) 91.6(6) 91.6(4)
(range) 91.4(2) ± 92.3(2) 90.9(3) ± 92.5(3) 91.1(2) ± 92.3(2)
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organized within the crystalline solid. The asymmetric unit
consists of a [Pd6Cl12] cluster with no crystallographically
imposed symmetry, a naphthalene molecule (naphthalene-1)
with no crystallographically imposed symmetry, and one-half
of a naphthalene molecule (naphthalene-2), which is posi-
tioned on a center of symmetry. There are no unusual features
in the molecular geometry of any of the three components of
this solid.


The molecular packing reveals columns of alternating
[Pd6Cl12] clusters and naphthalene-1 molecules as seen in
Figure 2. Within these columns there is close face-to-face
contact between the cubic clusters and the planar aromatic
molecules. These contacts result in an asymmetric sandwich-
ing of each [Pd6Cl12] cluster between a pair of naphthalene-1


molecules and a corresponding
sandwich arrangement of two
[Pd6Cl12] clusters about each
naphthalene-1 molecule. In
both cases the PdCl4 plane and
the plane of the hydrocarbon
are nearly parallel. The angle
between the Pd1-Cl1-Cl2-Cl3-
Cl4 plane and that of naphtha-
lene-1 is 2.08, while the angle
between the Pd5-Cl6-Cl8-Cl9-
Cl10 plane and that of naph-
thalene-1 is 2.28. Pd5 is situated
near the center of the naphtha-
lene-1 molecule, while Pd1 is
off on an edge. The closest
PdÿC distances for Pd5 are:
Pd5 ´´ ´ C15, 3.397 �; Pd5 ´´ ´
C14, 3.641 �. The shortest con-
tacts between Pd1 and adjacent
carbon atoms are: Pd1 ´´´ C14,
3.273 �; Pd1 ´´ ´ C13, 3.313 �;
Pd1 ´´ ´ C15, 3.623 �. Within


the group of chlorine atoms bonded to Pd5, the closest
contacts between these and naphthalene carbon atoms is
3.354 � between Cl10 and C12. The closest Cl ´´ ´ C distances
involving the chlorine atoms bonded to Pd1 are 3.345 �
between Cl2 and C10 and 3.355 � between Cl2 and C11.


The naphthalene-2 molecules do not participate in this
columnar stacking. Indeed, they do not closely approach the
[Pd6Cl12] cluster. The closest contact involves Cl4 and C3,
which are 3.590 � apart.


Individual [Pd6Cl12] clusters within the stacks are arranged
so that they make face-to-face contact with other clusters.
However, the distances involved in these contacts are all
longer than those seen in related compounds and in pristine
[Pd6Cl12] itself.[13] The closest intermolecular contact (3.404 �)


Table 2. Crystallographic data for the [Pd6Cl12] clusters.


[Pd6Cl12] ´ 1.5 [Pd6Cl12] ´ [Pd6Cl12] ´ 0.5(1,2:5,6-
(naphthalene) (1-methylanthracene) dibenanthracene ´ 0.5(benzene)


formula C15H12Cl12Pd6 C15H12Cl12Pd6 C14H10Cl12Pd6


Mw 1256.04 1256.05 1242.02
a [�] 8.006(3) 8.142(4) 8.122(3)
b [�] 11.384(4) 8.163(4) 11.304(3)
c [�] 16.031(4) 11.488(4) 15.270(4)
a [8] 97.80(3) 99.22(3) 82.21(2)
b [8] 102.65(3) 100.30(3) 79.58(3)
g [8] 102.38(3) 110.15(3) 77.76(3)
V [�3] 1366.6(8) 684.6(5) 1340.6(7)
Z 2 1 2
crystal system triclinic triclinic triclinic
space group P1Å P1Å P1Å


T [K] 140(2) 140(2) 140(2)
l [�] 0.71073 (MoKa) 0.71073 (MoKa) 0.71073 (MoKa)
1calcd [g cmÿ3] 3.052 3.047 3.077
m [mmÿ1] 5.045 5.036 5.142
max/min transmission 0.85/0.77 0.60/0.38 0.99/0.50
R1 (observed data)[a] 0.059 0.130 0.066
wR2 (all data, F 2 refinement)[b] 0.116 0.60 0.188


[a] R1�SjjFoj ÿ jFcjj/S jFo j , observed data (>4sI0). [b] wR2� [S{w(F 2
o ÿF 2


c )2}/S{w(F 2
o )2}]1/2, all data


Figure 2. The molecular packing within [Pd6Cl12] ´ 1.5 (naphthalene). A shows the entire structure, while B
emphasizes the chains of alternating [Pd6Cl12] and naphthalene molecules.
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involves Pd3 ´´´ Pd3', while the closest Pd ´´´ Cl contact is the
3.678 � separation between Pd4 and Cl1'.


[Pd6Cl12] ´ (1-methylanthracene): Figure 3 shows a view of the
structure. The asymmetric unit consists of half of the [Pd6Cl12]
cluster and half of the 1-methylanthracene molecule. Both the


Figure 3. A view of the components in the structure of [Pd6Cl12] ´ (1-
methylanthracene). Only one postiton of the disordered methyl group is
shown. The other resides on C4A. Thermal elipsoids are shown at the 50%
probability level.


[Pd6Cl12] cluster and the 1-methylanthracene molecule are
located on crystallographic centers of symmetry. Consequent-
ly, there is disorder in the position of the methyl group within
the 1-methylanthracene molecule. The two symmetry related
sites have fractional occupancies of 0.5. The bond lengths and
angles within the [Pd6Cl12] cluster show no unusual features.
Because of apparent twinning (see Experimental Section) the
geometry of the 1-methylanthracene was constrained during
refinement. The plane of each 1-methylanthracene molecule
is nearly parallel to the surface of the [Pd6Cl12] cluster that is
defined by Pd-Cl1-Cl2-Cl3-Cl4. The angle between these two
planes is only 2.68. The palladium atom closest to the
1-methylanthracene molecule is 3.342 � from C2, 3.392 �
from C3, and 3.612 � from C1A. The closest carbon ± chlorine
contact between the [Pd6Cl12]/1-methylanthracene pair is
3.479 � and involves Cl3 and C2.


The molecular organization of the solid, as shown in
Figure 4, is dominated by columnar packing of alternating
[Pd6Cl12] and 1-methylanthracene molecules into an arrange-
ment in which each [Pd6Cl12] unit is sandwiched between a
pair of 1-methylanthracene molecules. Similarly, each 1-meth-
ylanthracene unit is sandwiched between a pair of [Pd6Cl12]
clusters. The columns of alternating [Pd6Cl12] clusters and
1-methylanthracene molecules interact with one another
through parallel, face-to-face contacts between clusters. The
closest nonbonded Pd ´´´ Cl contacts involve faces that contain
Pd2 and occur in pairs that are similar to those seen in
[Pd6Cl12] itself. These contacts are seen in Figure 4. The Pd2 ´´
´ Cl6' separation is 3.211 �. Similar pairwise, face-to-face
contacts involve the faces that contain Pd3. In these cases the
nonbonded Pd3 ´´´ Cll'' contact is 3.287 �. These pairwise


Figure 4. The molecular packing within [Pd6Cl12] ´ (1-methylanthracene).
Both positions for the disordered methyl carbon atoms are shown, while for
any one molecule only one of these positions is occupied.


Pd ´´´ Cl contacts produce layers of [Pd6Cl12] clusters which
run in a stepwise pattern throughout the structure. Similar
stair-step patterns of clusters are seen in the structures of
pristine [Pd6Cl12], [Pd6Cl12] ´ (mesitylene), and [Pd6Cl12] ´
(durene).


[Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzanthracene) ´ 0.5 (benzene): Fig-
ure 5 shows the relative orientations of the three molecular
components and the numbering scheme employed here. The


Figure 5. A view of the components in the structure of [Pd6Cl12] ´
0.5 (1,2:5,6 dibenzanthracene) ´ 0.5 (benzene). Thermal ellipsoids are shown
at the 50% probability level.


asymmetric unit consists of one molecule of [Pd6Cl12] with no
crystallographically imposed symmetry, one-half of a mole-
cule of 1,2:5,6-dibenzanthracene, with the other half gener-
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ated by an inversion center within the molecule, and one-half
of a benzene molecule, with the other half generated by
another center of symmetry.


Figure 6 shows the extended interactions that are present in
the solid. As with the other two structures considered here,
the [Pd6Cl12] clusters and the 1,2:5,6-dibenzanthracene mol-


Figure 6. The molecular packing within [Pd6Cl12] ´ 0.5 (1,2:5,6 dibenzan-
thracene) ´ 0.5 (benzene) that shows the columns of alternating [Pd6Cl12]
and (1,2:5,6 dibenzanthracene) molecules. The postions of the benzene
molecules are not shown.


ecules are organized into columns. However, in this case the
1,2:5,6-dibenzanthracene molecules span two cluster units,
and there are four cluster molecules that make face-to-face
contact with each 1,2:5,6-dibenzanthracene molecule.


Figure 7 (Part B) shows a view of [Pd6Cl12] ´ 0.5 (1,2:5,6-
dibenzanthracene) ´ 0.5 (benzene) perpendicular to the plane
of the PAH. The two cluster/PAH interactions are slightly


different. The closest Pd ´´´ C distances are: Pd1ÿC8 3.319 �,
Pd1ÿC9 3.411 �, Pd1ÿC3 3.669 �, Pd3CÿC8A 3.361 �,
Pd3CÿC7A 3.385 �, and Pd3CÿC9A, 3.641 �. The shortest
chlorine to carbon contacts for each cluster are 3.266 �
between Cl1 and C2 and 3.250 � between Cl6C and C6A.
Symmetry requires that the adjacent PdCl4 faces of the cubic
cluster and the plane of the 1,2:5,6-dibenzanthracene are
parallel.


Within the 1,2:5,6-dibenzanthracene/2 [Pd6Cl12] unit shown
in Figure 7, the two clusters also make face-to-face contact
and are held close to one another. The nonbonded Pd ´´´ Cl
separation between Pd5 and Cl8C is 3.124 �, and there are
two such contacts between the two clusters in this array. This
Pd ´´´ Cl distance is shorter than the corresponding distance
(3.364 �) in pristine [Pd6Cl12] and shorter than the shortest
such contact [3.243 � in [Pd6Cl12] ´ (mesitylene)] seen in any
of the other adducts of this type.


There also are Pd ´´ ´ Cl contacts between clusters in differ-
ent columns. The cluster face containing Pd2 makes contact
with an adjacent face of another cluster that contains Pd4. The
closest nonbonded contacts involve Pd2 ´´´ Cl2' at 3.295 � and
Pd4' ´ ´ ´ Cl6 at 3.301 �. Likewise, the cluster face that contains
Pd6 makes face-to-face contact with another cluster through a
face containing Pd6'. However, the pairwise Pd6 ´´´ Cl5'
distance (3.651 �) between these faces is considerably longer
than the other such contacts in this compound, and the Pd6 ´´´
Pd6' contact (3.472 �) is somewhat shorter.


The benzene molecules in [Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzan-
thracene) ´ 0.5 (benzene) do not interact strongly with the
[Pd6Cl12] clusters. The closest contact between these entities is
3.932 �, which involves Cl10 and C14.


Figure 7 also compares the inter-cluster separations of a
single stair-stepped layer of cluster molecules in [Pd6Cl12] (A)
and in the structure of [Pd6Cl12] with co-crystallized 1,2:5,6-
dibenzanthracene and benzene (B). A regular separation of
cluster faces is seen in all three directions in [Pd6Cl12] itself,


but in the co-crystal the pattern
is slipped to allow the PAH to
span two cluster faces and to fit
the inter-cluster, diagonally
placed benzene molecule.


Discussion


The results described here dem-
onstrate that [Pd6Cl12] clusters
are formed from condensation
of bis(benzonitrile)palladi-
um(ii) dichloride in the presence
of PAHs and that co-crystalline
solids result. Within these sol-
ids, the individual molecular
components maintain their in-
trinsic geometric features with-
out distortion. The data in Ta-
ble 1 show that the geometry of
the [Pd6Cl12] cluster is invariant
in these three compounds.


Figure 7. Two dimensional arrays of [Pd6Cl12] clusters: A) pristine [Pd6Cl12] and B) [Pd6Cl12] ´ 0.5 (1,2:5,6
dibenzanthracene) ´ 0.5 (benzene) which show the differences in cluster separations and the location of the
aromatic molecules.
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As seen from the data in reference [13] and this article, the
structures of the solids that result from co-crystallization of
[Pd6Cl12] with molecules with conjugated p-systems conform
to the following generalizations.
1) The planar p-conjugated molecules are sandwiched be-


tween [Pd6Cl12] clusters and make face-to-face contact
with these clusters on both sides.


2) In cases where two different p-conjugated molecules are
present within the solid, the molecule with the lower
ionization potential preferentially makes face-to-face
contact with the [Pd6Cl12] cluster.


3) Individual [Pd6Cl12] clusters interact with pairs of planar p-
conjugated molecules in a face-to-face arrangement on
two opposite faces of the cluster.


4) [Pd6Cl12] clusters interact with one another through nearly
parallel, face-to-face contacts with the closest contacts
generally, but not exclusively, between a palladium atom of
one cluster and a chlorine atom of another.


All of the three compounds reported here follow this set of
precepts, and all compounds that contain three components,
[Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzanthracene) ´ 0.5 (benzene),
[Pd6Cl12] ´ (CH3)3C6H3 ´ 0.5 C6H6, [Pd6Cl12] ´ 0.5 C60 ´ 1.5 C6H6,
follow statement 2. However, [Pd6Cl12] ´ 1.5 (hexamethylben-
zene) deviates from statement 3. In this compound there are
three hexamethylbenzene molecules that make contact with
any one [Pd6Cl12] cluster, and those contacts involve mutually
adjacent but orthogonal faces of the cluster.[13]


Although palladium chloride exists in three polymorphic
forms, only the [Pd6Cl12] clusters found in the b-form are
produced in the reactions that occur when solutions of
bis(benzonitrile)palladium(ii) dichloride and aromatic hydro-
carbons are allowed to stand. The a-form of palladium
chloride also has neutral, planar PdCl4 faces, and it would
seem reasonable to expect that the linear chains of the a-form
might also be found to interact with aromatic hydrocarbons.
So far that has not been observed in these sorts of solids.


Extrapolation of the structural features present in [Pd6-
Cl12] ´ 0.5 (1,2:5,6-dibenzanthracene) ´ 0.5 (benzene) leads to
consideration of larger PAHs and of graphite itself. Palladi-
um(ii) chloride is known to intercalate into graphite, and the
available data indicate that it is the a-form that is involved in
the intercalation.[24] The reported 9.87 � spacing between the
graphitic layers is too short to accommodate the [Pd6Cl12]
clusters, which would require a separation of 11.2 � based on
the distance between aromatic hydrocarbons in the structure
of [Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzanthracene) ´ 0.5 (benzene).
However, the chains of palladium(ii) chloride in the interca-
lated materials are reported to be inclined at an angle of 598
with respect to the plane of the graphite layers. In view of the
face-to-face orientations of [Pd6Cl12] clusters and hydrocar-
bons seen in the present work, the difference in orientation in
the intercalated material is somewhat surprising. Addition-
ally, the question arises of whether aromatic hydrocarbons can
be intercalated into a-palladium(ii) chloride.


Experimental Section


Preparation of compounds : Bis(benzonitrile)palladium(ii) dichloride was
prepared as described in the literature.[25]


[Pd6Cl12] ´ 1.5 (naphthalene): A solution of bis(benzonitrile)palladium(ii)
dichloride (11.2 mg, 0.029 mmol) and naphthalene (0.196 mg, 1.53 mmol) in
benzene (1 mL) was filtered, and the filtrate placed in a glass tube. The
color of the solution was dark red. The tube was capped and set aside. Dark
red crystals formed within 24 h. After 32 days, the crystals were harvested
by cracking the tube and collecting the solid by filtration followed by rapid
washing with benzene: yield 2.2 mg, 39 %.


[Pd6Cl12] ´ (1-methylanthracene): A solution of bis(benzonitrile)palladi-
um(ii) dichloride (2.0 mg, 0.0052 mmol) and 1-methylanthracene (95 mg,
0.49 mmol) in benzene (1 mL) was filtered, and the filtrate was placed in a
glass tube. The color of the solution was yellow-green. The tube was capped
and set aside for one week. Dark red crystals formed. The crystals were
harvested by cracking the tube and collecting the solid by filtration
followed by rapid washing with benzene: yield 0.1 mg, 9%.


[Pd6Cl12] ´ 0.5 (1,2:5,6-dibenzanthracene) ´ 0.5 (benzene): A solution of bis-
(benzonitrile)palladium(ii) dichloride (2.0 mg, 0.0052 mmol) and of 1,2:5,6-
dibenzanthracene (7.0 mg, 0.025 mmol) in benzene (1 mL) was filtered, and
the filtrate placed in a glass tube. The color of the solution was orange. The
tube was capped. After 24 h, tiny crystals had formed. Dark red crystals
were harvested after 70 days by opening the tube and collecting the solid by
filtration followed by rapid washing with benzene: yield 0.2 mg, 20%.


X-ray crystallography : The crystals were removed from the glass tubes
together with a small amount of mother liquor and immediately coated
with a hydrocarbon oil on the microscope slide.[26] Suitable crystals were
mounted on glass fibers with silicone grease and placed in the cold stream
of a Siemens R3m/V diffractometer equipped with an Enraf-Nonius low-
temperature apparatus. The diffractometer was equipped with a sealed Mo
tube that operated at 2 kW and a graphite monochromator. All the data
sets were collected at 140 K. Only random fluctuations of less than 2%
were observed in the check reflections for all data sets. Scattering factors
and corrections for anomalous dispersion were taken from a standard
source.[27] The structures were solved by Patterson or direct methods, and
refined against all data (based on F2) by use of the SHELXTL software,
version 5. An absorption correction was applied to the structures with the
program XABS2 which calculates 24 coefficients from a least-squares fit of
[1/A vs. sin2(q)] to a cubic equation in sin2(q) by minimization of F2


o and F2
c


differences.[28] Hydrogen atoms were added geometrically and refined with
a riding model. All non-hydrogen atoms were refined with anisotropic
thermal parameters.


For [Pd6Cl12] ´ (1-methylanthracene) twinning was a problem in all crystals
examined. A several percent reduction in R values was realized by
application of the twin law (0 1 0 1 0 0 0 0 1). This twinning can be
understood by the near equality of the a and b axes, and the crystal growth
pattern which yielded plates. The twin parameter refined to 0.206(5).
Carbon atoms were refined isotropically owing to the problem with
twinning. In addition, the ring system of 1-methylanthracene was restrained
to be flat and CÿC bond lengths were restrained to be equal. Disorder was
also present as a reuslt of the packing of the 1-methylanthracene on a
center of symmetry; this required that the methyl group and a hydrogen
share a common site with 50% occupancy of each component.


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-113634,
CCDC-113635, and CCDC-113636. 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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1-Triorganylstannyl-1,2,4-triphosphole: A Versatile Starting Material for
Phosphorus-Rich Cage Compounds and p-Complexes


Achim Elvers,[a] Frank W. Heinemann,[a] Bernd Wrackmeyer,*[b] and Ulrich Zenneck*[a]


Dedicated to Professor Edgar Niecke on the occasion of his 60th birthday


Abstract: The reaction of Na[3,5-di-
(tert-butyl)-1,2,4-triphospholyl] (Na-2)
with R3SnCl (R�Ph, Me, nBu) affords
the 1-triorganylstannyl-3,5-di(tert-butyl)-
1,2,4-triphospholes 4 a ± 4 c in very good
yields. A rapid suprafacial [1,5]-sigma-
tropic shift of the SnPh3 group in 4 a with
DG=� 31.5 kJ molÿ1 indicates a labile
PÿSn bondÐone of the characteristic
features of 4 a ± 4 c. Compound 4 a pro-
vides access to the polycyclic organo-
phosphorus cage compound C4tBu4P5-
SnPh3 (6) in a high-yield chemoselective
and diastereospecific cycloaddition re-
action; compound 4 b transfers 1,2,4-


triphospholyl ligands quantitatively to
SnII to form a hexaphosphastannocene
derivative. Compound 4 a displaces the
ethene ligands in [CpCo(C2H4)2] to form
the stannyltriphosphole complex [Cp-
(h4-1,2,4-C2tBu2P3SnPh3)Co] (10). The
absolute positive sign (reduced coupling
constant 1K(119Sn,31P)< 0) of 1J(119Sn,
31P)��1611.7 Hz for 10 has been de-
termined by 13C{1H,31P} heteronuclear


triple-resonance experiments. Reaction
of 10 with another equivalent of [Cp-
Co(C2H4)2] breaks the SnÿP bond and
replaces it with a SnÿCo bond to yield
the extremely slipped 34 valence elec-
tron (VE) triple-decker sandwich com-
plex [CpCo(m,h5 :h2-3,5-di(tert-butyl)-
1,2,4-triphospholyl)Co(SnPh3)Cp] (11).
The central ligand exhibits unique struc-
tural features. Oxidation or thermolysis
of 11 affords [Cp(1-phenyl-3,5-di(tert-
butyl)-(h4-1,2,4-triphosphole)Co] (12)
by elimination of a [Cp(diphenylstannyl-
ene)Co] unit.


Keywords: cobalt ´ cycloadditions ´
cyclopentadienyl complexes ´ NMR
´ phosphorus heterocycles ´ tin


Introduction


Two principal routes to p com-
plexes of the P-rich cyclopenta-
dienyl ligand analogue 1,2,4-tri-
phospholyl have been developed
to date. A cyclization reaction of
tert-butyl phosphaalkyne (1) in
the coordination sphere of the
metal atom of highly reactive complexes produces P-contain-
ing five-membered ring ligands by P atom and CR group
transfer at well below room temperature.[1] Hexa- and
pentaphosphaferrocene derivatives are formed besides other
products from metal-vapor-based compounds such as [(h4-1-
methyl-naphthalene)(h6-toluene)Fe] or [(C2H4)2(h6-tolue-
ne)Fe][2] as starting materials. This type of cyclization reaction


has also been applied to other reactive iron complexes,[3] and
to direct metal-vapor reactions.[4, 5] In concurrent, but inde-
pendent, experiments, the reaction of the mixed alkali metal
salts M[3,5-di(tert-butyl)-1,2,4-triphospolyl] (M-2) and
M[2,4,5-tri(tert-butyl)-1,3-diphospholyl] (M-3) with transition
metal halides was performed and yielded the same hexa- and
pentaphosphaferrocene derivatives.[6] Both approaches are
based on the work of Becker et al., who prepared the starting
material tert-butyl phosphaalkyne (1) for the first time, as well
as the mixture of the lithium salts Li[3,5-di(tert-butyl)-1,2,4-
triphospholyl] (Li-2) and Li[2,4,5-tri(tert-butyl)-1,3-diphos-
pholyl] (Li-3) (Scheme 1).[7, 8]


However, both reactions produce mixtures of substances
that require separation, and the yields of the desired products
are often poor, if they are formed at all. Therefore we
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Scheme 1. Preparation of triphospholyl lithium salts Li-2 and Li-3.
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concentrated our efforts on potential specific routes for the
preparation of p complexes that contain the 1,2,4-triphos-
pholyl ligands. Our first attempt at specific ligand transfer
with this particular ligand was successful with cyclopenta-
dienyl iron cations,[9] but the observed stacking ± destacking
reaction sequence was limited to only a few suitable
examples.[10]


Hence, the preparation of P-stannyl-substituted 1,2,4-tri-
phosphole derivatives was tried, as these triphospholes might
behave as a P-rich cyclopentadienyl analogue of stannylcy-
clopentadienes, which are excellent and widely applicable
reagents for Cp ligand transfer reactions.[11, 12] This approach
follows that of Mathey and co-workers who used stannyl-
phosphole derivatives successfully for the preparation of p-
phospholyl complexes.[13] We report the synthesis of 1-stan-
nyltriphosphole derivatives and the structural, spectroscopic,
and chemical properties of these novel compounds.[14]


Results and Discussion


Preparation of 1-stannyl-1,2,4-triphosphole derivatives (4):
The reaction of a solution of Na[3,5-di(tert-butyl)-1,2,4-
triphospholyl] (Na-2) with R3SnCl (R�Ph, Me, and nBu) in
toluene at ÿ30 8C afforded the 1-stannyl-3,5-di-tert-butyl-
1,2,4-triphospholes 4 a, 4 b, and 4 c in good to almost quanti-
tative yields (Scheme 2). To produce yields better than 80 %,
the by-product Na[2,4,5-tri(tert-butyl)-1,3-triphospholyl] (Na-
3) must be removed completely from the starting material by
repeated recrystallization. The presence of 1,3-diphospholyl


Scheme 2. Preparation of compounds 4a ± 4 c.


anions in such reaction mixtures reduces the yield of the
desired products 4 a ± 4 c, as cycloaddition reactions occur
between both components.


Due to its good crystallization properties, 1-triphenylstann-
yl-3,5-di(tert-butyl)-1,2,4-triphosphole (4 a) could be charac-
terized completely by a single-crystal X-ray diffraction study.
The novel P-stannyl triphosphole derivatives are stable up to
200 8C and soluble in common organic solvents.


Crystal structure of 4 a : The structure of the tin compound 4 a
was determined by X-ray diffraction in the solid state
(Figure 1). The unit cell contains both enantiomers of the


Figure 1. Molecular structure of 4 a in the solid state (one enantiomer).
Selected bond angles [8]: P2-P1-Sn1 96.28(7), C1-P1-Sn1 112.7(2), C2-P2-
P1 97.0(2), C1-P3-C2 102.3(2), P3-C1-P1 116.5(3),C1-P1-P2 101.3(2), P2-
C2-P3 121.5(3).


chiral species 4 a. The molecules of 4 a consist of a PÿSn
connected C2tBu2P3 ring and a SnPh3 group. The SnPh3


fragment is h-bonded by a single bond[15] to P1 as the distance
SnÿP2 is too long for appreciable overlap (347.4(2) pm). The
diene unit C1-P3-C2-P2 is almost planar and the last member
of the ring, P1, is displaced by only 22.7(5) pm from the best
plane, opposite to the position of the tin atom. Atom Sn1 on
the other hand is located 182.0(8) pm away from the plane.
The sum of the bond angles around P1 of 310.38 suggests a
pyramidal sp3-bonding situation with the lone pair of elec-
trons of P1 situated out of the plane. This is in clear contrast to
the more bulky P-substituted species 1-[bis(trimethylsilyl)-
methyl]-3,5-bis(trimethylsilyl)-1,2,4-triphosphole which is
planar, and to 1-[bis(trimethylsilyl)methyl]-3,5-di(tert-butyl)-
1,2,4-triphosphole (5) that has a bond angle sum of 342.38
around P1.[16, 17]


Abstract in German: Die Reaktion von Na[3,5-Di(tert-butyl)-
1,2,4-triphospholyl] (Na-2) mit R3SnCl (R�Ph, Me, nBu)
liefert 1-Triorganylstannyl-3,5-di(tert-butyl)-1,2,4-triphosphol
4a ± 4c in sehr guten Ausbeuten. Eine schnelle, sigmatrope
[1,5]-Verschiebung der SnPh3-Gruppe von 4a mit (DG=�
31.5 kJ molÿ1 gibt einen Hinweis auf eine labile PÿSn Bindung,
die ein wesentliches Charakteristikum der chemischen Eigen-
schaften von 4a ± 4c ist. Die Verbindung 4a kann in hoher
Ausbeute und diastereospezifisch zur Organophosphor-Käfig-
verbindung C4tBu4P5SnPh3 (6) umgesetzt werden und 4b
überträgt 1,2,4-Triphospholyl-Liganden quantitativ auf SnII,
wobei sich ein Hexaphosphastannocen-Derivat bildet. Der
Stannyltriphosphol-Komplex [Cp(h4-1,2,4-C2tBu2P3SnPh3)-
Co](10) bildet sich aus 4a und [CpCo(C2H4)2]. Das positive
Vorzeichen (reduzierte Kopplungskonstante 1K(119Sn,31P)< 0)
der 1J(119Sn,31P)� 1611.7 Hz von 10 konnte über heteronu-
cleare Tripelresonanzexperimente 13C{1H,31P} bestimmt wer-
den. Die SnÿP-Bindung von 10 kann wieder gezielt gebrochen
und durch eine SnÿCo-Bindung ersetzt werden, indem man 10
mit einem zweiten ¾quivalent [CpCo(C2H4)2] umsetzt. Es wird
dabei der extrem verschobene 34-Valenzelektronen (VE)
Tripeldecker-Sandwichkomplex [CpCo(m,h5:h2-1,2,4-C2tBu2P3)-
Co(SnPh3)Cp] (11) gebildet. Der Brückenligand weist dabei
neuartige Strukturmotive auf. Unter Eliminierung einer [Cp(di-
phenylstannylen)Co]-Einheit bauen Luftoxidation oder Ther-
molyse 11 zu [Cp(1-phenyl-3,5-di(tert-butyl)-h4-1,2,4-triphos-
phol)Co] (12) ab.
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The intraring bond lengths are in accord with an unambig-
uously diene-like character of 4 a, thus the lengths of the
formal single bonds P1ÿC1, P3ÿC2, and P1ÿP2 are all
elongated and the double bonds P2ÿC2 and P3ÿC1 are
shortened with respect to the corresponding bond length of
the 1,2,4-triphospholyl anion of the Li salt Li-2 with its
delocalized p bonds (Table 1). As indicated already by the less


pyramidal P1 center in the 1,2,4-triphosphole derivative 5, the
diene character of the stannyltriphosphole 4 a is more
pronounced, as the elongation of single bonds upon p


localization is significant for 4 a, but almost absent for 5.[16]


NMR spectra and fluxional behavior of 4 a : In contrast to the
molecular structure of 4 a in the solid state, which would
suggest an [ABC]X spin system, (X� 117/119Sn), the 31P{1H}
NMR spectra at room temperature of 4 a ± 4 c in solution show
[AB2]X spin systems. The 1H NMR spectrum of 4 a has one
resonance for the two isochronic tBu groups and the SnPh3


proton resonances. Consistently, in the 13C NMR spectrum
only one set of resonances for the two C-tert-butyl units is
observed and the symmetry of 31P ± 13C and 31P ± 1H coupling,
as observed by 13C and 1H NMR, is in agreement with the
observations of 31P{1H} NMR experiments.


The 119Sn NMR signal (d�ÿ104.6) is indicative of a
tetracoordinate tin atom.[18] Thus the [AB2]X spin system
cannot be caused by a three-membered ring structure P1-Sn-
P2 in solution, which would afford a coordination number of
five for the tin atom.[19] Alternatively, a rapid rearrangement
process was considered as the reason for the simplification of
the NMR spectra. The 31P{1H} NMR spectra of 4 a were thus
recorded between room temperature and ÿ98 8C (Figure 2).
On cooling, the 31P(1,2) resonance with the large 117/119Sn ± 31P
coupling (359 Hz) broadens and at ÿ98 8C (just before the
sample solidifies) two separate signals for P1 and P2 appear.
Thus, the proposed 31P spin subsystem [ABC] for the three P
atoms exists as the slow exchange limit spectrum. Due to the
broad lines, no Sn ± P or P ± P coupling is resolved at low
temperatures. The coalescence temperature was found to be
around ÿ80 8C.


The spectroscopic findings can be interpreted by assuming a
suprafacial [1,5]-sigmatropic shift of the SnPh3 group
(Scheme 3). As a consequence, the coupling constant
J(31P(1,2),119Sn)� 359.0 Hz at room temperature is the aver-
age value 1�2(1J� 2J)Sn ± P. On the basis of the estimation j 1J j
>> j 2J j , this average value fits nicely to the data 1J(119Sn,31P)
for 1-trimethylstannylphosphole derivatives (532 ± 577 Hz).[13]


The slow exchange limit spectra are in full agreement with
the molecular structure in the solid state. Since the 31P NMR
spectra of 4 b and 4 c at room temperature exhibit the same


Figure 2. 31P{1H} NMR spectra (101.3 MHz) of 4 a recorded at different
temperatures. The spectrum at ÿ98 8C was obtained just before the sample
solidified.


Scheme 3. [1,5] exchange of the SnPh3 group.


characteristics as those of 4 a, an analogous exchange process
is also assumed in these cases. The activation energy for the
stannyl exchange between P1 and P2 of 4 a was determined to
be DG=� 31.5� 1 kJ molÿ1.


As with other stannylphosphanes,[18] a positive sign for
1J(119Sn,31P) can also be safely assumed for 4 a. This allows the
sign of 3J(119Sn,31P) to be determined by a 2D 31P/31P COSY
experiment by observing the tilt of the cross peaks of the tin
satellites (Figure 3). A negative tilt is noted, which indicates
opposite signs for 1J(119Sn,31P) and 3J(119Sn,31P) (<0!).


Cycloaddition reaction of 4 a : Heterodienes with P�C double
bonds are activated towards cycloaddition reactions. Sequen-
ces of inter- and intramolecular cycloaddition steps therefore
play a significant part in the construction of phosphorus ±
carbon cage compounds.[20] To this end, compound 4 a was
treated with the tert-butyl phosphaalkyne (1) in n-hexane at
elevated temperature. After heating for 12 h at 70 8C the
yellow C4tBu4P5SnPh3 6 was obtained in 80 % yield as a pure
and crystalline compound (Scheme 4).


The 31P{1H} NMR spectrum of 6 consists of five multiplets
of equal integral values at d� 330.3, 94.9, ÿ39.9, ÿ88.0, and
ÿ130.0, respectively. Four inequivalent tert-butyl groups and
one set of three phenyl groups attached to a tin atom are
observed by 1H and 13C NMR spectroscopy. Mass spectrom-


Table 1. Selected bond lengths [pm] of 4 a, 5, and 2a.


4 a 5[16] 2a[8]


P1ÿP2 213.1(2) 209.8(1) 211
P1ÿC1 178.5(5) 173.4(4) 175
P3ÿC1 169.8(5) 172.0(3) 175
P3ÿC2 177.3(5) 176.3(4) 175
P2ÿC2 171.2(5) 171.8(4) 175
Sn1ÿP1 252.1(2)
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Figure 3. Contour plot of the 2D 1H decoupled 31P/31P COSY experiment
of 4 a (202.5 MHz). The regions of the cross peaks together with the tin
satellites are expanded. The negative tilt[37] of the cross peaks for the tin
satellites indicates that the signs of J(117/119Sn,31P(1,2)) and J(117/119Sn,31P(4))
are opposite.


etry and elemental analysis give further evidence of the
addition of two molecules 1 to triphosphole 4 a. Besides one
C�P double bond [d13C(3)� 228.7], no structural information
can be deduced from the spectroscopic and analytical data
due to the lack of any observable symmetry. However, the
product is a single compound that is formed in high yield.
X-ray crystallography solved the problem and the molecular
structure of 6 in the solid state is shown in Figure 4.


As indicated by the spectra of the polycyclic cage com-
pound, 6 is asymmetric and contains seven stereogenic centers.
Surprisingly, there is only one pair of enantiomers, both of
which are present in the unit cell. As the P�C double bonds
are shifted by the process, every cycloaddition reaction of 4 a
will block the rapid [1,5]-exchange of the SnPh3 group, and the
chiral, but stereochemically fluxional, molecule will be fixed
as a pair of enantiomers. All consecutive reaction steps must
be highly diastereoselective with de> 90 % on the basis of the
isolated yield of 6. Therefore, a reaction mechanism can be
formulated, comprising an initial Diels ± Alder reaction of 4 a
and 1 and a [2�2�2] cycloaddition of a second phosphaalkyne
1 to furnish the polycyclic system 6 (Scheme 5). Without this


Figure 4. Molecular structure of 6 in the solid state (one enantiomer).
Selected distances [pm]: Sn1ÿP1 252.18(9), P1ÿC4 188.9(3), P1ÿP2
215.5(1), P2ÿC1 186.2(3), P2ÿP3 220.9(1), P3ÿC1 183.1(3), P3ÿC2
191.3(3), P4ÿC3 167.8(3), P4ÿC2 188.1(3), P5ÿC3 183.1(3), P5ÿC1
185.9(3), P5ÿC4 188.1(3), C2ÿC4 159.7(4).


diastereoselectivity a total of 16 isomers of the same principal
cage structure could have been formed. The initial [4�2]
reaction step can result in two possible orientations (A, B) of


the starting materials (Fig-
ure 5). Although A should be
sterically preferred, as it avoids
close contact of the tert-butyl
groups found in case B, only
orientation B is compatible
with the observed end product
6. This suggests that the reac-
tion proceeds by orbital controlScheme 4. Preparation of polycyclic cage compound 6.


Scheme 5. Proposed mechanism for the formation of compound 6.
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Figure 5. Possible transition states for the [4�2] cycloaddition reaction of
4a and 1.


in both starting materials. If we
take into consideration the rel-
ative expansion of the P and C
pz orbitals, the overlap between
the pz orbitals of similar nuclei
is optimal (Figure 6) and leads
directly to case B (Figure 5).
That the coefficients of the
HOMO and LUMO are larger


at P in a phosphadiene is illustrated by the [4�2] dimerization
of 2H-phospholes, which leads to a PÿP bonded dimer.[21]


The resulting p4-system tetraphosphanorbornadiene 7 may
react again with P-alkyne 1 in a [2�2�2] step to form either a
P2C or a PC2 three-membered ring. The P2C ring is less
strained, and alkyne 1 thus attaches to the C-bridged side of 6
(Figure 7). This step is sterically controlled, as 6 can be formed
only from transition state B (Figure 7), where close contacts
between the tert-butyl groups of 7 and 1 are avoided.


Figure 7. Possible transition states of the [2�2�2] cyclic reaction step of 7
and 1.


Direct formation of h5-triphospholyl complexes : Since we
designed the stannyltriphospholes 4 a ± 4 c for the preparation
of h5 complexes, we undertook experiments to combine p


complexation of the ring with the breaking of the PÿSn s


bond. Thus, 1-trimethylstannyl-3,5-di-tert-butyl-1,2,4-tri-
phosphole (4 b) was allowed to react with SnCl2 in THF,
which resulted in the formation of the hexaphosphastanno-
cene derivative [Sn(C2tBu2P3)2] (8) in 98 % yield of isolated
pure material (Scheme 6). The Me3SnIV group of starting
material 4 b is eliminated together with the Cl ligand of tin(ii)
dichloride to form Me3SnCl.


The 1H NMR spectrum of 8 exhibits only one resonance for
four equivalent tert-butyl groups at d� 1.45 at room temper-
ature. The 31P NMR spectrum consists of two resonances at
d� 266.8 and 281.4, which are analyzed by simulation[22] as an
[AB2]2 spin system. Inclusion of the 117/119Sn satellites produces
an [AB2]2X spin system. The J(119Sn,31P) coupling constants
are J(119Sn,31P(1,2))� 91.0 Hz and J(119Sn,31P(3))� 301.0 Hz.
In contrast to those of 4 a they possess the same sign. The 119Sn
NMR signal of 8 at d�ÿ1718 is very different from that of
4 a. It is close to the value observed for stannocene derivatives.
We regard this finding as an indication of the dominant h5-bond-
ing of the triphospholyl ligands to SnII.[18, 23] However, rapid
exchange processes that include smaller hapticity numbers as
minor components cannot be ruled out at the moment.


Since the observation of the 13C NMR signals of ring nuclei
of 8 proved to be difficult, the polarization transfer technique
INEPT[24] was applied to measure these signals with sufficient
signal-to-noise ratio. The experiment is based on long-range
coupling constants nJ(13C,1H) with n� 3 (tert-butyl groups) in
our case. The detection of the signals, including their tin
satellites, is straightforward. Figure 8 shows the 13C(3,5)


Figure 8. Part of the 13C{1H} NMR spectrum (125.8 MHz), recorded by the
refocused INEPT pulse sequence, showing the 13C(3,5) resonance. This
spectrum can be calculated[21] as an AA'BX spin system, or together with
119Sn (satellites are clearly visible) as an AA'BMX spin system.


resonances of 8. Simulation of these spectra helped in some
cases to determine the upper and lower limits of the
magnitude and sign of the coupling constants J(31P,31P) of
the complex spin systems.


Apart from changes in the linewidth, the NMR spectra of 8
are not temperature-dependent between room temperature
and ÿ90 8C. This points towards a fast rotation process of the


cyclic ligands about the axes
passing through the ring centers
and the tin atom. Unfortunate-
ly, however, it does not reveal
information about a bent struc-
ture of 8 or a structure with
parallel ring ligands. Most
known stannocene derivativesScheme 6. Preparation of hexaphosphastannocene derivative 8.


Figure 6. An orbital view of
transition state B of Figure 5.
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are bent (8 a), including an example that contains one 1,2,4-
triphospholyl ligand,[25] but highly substituted stannocenes
with parallel rings (8 b) have also been reported.[26, 27] As no


single crystals of 8 of sufficient
quality have been obtained
yet, this question still remains
open.


Evidently, SnCl2 is a suitable
reaction partner for the stan-
nyltriphospholes 4 in order to
transform them effectively in-
to triphospholyl ligands by
elimination of R3SnCl. Metal
compounds without such an
anionic leaving group therefore require different reaction
pathways when treated with derivatives of 4.


Preparation of h4-1,2,4-triphosphole complexes : To prove the
above assumption, compound 4 a was allowed to react with
[CpCo(C2H4)2] (9), whose pronounced reactivity is caused by
the neutral and labile ethene ligands.[28] The course of this
reaction is decisively dependent on the relative concentra-
tions of the starting materials in the reaction mixture. If 9 was
treated with an excess of 4 a in Et2O/pentane (1:1) at ÿ40 8C,
[Cp(h4-C2tBu2P3SnPh3)Co] (10) was formed in 82 % yield
(Scheme 7).


Scheme 7. Synthesis of compound 10.


The 31P{1H} NMR spectrum of 10 shows the pattern of an
[ABC]X spin system with signals at d� 39.0,ÿ9.5, andÿ70.4,
respectively. Only one of these shows 117/119Sn satellites for a
large[18, 29] Sn ± 31P coupling (d�ÿ9.5; 1J(119Sn,31P)��1611.7
Hz), whereas the other Sn ± 31P coupling constants are smaller
by more than one order of magnitude. This large value and the
d(13C ring) data indicate localized C�P double bonds with h4


coordination of the ring to the cobalt atom. Thus the SnR3


unit remains within the molecule 10, but the rapid [1,5]-shift of
the free ligand no longer takes place in the complex. We have
determined a positive sign of 1J(119Sn,31P) by 1D 13C{1H,31P}
heteronuclear triple-resonance experiments, in which the 31P
transitions were irradiated selectively and the tin satellites of
the 13C(SnPh3-ipso) signal were observed.


If 10 was treated with stoichiometric amounts of 9 at
ÿ80 8C, the dinuclear species [Cp2Co2(C2tBu2P3)(SnPh3)] (11)
was formed in 75 % yield. Alternatively, compound 11 can be
synthesized directly in 82 % yield by reaction of 4 a with an
excess of 9 (Scheme 8).


The spectroscopic data for 11 did not reveal unambiguous
structural information (vide infra). However, it was possible
to determine its structure from single crystals of 11 that were
grown in pentane/THF at ÿ30 8C as black plates (Figure 9).


Figure 9. Molecular structure of 11 ´ 3 THF in the solid state. Selected
distances [pm]: Sn1ÿCo2 249.97(9), Sn1ÿP2 336.3(2), Sn1ÿP3 322.6(2),
Co2ÿP3 218.8(2), Co2ÿP2 219.5(2), P2ÿP3 233.8(2), P1ÿC10 176.3(6),
P2ÿC10 178.9(5), P3ÿC20 179.3(6), P1ÿC20 177.6(6), Co1ÿP1 228.7(2),
Co1ÿP2 242.1(2), Co1ÿP3 240.3(2), Co1ÿC10 208.8(5), Co1ÿC20 208.8(6).
The THF molecules do not interact significantly with the molecules of 11
and have been omitted for clarity.


Compound 11 exhibits extraordinary structural features. It
can be viewed as an extremely slipped 34 VE triple-decker
sandwich complex,[30] as it contains a bridging 1,2,4-triphos-
pholyl ring, h5-bonded to one and h2-bonded to the other
[CpCo] unit. Because the distances Co1ÿP2 and Co1ÿP3 are


Scheme 8. Preparation of compound 11.







Organylstannylphospholes 3143 ± 3153


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3149 $ 17.50+.50/0 3149


longer than Co1ÿP1, Co1 is not situated above the center of
the ring ligand, but shifted slightly away from the two bridging
P atoms towards P1. If we compare this metal atom position to
that of the 18 VE sandwich complex [Cp(h5-1,2,4-C2tBu2-
P3)Fe],[9] where the h5-bonded metal atom is less perturbed,
the MÿP1, MÿC10 and MÿC20 distances are reduced for 11
and the MÿP2 and MÿP3 bonds are elongated.


The distance between Sn1 and both phosphorus atoms, P2
and P3, is more than 70 pm longer than the sum of the
covalent radii (250 pm).[15] The triphenyltin group thus seems
to be placed into an unsymmetrical m3-bridging position with a
strong link to Co2 and weak interactions with P2 and P3.
Alternatively the PÿSn bond of heterocycle 4 a, as found in
the mononuclear complex 10, may be regarded as broken in
the case of the binuclear complex 11. The incoming cobalt
atom Co2 has cleaved the PÿSn bond by reaction with 10 and
replaced it with the Co2ÿSn bond. It thus forms a
[CpCo(SnPh3)] fragment that is only h2-coordinated to the
neighboring atoms P2 and P3 opposite to the position of h5-
coordinated Co1. Because of the position of Co2, the lone
pairs of electrons on P2 and P3 cannot contribute significantly
to the bonding to Co2. The bridging triphospholyl ring is not
fully planar. Only the fragment C20-P3-P2-C10 possesses an
approximately planar conformation, but P1 is displaced by
17.6(7) pm from the best plane. The PÿC bond lengths in the
ring are within the range for single and double bonds. P1ÿC10
and P1ÿC20 are shorter than P2ÿC10 and P3ÿC20. The
distance P2ÿP3 (233.8(2) pm) is slightly longer than the sum
of the covalent radii (220 pm)[15] and consequently longer than
the single PÿP bond of free 4 a. This bond elongation indicates
a reduction of the PÿP bond order to a value below one, which
is caused by the additional h2 coordination of these nuclei to
Co2.


To the best of our knowledge, comparable m,h5:h2-bonding
modes for bridging cyclopentadienyl ligand analogues have
been reported only for [(Cp*Fe(m,h5:h2-C2tBu2P3)RhCp*-
(CO)][31] and [(Cp*Fe(m,h5 :h2-cyclo-P5)IrCp*(CO)] (Cp*�
C5Me5).[32] These two examples have the same total valence
electron count as 11 of 34 and exhibit a PÿP bond elongation
of the same magnitude for the two phosphorus atoms that
bridge the two metal atoms. On the other hand, they differ
strongly from 11 in the electron distribution between the two
halves of the dinuclear complexes, as they have been
described as the addition products of the two closely related
16 VE complex fragments Cp*RhCO or Cp*IrCO to closed
shell 18 VE oligophosphaferrocene derivatives.


Approaching the formation of 11 in an analogous way, it
may be regarded as the formal addition product of the 15 VE
fragment CpCo(SnR3) to the 19 VE triphosphacobaltocene
derivative [CpCo(h5-C2tBu2P3)]. If an intramolecular charge
transfer is assumed for 11 (which might be driven by the big
difference in the formal electron count for the two cobalt
nuclei), then a closer analogy to the compounds mentioned
above may be possible. This would result in the formation of
an internal salt made up of the components [CpCo(SnR3)]ÿ


(16 VE) and [CpCo(h5-C2tBu2P3)]� (18 VE). As a third
qualitative alternative for the valence-electron distribution
between both metal centers, the donation of the p electrons of
the central ring may be regarded as having split in such a way


that the electrons are transferred preferentially to the metal
atom that is closer to the donating nucleus. This means that
the three p electrons of C10, P1, and C20 are donated to Co1
and the two p electrons of P2 and P3 are donated mainly to
Co2. This would result in the formation of two 17 VE Co
centers that do interact through the pz orbitals of P2 and P3.
This strong interaction is the reason for viewing 11 as a slipped
triple-decker sandwich complex and it generates the observed
electronic closed-shell ground state.


The less relevant cases of unsymmetrically bridging five-
membered phosphorus heterocyclic ligands have been re-
ported for tri- and tetranuclear complexes that are composed
of a 1,2-diphospha-,[33] 1,2,4-triphospha-,[34] or 1,2,3,4,5-penta-
phosphaferrocene[35] partly fused with di- or trimetal carbonyl
fragments. The sandwich complex units serve as four-electron
donor ligands thorugh one phosphorus lone pair and the
electrons of a P2 unit of the bridging heterocycle. In two of the
three cases a comparable elongation of the PÿP bond is
observed,[33, 35] whereas the addition of a Ru3(CO)9 unit to a
1,2,4-triphosphaferrocene derivative has no significant influ-
ence on the PÿP bond length.[34]


Spectroscopic investigations : The 119Sn NMR spectrum of 11
at room temperature consists of a very broad resonance at d�
ÿ90 (h1/2 ca. 2200 Hz). This 119Sn chemical shift and the fairly
small coupling constants 1J(119Sn,13CPh)� 235.4 Hz and
3J(119Sn,1HPh)� 34.0 Hz are indicative of coordination number
of four at the tin atom.[18] The extreme broadening of the 119Sn
NMR signal can be attributed to an unresolved scalar 119Sn ±
59Co coupling. The 59Co NMR spectrum consists of two
typically[36] extremely broad resonances at d�ÿ1845 and
ÿ2325. The high-field signal is close to that of [Co(Cp)2]�


(d(59Co)�ÿ2400).[37] Thus, the electronic situation of the two
Co atoms cannot be too different. Therefore, we prefer to
view the 34 VE triple-decker sandwich complex 11 as being
composed of two strongly interacting 17 VE cobalt complex
fragments. An 18/16 and, even more so, a 19/15 VE combi-
nation of the cobalt atoms would result in much more
pronounced splitting of the two 59Co NMR signals.


The 31P NMR spectrum of 11 exhibits a doublet at d� 203.0,
which is accompanied by tin satellites and a triplet at d� 68.4.
Compound 11 thus forms an [AB2]X spin system in solution.
The high frequency shift of the 31P(doublet) signal points
towards a rather different bonding situation when compared
with the 31P data for compound 10. Since the coupling
constants jJ(Sn,31P) j are of considerable magnitude, the
coupling pathway through Co to a p-coordinate 31P nucleus is
unlikely. Thus, the NMR spectroscopic findings suggest either
a highly dynamic system in which there is a PÿSn bond on
average (in contrast to the molecular structure of 11 in the
solid state) or a static structure with multicenter bonding
between the two phosphorus atoms, cobalt, and tin
(Scheme 9). The magnitude of the coupling constant
J(31P,119Sn)� 338 Hz is in agreement with bonding SnÿP
interactions. Surprisingly, it is close to that of the fluxional
starting material 4.


In order to obtain further evidence, temperature-depend-
ent NMR spectra have been recorded between 20 and
ÿ100 8C. With the exception of the 119Sn NMR signal, the
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Scheme 9. Possible intramolecular SnPh3 group exchange in 11.


linewidths of all the other signals increase upon cooling, but
no coalescence of signals or slow-exchange limit spectra have
been observed. In all the spectra, the cyclopentadienyl ligands
and the cobalt atoms remain nonequivalent. These observa-
tions support a static structure for 11 in solution, although a
fast dynamic process cannot be ruled out. If such an exchange
process of the SnR3 group from Co2 to P1 or P2 and back
again (Scheme 9) determines the behavior of 11 in solution,
then the intermediate stannylated P atom must be pyramidal
and the tin atom always has to move back to the same cobalt
atom Co2. This question is currently being investigated
through the stacking reactions of 10 with Cp-substituted
[CpCo(C2H4)2] derivatives.


Reactivity of compound 11: Exposure of solutions of 11 to the
air or prolonged heat leads to destacking and an intra-
molecular phenyl group transfer reaction, which yields
[Cp(h4-1-phenyl-3,5-di-tert-butyl-1,2,4-triphosphole)Co] (12)
(Scheme 10). Thermal degradation of 11 produces 12 in
60 % yield, whereas oxidation gives a 43 % yield.


Scheme 10. Synthesis of compound 12.


NMR spectra indicate that the product is a single com-
pound and most probably a pair of enantiomers. As no single
crystals of 12 have been obtained up to now, the position of


the phenyl group is not yet clear. As noted for the h4-1,2,4-
triphosphole complex 10, an [ABC] spin system is observed in
the 31P{1H} NMR spectra, but the tin coupling is of course
missing for 12. Compounds 10 and 12 are believed to be
isostructural, not only with respect to metal ± ligand bonding,
but also with respect to the position of the substituent at P1.
Their close structural relationship is indicated by both the
chemical shifts of the P nuclei and their P ± P coupling
constants.


Through the course of this reaction, a [Cp(diphenylstannyl-
ene)Co] unit is eliminated from 11 to allow the formation of
12. The fate of this interesting particle is under current
investigation.


Conclusion


1-Triorganylstannyl-3,5-di-tert-butyl-1,2,4-triphosphole deriv-
atives 4 are readily accessible from the corresponding 1,2,4-
triphospholyl sodium salts. Since the PÿSn bond is of
moderate stability, compounds 4 a ± c offer an interesting
new route to polycyclic organophosphorus cages and to
complexes with h5-1,2,4-triphospholyl or h4-1,2,4-triphosphole
ligands. All of the reactions of 4 performed so far give good to
almost quantitative yields and high chemo- and diastereose-
lectivity. This offers the first experimental insight into the
mechanisms of some of the reactions.


Depending on the reaction partners, the stannyl group
remains bonded to one of the two adjacent phosphorus atoms
and is transferred quantitatively to a metal atom, or elimi-
nated together with an anionic leaving group. A highly
interesting m,h5 :h2-bridging mode for the 1,2,4-triphospholyl
ligand was observed in the case of the dinuclear complex 11. If
we compare the extremely slipped 34 VE triple-decker
sandwich complex 11 with other triple-deckers with the same
total VE count, those with carbacycles or boron heterocycles
as middle decks form nonslipped, linear structures.[30] On the
other hand, in the case of cyclo-Pn (n� 5, 6)[43] or phosphorus-
rich P heterocycles as middle decks,[9, 10] 34 VE are avoided
and 26 to 30 VE are found; these compounds are also
nonslipped. The only exceptions to these findings are the
aforementioned compounds [(Cp*Fe(m,h5 :h2-C2tBu2P3)Rh-
Cp*(CO)],[31] [(Cp*Fe(m,h5 :h2-cyclo-P5)IrCp*(CO)],[32] and
11. Consequently, the reason for their pronounced slippage
must be connected with the specific interaction between the
phosphorus atoms of such P-rich ring ligands and transition
metal atoms. In this bonding situation, the phosphorus atoms
definitely do not behave as their carbon analogues.[31] As the
factors that govern the limits of phosphorus-carbon analogies
are not yet defined clearly, we have tried to contribute to their
evaluation.


Experimental Section


All reactions were carried out in flame-dried glassware under an oxygen-
free atmosphere of dry nitrogen using Schlenk techniques. Solvents were
dried by standard methods and distilled under N2. All NMR solvents were
carefully dried, degassed, and stored over 4 � molecular sieves. NMR
spectra were recorded on JEOL JNM-GX 270, JEOL JNM-EX-270, JEOL
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JNM-LA 400, Bruker DRX 500, and Bruker ARX 250 instruments. 1H and
13C NMR chemical shifts are given relative to residual solvent peaks. 31P
chemical shifts are referenced to external H3PO4 (85 %). 119Sn chemical
shifts are referenced to external Me4Sn (X(119Sn� 37.290665 MHz) and
59Co chemical shifts to external K3[Co(CN)6] (0.1m in D2O) (X(59Co)�
23.727118 MHz). Mass spectra were recorded on Varian MAT212 and
JEOL JMS 700 spectrometers. Elemental analyses were performed locally
by the microanalytical laboratory of the Institut für Anorganische Chemie
der Universität Erlangen ± Nürnberg.


The starting materials P(SiMe3)3 and Me3SiP�C(OSiMe3)tBu, used as the
precursors for the preparation of the mixture of salts containing the anions
2ÿ M[3,5-di(tert-butyl)-1,2,4-triphospholyl] and 3ÿ M[2,4,5-tri(tert-butyl)-
1,3-triphospholyl] were prepared by published routes.[39, 40] The sodium salt
Na-2 was prepared by modification of the route published by Nixon et al.[41]


(elemental sodium was used as reducing agent) and purified by repeated
recrystallization, until the by-product 1,3-diphospholyl sodium Na-3 was
removed completely. Triorganylstannyl chlorides, alkaline metals, and
solvents were purchased from standard commercial sources. The stannyl
components were purified by sublimation or distillation in vacuo, depend-
ing on the organyl group.


1-Triphenylstannyl-3,5-di-tert-butyl-1,2,4-triphosphole (4 a): Triphenyl-
stannyl chloride (0.964 g, 2.5 mmol) in toluene (20 mL) was added to a
solution of 3,5-di-tert-butyl-1,2,4-triphospholylsodium (Na-2) (0.750 g,
2.3 mmol) in toluene (20 mL) at ÿ30 8C and stirred. The reaction mixture
was warmed to room temperature over 3 h and then stirred further for 1 h.
Removal of the solvent under vacuum resulted in a yellow residue that was
dissolved in n-hexane (30 mL) and filtered to yield a clear yellow solution.
The solvent was removed under vacuum and the excess of triphenylstannyl
chloride was sublimed (0.02 mbar, 80 8C). Yellow crystals of analytically
pure 4a (1.2 g, 87 %) were obtained after recrystallization from n-hexane.
1H NMR (500.1 MHz, C6D6, 25 8C): d� 1.54 (d, 4J(31P,1H)� 1.1 Hz, vt,
S4J(31P,1H)� 5J(31P,1H)� 1.3 Hz, 18H; C(CH3)3), 7.54 (dd, 3J(1H,1H)�
7.5 Hz, 4J(1H,1H)� 1.6 Hz, d, 3J(119Sn,1H)� 58 Hz, 6H; C5H6 (Ho)), 7.07 ±
7.17 (m, 9H; C5H6 (Hm�Hp)); 13C{1H} NMR (125.8 MHz, [D8]toluene,
25 8C): d� 222.8 (ddd, 1J(31P,13C)�ÿ65.2 Hz, S1J(31P,13C)� 2J(31P,13C)�
ÿ68.5; CRing), 42.8 (ddd, 2J(31P,13C)� 20.7 Hz, S2J(31P,13C)� 3J(31P,13C)�
10.3 Hz; C(CH3)3), 36.1 (ddd, 3J(31P,13C)� 10.3 Hz, S3J(31P,13C)� 4J(31P,
13C)� 12.0 Hz; C(CH3)3), 139.1 (d, 1J(119Sn,13C)� 518.0 Hz, d, 2J(31P,13C)�
4.3 Hz; C5H6 (Ci)), 137.1 (d, 2J(119Sn,13C)� 41.4 Hz; C5H6 (Co)), 129.1 (d,
3J(119Sn,13C)� 20.0 Hz; C5H6 (Cm)), 129.8 (d, 4J(119Sn,13C)� 13.0 Hz; C5H6


(Cp)); 31P{1H} NMR (101.3 MHz, [D8]toluene/CH2Cl2 1:1, 25 8C): d� 327.4
(t, 2J(31P,31P)� 37.2 Hz, d, 3J(119Sn,31P)� 69.5 Hz, 1P; P(3)), 159.8 (d,
2J(31P,31P)� 37.2 Hz, d, J(119Sn,31P)� 359.0 Hz, 2 P; P(1,2)); 119Sn NMR
(185.6 MHz, [D8]toluene, 25 8C): d�ÿ104.6 (t, J(119Sn,31P)� 359.0 Hz, d,
3J(119Sn,31P)� 69.5 Hz; SnPh3); MS (FD): m/z (%): 582 ([M]� , 100); MS
(EI, 70 eV): m/z (%): 582 ([M]� , 25), 503 ([MÿPh]� , 35), 485 ([Mÿ
PCtBu]� , 35), 426 ([Mÿ 2Ph]� , 20), 349 ([Mÿ 3Ph]� , 100), 231 ([Mÿ
SnPh3]� , 70); C28H33P3Sn (581.14): calcd C 57.87, H 5.72; found C 58.06,
H 5.83.


1-Trimethylstannyl-3,5-di-tert-butyl-1,2,4-triphosphole (4b): Preparation
and purification were as for compound 4 a above, but Me3SnCl in n-
hexane was added at 0 8C to the solution of Na-2 in toluene. Reaction
mixture: Na-2 (0.133 g, 0.4 mmol) in toluene (20 mL) and Me3SnCl
(0.081 g, 0.4 mmol) in n-hexane (40 mL). Yield� 0.16 g (98 %) of 4b ;
1H NMR (300.1 Hz, C6D6, 25 8C): d� 0.31 (9 H, Sn(CH3)3), 1.76 (d,
4J(31P,1H)� 0.7 Hz, 18 H; C(CH3)3); 13C{1H} NMR (75.5 MHz, C6D6,
25 8C): d� 223.4 (ddd, 1J(31P,13C)� 65.4 Hz, S1J(31P,13C)� 2J(31P,13C)�
71.9; CRing), 43.0 (ddd, 2J(31P,13C)� 21.1 Hz, S2J(31P,13C)� 2J(31P,13C)�
11.6 Hz; C(CH3)3), 36.8 (ddd, 3J(31P,13C)� 10.9 Hz, S3J(31P,13C)�
4J(31P,13C)� 10.9 Hz; C(CH3)3), ÿ1.9 (d, 1J(119Sn,13C)� 393.1 Hz;
Sn(CH3)3); 31P{1H} NMR (121.5 MHz, C6D6, 25 8C): d� 319.2 (t,
2J(31P,31P)� 41.4 Hz, 1P; P(3)), 167.8 (d, 2J(31P,31P)� 41.4 Hz, d,
1J(31P,119Sn)� 305.6 Hz, 2P; P(1,2)); MS (FD): m/z (%): 369 ([M]� , 100);
C13H27P3Sn (396.03): calcd C 39.53, H 6.89; found C 39.88, H 7.54.


1-Tri-n-butylstannyl-3,5-di-tert-butyl-1,2,4-triphosphole (4c): Preparation
was as for compound 4a above, but the initial temperature was 0 8C.
Reaction mixture: Na-2 (0.134 g, 0.4 mmol) in toluene (15 mL) and
nBu3SnCl (0.134 g, 0.4 mmol) in toluene (15 mL). No crystallization of
product 4c was possible. According to the NMR spectra, the purity of the
isolated material was better than 90 %. Yield� 0.18 g (90 %) of 4 c ; 31P{1H}
NMR (109.36 MHz, C6D6, 25 8C): d� 166.03 (d, 2J(31P,31P)� 36 Hz,


1J(119Sn,31P)� 359.2 Hz, 2P; P(1,2)), 316.95 (t, 2J(31P,31P)� 36 Hz, 1 P;
P(3)); C22H45P3Sn (522.18); MS (FD): m/z : 522 [M]� .


Polycyclic cage compound C4tBu4P5SnPh3 (6): 1-Triphenyl-3,5-di-tert-
butyl-1,2,4-triphosphole 4a (0.559 g, 0.96 mmol) and tert-butyl phosphaal-
kyne 1 (0.192 g, 1.92 mmol) were stirred in hexane (20 mL) at room
temperature. The reaction mixture was then refluxed for 12 h. After
cooling, yellow crystals of 6 were formed at room temperature. Recrystal-
lization from n-hexane yielded pure 6 (0.6 g, 80%). 1H NMR (399.6 MHz,
C6D6, 25 8C): d� 0.89 (s, 9H; C(1)(CH3)3), 1.40 (s, 9H; C(CH3)3), 1.48 (s,
9H; C(CH3)3), 1.62 (s, 9 H; C(CH3)3), 7.12 ± 7.24 (m, 9H; C6H5 (Hm�Hp),
7.95 (dd, 3J(1H,1H)� 7.9 Hz, 4J(1H,1H)� 1.5 Hz, d, 3J(1H,119Sn)� 47.9 Hz,
6H; C6H5 (Ho); 13C{1H} NMR (67.7 MHz, CDCl3, 25 8C): d� 32.6 (m,
C(CH3)3), 34.2 (m, C(CH3)3), 35.3 (m, C(CH3)3), 36.6 (m, C(CH3)3), 34.8
(m, C(CH3)3), 38.1 (m, C(CH3)3), 40.4 (m, C(CH3)3), 41.7 (m, C(CH3)3),
128.4 (s, C6H5 (Cp)) 129.0 (s, C6H5 (Cm)), 137.7 (d, 2J(119Sn,13C)� 38.0 Hz,
C6H5 (Co)), 140.5 (m, C6H5 (Cp)), 228.7 (m, C(3)); 31P{1H} NMR
(161.7 MHz, C6D6, 25 8C): d� 330.3 (1P, P(4)), 94.9 (1P, P(5)), ÿ39.9 (d,
1J(31P(1),31P(2))� 278.1 Hz, d, 1J(31P,119Sn)� 1074.5 Hz, 1 P; P(1)), ÿ88.0
(dd, 1J(31P(2),31P(1))� 278.1 Hz, 1J(31P(2),31P(3))� 147.1 Hz, 1P; P(2)),
ÿ130.0 (d, 1J(31P(2),31P(2))� 147.1 Hz, 1P; P(3)); MS (FD): m/z (%): 782
([M]� , 100); C38H51P5Sn (782.17): calcd C 58.41, H 6.58; found C 58.35, H
6.73.


[Bis(3,5-di(tert-butyl)-1,2,4-triphospholyl)Sn] (Hexaphosphastannocene)
(8): A solution of SnCl2 (0.190 g, 1.0 mmol) in THF (10 mL) was mixed
with a solution of 1-trimethylstannyl-3,5-di-tert-butyl-1,2,4-triphosphole
(4b) (0.864 g, 2.1 mmol) in THF (10 mL) at 0 8C and allowed to reach room
temperature over 2.5 h. Removal of the solvent under vacuum gave a
brown residue that was dissolved in n-hexane (30 mL). Filtration gave a
clear, yellow-orange solution. At ÿ78 8C compound 8 was precipitated as
small yellow needles. After recrystallization pure 8 (0.57 g) was obtained in
a yield of 98%. 1H NMR (500.1 MHz, [D8]toluene, 18 8C): d� 1.45 (s, 36H;
C(CH3)3); 13C{1H} NMR (125.8 MHz, [D8]toluene, 18 8C): d� 229.7 (ddd,
1J(31P(3),13C)�ÿ69.5 Hz, S1J(31P(2),13C)� 2J(31P(1),13C)� 88.0 Hz, d,
J(119Sn,13C)� 66 Hz; CRing), 42.8 (ddd, 2J(31P(3),13C)� 20.5 Hz, S2J(31P(2),
13C)� 3J(31P(1),13C)� 11.7 Hz, d, J(119Sn,13C)� 5� 1 Hz; C(CH3)3), 36.9
(ddd, 3J(31P(3),13C)� 9 Hz, S3J(31P(2),13C)� 4J(31P(1),13C)� 4.5 Hz;
C(CH3)3); 31P{1H} NMR (202.5 MHz, [D8]toluene, 18 8C): d� 266.8 (d,
2J(31P,31P)� 47.0 Hz, d, J(119Sn,31P)� 91.0 Hz, 4 P; P(1,2)),� 281.4 (t,
2J(31P,31P)� 47.0 Hz, d, J(119Sn,31P(3))� 301.0 Hz, 2P; P(3)), simulated:
[A2B]2 spin system: J(A-Sn-A'')< 0.5 Hz, J(B-Sn-B')�� 8.5 Hz, J(B-Sn-
A'')�� 2 Hz. 1J(A,A')> 140 Hz; 119Sn NMR (186.2 MHz, [D8]toluene,
18 8C): d�ÿ1718 (m, Sn); MS (FD): m/z (%): 582 ([M]� , 10), 462
([(C2tBu2P3)2]� , 60), 351 ([Mÿ (C2tBu2P3)]� , 100); C20H36P6Sn (581.08)
calcd C 41.34, H 6.25; found C 41.65, H 6.59.


[Cp(1-Triphenylstannyl-3,5-di-tert-butyl-h4-1,2,4-triphosphole)Co] (10):
[CpCo(C2H4)2] (9) (0.468 g, 2.6 mmol) in Et2O/pentane (40 mL, 1:1) was
added at ÿ40 8C to a solution of 4a (4.591 g, 7.9 mmol) in Et2O/pentane
(40 mL, 1:1). The dark reaction mixture was allowed to reach room
temperature over 2.5 h. Dark red 10 (1.50 g, 82%) was isolated after
recrystallization from n-hexane. 1H NMR (399.7 MHz, C6D6, 21 8C): d�
1.23 (s, 9 H; C(CH3)3), 1.38 (s, 9 H; C(CH3)3), 4,74 (s, 5H; C5H5), 7.21 ± 7.31
(m, 9H; C6H5 (Hm�Hp), 7.83 (d, 3J(1H,1H)� 6.6 Hz, d, 2J(119Sn,1H)�
43.1 Hz, 6 H; C6H5 (Ho)); 13C{1H} NMR (75.5 MHz, C6D6, 23 8C): d� 32.9
(dd, 3J(31P,13C)� 7.9 Hz, 3J(31P,13C)� 7.9 Hz; C(CH3)3), 35.1 (dd,
J(31P,13C)� 8.3, 3J(31P,13C)� 8.3 Hz; C(CH3)3), 38.2 (dd, 2J(31P,13C)� 17.3,
2J(31P,13C)� 17.3 Hz; C(CH3)3), 38.7 (dd, 2J(31P,13C)� 14.8, 2J(31P,13C)�
13.9 Hz; C(CH3)3), 83.5 (s, C5H5), 75.7 (ddd, 1J(31P,13C)� 70.0 Hz,
1J(31P,13C)� 79.0 Hz, 2J(31P,13C)� 9.2 Hz; C(1)), 145.0 (ddd, 1J(31P,13C)�
104.8 Hz, 1J(31P,13C)� 77.2 Hz, 2J(31P,13C)� 6.4 Hz; C(2)), 141.5 (d,
2J(31P,13C)� 4.0 Hz, d, 1J(119Sn,13C)� 359.4 Hz; C5H6 (Ci)), 138.4 (d,
2J(119Sn,13C)� 36.0 Hz; C6H5 (Co)), 129.1 (d, 4J(119Sn,13C)� 13.0 Hz; C6H5


(Cp)), 128.9 (d, 3J(119Sn,13C)� 45.0 Hz; C6H5 (Cm)); 31P{1H} NMR
(161.7 MHz, C6D6, 25 8C): d� 39.02 (dd, 2J(31P,31P)� 38.0 Hz, 2J(31P,31P)�
26.3 Hz, 1 P; P(3)),ÿ9.47 (dd, 1J(31P,31P)� 277.3 Hz, 2J(31P,31P)� 38.0 Hz, d,
1J(119Sn,31P)� 1611.7 Hz, 1P; P(1)), ÿ70.41 (dd, 1J(31P,31P)� 277.3 Hz,
2J(31P,31P)� 26.3 Hz, d, 2J(119Sn,31P)� ca. 61 Hz, 1P; P(2)); 119Sn NMR
(186.5 MHz, CD2Cl2, 25 8C): d�ÿ166.5 (ddd, 1J(119Sn,31P)� 1613.0 Hz,
J(119Sn,31P)� 28.5 Hz, J(119Sn,31P)� 60.5 Hz; Sn); 59Co NMR (118.6 MHz,
[D8]toluene, 25 8C): d�ÿ870� 40 (br, Co)); MS (FD): m/z (%): 706
([M]� , 100), 355 ([Co(C5H5)(C2tBu2P3)]� , 60); C33H38CoP3Sn (705.23):
calcd C 56.20, H 5.43; found C 56.55, H 5.88.
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[CpCo(m,h5 :h2-3,5-di-tert-butyl-1,2,4-triphospholyl)Co(SnPh3)Cp] (11): A
solution of compound 10 (0.705 g, 1 mmol) in Et2O/pentane (20 mL, 1:1)
was added to a solution of 9 (0.180 g, 1 mmol) in Et2O/pentane (40 mL, 1:1)
at ÿ80 8C. The reaction mixture was allowed to reach room temperature
over 2 h. Removal of the solvent in vacuo gave a violet residue that was
redissolved in n-hexane (30 mL). Partial removal of the solvent resulted in
the formation of a purple precipitate. Recrystallization from n-pentane/
THF yielded 11 (0.6 g, 75%) as almost black plates.


Treatment of compound 4a with 9 (2.0 equiv) under analogous conditions
gave product 11 in a yield of 82 %. 1H NMR (500.1 MHz, C6D6, 25 8C): d�
1.71 (s, 18 H; C(CH3)3), 4.46 (s, 5H; C5H5), 4.66 (s, 5 H; C5H5), 7.73 (m,
3J(1H,1H)� 7.3 Hz, 4J(1H,1H)� 1.5 Hz, 3H; C6H5 (Hp)), 7.45 (br, 6H; C6H5


(Hm)), 8.14 (dd, 3J(1H,1H)� 8.0 Hz, 4J(1H,1H)� 1.5 Hz, d, 2J(119Sn,1H)�
34 Hz, 6H; C6H5 (Ho)); 13C{1H} NMR (125.8 MHz, [D8]toluene, 25 8C):
d� 164.4 (ddd, 1J(31P,13C)� 79 Hz, S1J(31P,13C)� 2J(31P,13C)� 123 Hz; Cring),
42.1 (ddd, 2J(31P,13C)� 19.0 Hz, S2J(31P,13C)� 2J(31P,13C)� 13 Hz; C(CH3)3),
36.4 (ddd, 3J(31P,13C)� 10.0 Hz, S3J(31P,13C)� 4J(31P,13C)� 8.0 Hz;
C(CH3)3), 86.8 (s, 5 C; C5H5), 83.3 (d, J(119Sn,13C)� 6 Hz; C5H5), 147.1 (d,
1J(119Sn,13C)� 235.4 Hz; C6H5 (Ci)), 138.3 (d, 2J(119Sn,13C)� 29.9 Hz; C6H5


(Co)), 128.8 (d, 3J(119Sn,13C)� 36 Hz; C6H5 (Cm)), 128.3 (d, 4J(119Sn,13C)�
9 Hz; C6H5 (Cp)); 31P{1H} NMR (202.5 MHz, [D8]toluene, 25 8C): d� 68.4
(t, 2J(31P,31P)� 19.5 Hz, 1 P; P(3)), 203.0 (d, 2J(31P,31P)� 19.5 Hz, d,
J(31P,119Sn)� 338 Hz, 2 P; P(1,2)); 119Sn NMR (186.5 MHz, CD2Cl2,
25 8C): d� 1.0 (br, Sn); 59Co NMR (118.7 MHz, [D8]toluene, 25 8C): d�
ÿ1845� 20 (br, Co), ÿ2325� 20 (br, Co); MS (FD): m/z (%): 830 ([M]� ,
100); C38H43Co2P3Sn ´ 3THF (1045.50): calcd C 57.44, H 6.46; found C 55.34,
H 6.14. Partial loss of THF may be the reason for the deviations between
the theoretical and observed values for the analyses of 11.


[Cp(1-phenyl-3,5-di-tert-butyl-h4-1,2,4-triphosphole)Co] (12): Compound
11 (0.415 g, 0.5 mmol) was dissolved in THF/n-hexane (40 mL, 1:1) and
refluxed for 6 h. The solution was subsequently cooled to room temper-
ature and all the volatile components were removed under vacuum.
Recrystallization from n-hexane yielded 12 (0.13 g, 60%) as a dark brown
powder. Due to the finely divided nature of the material, no analytically
pure samples have been obtained yet. 1H NMR (399.7 MHz, C6D6, 23 8C):
d� 1.28 (s, 9 H; C(CH)3)3), 1.45 (s, 9 H; C(CH3)3), 4.86 (s, 5H; C5H5), 7,42
(m, 2H; C6H5 (Ho)), 7.15 (m, 3H; C6H5 (Hm�Hp)); 13C{1H} NMR
(100.4 MHz, C6D6, 25 8C): d� 34.5 (dd, 3J(31P,13C)� 8.7 Hz, 3J(31P,13C)�


8.7 Hz; C(CH3)3), 35.4 (dd, 3J(31P,13C)� 8.4, 3J(31P,13C)� 8.4 Hz; C(CH3)3),
38.7 (dd, 2J(31P,13C)� 14.5, 2J(31P,13C)� 13.1 Hz; C(CH3)3), 39.6 (dd,
2J(31P,13C)� 17.4, 2J(31P,13C)� 17.4 Hz; C(CH3)3), 83.2 (s, C5H5)); 31P{1H}
NMR (121.5 MHz, C6D6, 25 8C): d� 34.2 (dd, S2J(31P(3),31P(A))�
2J(31P(3),31P(B))� 58.8 Hz, 1P; P(3)), 28.3 (dd, 1J(31P,31P)� 266.0 Hz,
2J(31P,31P)� 32.9 Hz, 1 P; P(2)), ÿ62.7 (dd, 1J(31P,31P)� 266.0 Hz,
2J(31P,31P)� 25.9 Hz, 1 P; P(1)); MS (FD): m/z (%): 432 ([M]� , 100)


X-ray structural determination of 4a, 6, and 11 ´ 3THF : The data for all of
the structure investigations were collected on a Siemens P4 diffractometer
with MoKa radiation (l� 0.71073 �) and a graphite monochromator using
w scans. The data were corrected for Lorentz and polarization effects. An
empirical absorption correction using psi scans was applied in the case of 4a
(25 reflections, Tmin� 0.476, Tmax� 0.566) and 11 ´ 3 THF (12 reflections,
Tmin� 0.124, Tmax� 0.195), while absorption effects were neglected for 6.
The structures were solved by direct methods and refined by full-matrix
least squares methods (SHELXTL 5.03).[42] Non-hydrogen atoms were
refined anisotropically; the hydrogen atoms were taken from a difference
Fourier calculation and were isotropically refined in the case of 4a and 6.
For the structure of 11 ´ 3 THF all of the hydrogen atoms were geometrically
positioned and allowed to ride on their corresponding carbon atoms. Their
isotropic thermal parameters were tied to those of the adjacent carbon
atoms by a factor of 1.5.


Compound 11 crystallizes with three disordered THF molecules per
formula unit. No hydrogen atoms have been included in the model for the
solvent molecules.


Suitable crystals for X-ray structure analyses were obtained under the
following conditions. 4a : Recrystallization from n-hexane at ÿ30 8C,
yellow blocks; 6 : recrystallization from n-hexane at room temperature,
yellow blocks; 11 ´ 3 THF: recrystallization from n-pentane/THF (1:1),
ÿ30 8C, black plates. The experimental data for the X-ray diffraction
studies on 4 a, 6, and 11 are summarized in Table 2.


Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-102683 (4a), CCDC-102684 (6), and
CCDC-102685 (11 ´ 3 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).


Table 2. Crystal data and refinement for 4a, 6, and 11.


4 a 6 11


formula C28H33P3Sn C38H51P5Sn C50H67Co2O3P3Sn
crystal size [mm] 0.50� 0.40� 0.40 0.50� 0.40� 0.30 0.80� 0.40� 0.30
crystal system triclinic monoclinic monoclinic
space group P1Å P21/c (no. 14) P21/c (no. 14)
a [pm] 1086.9(1) 2194.9(3) 1400.2(4)
b [pm] 1122.6(1) 1012.1(2) 1832.3(3)
c [pm] 1333.0(1) 1750.6(3) 1931.1(3)
a [8] 75.79(1) 90.0 90.0
b [8] 85.88(1) 99.84(1) 99.12(2)
g [8] 65.21(1) 90 90
V [nm3] 1.4305(2) 3.832(1) 4.892(2)
Z 2 4 4
Mr 581.14 781.33 1045.50
1calcd [g cmÿ1] 1.349 1.354 1.420
F000 592 1616 2160
n(MoKa) [mmÿ1] 1.074 0.901 1.314
T (data coll.) [K] 293 (2) 298 (2) 190(2)
2q range [8] 4.1 ± 54.0 4.4 ± 54.0 3.7 ± 52.0
hkl range ÿ 1/13, ÿ13/13, ÿ17/17 ÿ 28/27, ÿ12/12, ÿ5/22 ÿ 18/1, ÿ23/1, ÿ24/25
reflns measured 7125 10202 11553
reflns unique 6136 8347 9612
reflns observed[a] 4092 5222 6143
parameters 421 602 538
GooF 0.912 0.809 1.047
R (obs. refl. only)[a] 0.0509 0.0369 0.0601
wR2 (all refl.) 0.1552 0.0810 0.1467


[a] F0� 4.0(F).
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Studies on the Biomimetic Synthesis of the Manzamine Alkaloids


Jack E. Baldwin,* Timothy D. W. Claridge, Andrew J. Culshaw, Florian A. Heupel,
Victor Lee, David R. Spring, and Roger C. Whitehead[a]


Abstract: The biomimetic synthesis of the manzamine-related alkaloid keramaphi-
din B is described. The key intramolecular Diels ± Alder reaction proposed in the
Baldwin and Whitehead hypothesis is demonstrated. An investigation of the
modified biomimetic hypothesis proposed by Marazano et al. is also reported.
Finally, an alternative synthesis of keramaphidin B by Grubbs methathesis
is presented.


Keywords: biomimetic synthesis ´
Diels ± Alder reaction ´ keramaphi-
din B ´ manzamine ´ natural
products


Introduction


Structurally, the manzamines are a unique class of alkaloids,[1]


which were first isolated from the marine sponge Haliclona sp.
collected off Manzamo, Okinawa in Japan.[2] Manzamine A
(1) was found to possess an in vitro activity against
P388 mouse leukaemia cells (IC50� 0.07 mg mLÿ1[2] or
2.4 mg mLÿ1[3]) and its structure was established by X-ray
crystallography (Figure 1). Later, the same group reported[4]


Figure 1. Manzamine A (1), B (2) and C (3).


the isolation of manzamines B (2) and C (3) from the same
sponge. The complex structures of the manzamines were
unprecedented in nature, which prompted the authors to write
ªthe provenance of manzamines B and C, like that of A, is
biogenetically problematical.º[2]


The manzamine biosynthetic mystery posed an intellectual
challenge to organic chemists. It is conceivable that a solution
to this problem could provide an efficient biomimetic path-
way towards the synthesis of these complex molecules. The
biosynthetic investigation of marine sponges is notoriously
difficult,[5] and to date, no biosynthetic work has been
published on the manzamines. However, in 1992 a hypothesis
was proposed by the present authors in which the manzamine
alkaloids could be formed from just four building blocks:
tryptophan, ammonia, a C10 unit (a symmetrical dialdehyde)
and a C3 unit (an acrolein equivalent).[6] Careful analysis of
the structure of manzamine B (2), for example, reveals the
hidden symmetry (Scheme 1). Retrosynthetically, removal of
the epoxide and the tryptophan unit from 2 gives amino-
aldehyde 4. The aldehyde 4 may be derived from the
hydrolysis of iminium ion 5. Manzamine precursors 5 and 6
could be related by a redox equilibrium. Disconnection of 6 by
an intramolecular endo Diels ± Alder reaction gives macro-
cycle 7, which is the conjugate base of 8. The symmetrical
macrocycle 8 may be derived from the other three building
blocks (two equivalents of ammonia, and the C3 and C10


units). Thus, a simple explanation is provided for the biosyn-
thesis of a very complex molecule.


Since the publication of this hypothesis, there has been a
great increase in the number of discoveries of manzamine-
related alkaloids. Indeed, our hypothesis has been adapted and
modified on numerous occasions to explain the possible bio-
synthetic origin of these new alkaloids. Many of these natural
products bear a striking resemblance to intermediates encom-
passed by the hypothesis, such as ircinal A[7] (9, the aldehyde
precursor to 1) and keramaphidin B[8] (10, the reduced form of
5 and 6) (Figure 2). Concurrent with the publication of the
manzamine biosynthetic hypothesis, a programme to inves-
tigate the validity of the hypothesis was initiated. Herein, the
full account of our investigation is provided which led to the
biomimetic synthesis of keramaphidin B (10).[9]
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Dr. A. J. Culshaw, Dr. F. A. Heupel, Dr. V. Lee,
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The Dyson Perrins Laboratory, University of Oxford
South Parks Road, Oxford, OX1 3QY (UK)
Fax: (�441) 865-275674
E-mail : jack.baldwin@chem.ox.ac.uk
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Figure 2. Ircinal A (9) and keramaphidin B (10).


Keramaphidin B (10) is a pentacyclic alkaloid isolated
independently by Kobayashi et al.[8a±c] and Andersen and
Kong[8 d] from Amphimedon sp. and Xestospongia ingens,
respectively. The structure of 10 was elucidated through a
combination of NMR spectroscopy and X-ray crystallogra-
phy. Interestingly, 10 crystallised as a racemate even though
there was approximately 97 % of the (�)-form in the sponge.
The hypothesis of a Diels ± Alder cycloaddition with an
achiral precursor 7 proposed in the manzamine biosynthesis
is strengthened by this observation, since both enantiomers of
the reduced cycloadduct 10 were found to occur naturally.[10]


Results and Discussion


Biomimetic synthesis : Previous model studies conducted by
the Baldwin group and others confirmed the feasibility of the
proposed key Diels ± Alder reaction.[11] Treatment of 11 in
buffer solution followed by quenching with sodium borohy-
dride resulted in the formation of 12, the core structure of
keramaphidin B (Scheme 2).[11 a] Armed with this knowledge
the group set out to verify whether the same Diels ± Alder
reaction could be performed intramolecularly.


The investigation required an efficient synthesis of the
macrocycle 8. Thus, tetrahydropyran was treated with acetyl
chloride to give 5-bromopentylacetate,[12] which was heated
with triphenylphosphane followed by hydrolysis to give the


Scheme 2. Formation of tricyclic core structure 12.


phosphonium salt 13 (Scheme 3).[12 e] All three steps were
performed without chromatography and 100 grams of 13 were
prepared routinely. 3-Pyridin-3-yl-1-propanol, commercially
available, was converted into aldehyde 14 by Swern oxida-
tion.[13] Wittig olefination of 14 with the ylide, generated from
13 ; tBuOK gave a disappointing result. The yield of the
product was moderate (43 ± 66 %) and the cis/trans selectivity
was around 85:15. In addition, as a result of the presence of
moisture in the reactions a substantial amount of diphenyl-
phosphane oxide was isolated (10 ± 39 %).[14] The use of oxido-
ylides in the Wittig reaction has been studied in detail by
Maryanoff and co-workers, including studies with 13 as a
substrate.[15] The reduced selectivity as compared with ali-
phatic ylides was attributed to the ability of the oxido group to
facilitate the reversible dissociation of oxaphosphetanes to
the ylide and aldehyde 14, introducing a degree of thermody-
namic control.[15] Protection of the alcohol group in 13 was
sought to eliminate the effect of the alkoxide group on the
Z/E ratio. Hydroxyphosphonium salt 13 was masked as its
tetrahydropyranyl (THP) derivative 15 in 93 % yield.[16] When
the Wittig reaction was carried out with the ylide generated
from 15 and potassium hexamethyldisilazide (KHMDS) a
superior Z/E ratio of 99:1 and a yield of isolated alkene 16 of
83 % was observed, along with 5 % diphenylphosphane oxide.
The THP protecting group was removed by dilute hydro-
chloric acid in methanol to give 17 (94 %).[17] The incorpo-
ration of the additional protection and deprotection step in
the synthesis was offset by the significant improvement in
yield and quality of material.


With alcohol 17 in hand, the attention was turned to its
activation and cyclodimerisation. An investigation into the
cyclodimerisation found that an iodide leaving group was


Scheme 1. The Baldwin ± Whitehead hypothesis for the biosynthesis of the manzamine alkaloids.
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optimum, providing the desired bis-pyridinium salt 18 in 40 ±
44 % yield.[11b] Alcohol 17 was converted into iodide 19 with
triphenylphosphane/iodine/imidazole. However, it was dis-
covered that the yield of iodination varied from 56 ± 90 % and
that 19 was difficult to handle. In a condensed state, 19
polymerised at room temperature over a period of hours. The
instability of 19, coupled with the moderate yield of cyclo-
dimerisation, prompted the search for an alternative protocol.
The tosylate 20 was prepared easily from alcohol 17 with TsCl
and NEt3 (95 %),[18] and in condensed state decomposed only
slowly over a week upon standing at room temperature. It
may be stored conveniently as a solution in CH2Cl2 at ÿ80 8C
for many weeks without any observable decomposition as
detected by 1H NMR spectra. By generating the iodide 19 in
situ from tosylate 20, it was possible to avoid handling the
unstable intermediate.


Next, we focused on optimising the cyclodimerisation
reaction; this reaction consists of two separate SN2 reactions.
The first, the intermolecular reaction, is favoured by a high
concentration, but so is the nonproductive polymerisation.
The second, the ring-closing reaction, is favoured by low
concentration. It was expected that operating at a low
concentration should be beneficial on balance to the forma-
tion of dimer. This assumption was tested in practice.
Slow addition of a solution of 20 in butan-2-one to a
refluxing solution of NaI in the same solvent effected a one-
pot Finkelstein/dimerisation/macrocyclisation reaction. The
crude product obtained was reduced with NaBH4 in MeOH to


give bis-tetrahydropyridine 21
in 56 % yield over two steps.
Flash chromatography with
base-washed silica and a basic
eluent facilitated the easy puri-
fication of dimeric 21 from any
other oligomers.


Partial desaturation of 21 was
required to obtain the precur-
sor for the study of the Diels ±
Alder reaction. The modified
Polonovski reaction (also
known as the Polonovski ± Pot-
ier reaction)[19] was chosen for
this purpose. Treatment of 21
with mCPBA (m-chloroperben-
zoic acid) gave two separable
diastereomeric N-oxides 22
(not shown). Either diaster-
eomer could be treated with
trifluoroacetic anhydride
(TFAA) to give the proposed
manzamine biosynthetic pre-
cursor 8. Compound 8 could
be stored either as its bis-cyano
derivative 23 (by treatment 8
with KCN) or bis-methoxy de-
rivative 24 (by treatment of 8
with NaOMe).


With a reliable route to 8 in
hand, the investigation of the


proposed Diels ± Alder reaction was undertaken. Initial NMR
studies with 8, made from either 23 (with silver trifluoroace-
tate) or 24 (with camphor-10-sulfonic acid), conducted in a 1:1
mixture of CD3OD and D2O revealed several interesting
observations:
1) As in the model studies disproportionation of the iminium


ion was observed; however, this occurred to a far greater
extent for 8.


2) The rate of disproportionation was approximately the
same when the reaction was conducted at 30 mm and at
3 mm concentrations of 8.


3) Signals from iminium ion 8 virtually disappeared after one
hour in pH 7.3 buffer.


Extensive studies were conducted in the hope of optimising
the biomimetic Diels ± Alder reaction. The reaction time was
varied prior to quenching. A variety of solvents was tested
(mixture of 1m aq. buffer with MeOH, EtOH, CF3CH2OH,
iPrOH, THF or CH3CN), the buffer was varied (TRIS/HCl or
K2HPO4/HCl) and the effect of changes of pH on the reaction
was investigated (pH 7.3 to 7.5); the ionic strength and the use
of additives (SDS, CHAPS, Triton X-100 and a- and b-
cyclodextrin) were also investigated.[20] The best result was
obtained by dissolution of 8 in a 1:1 mixture of 1m aq. TRIS/
HCl (pH 7.3) and MeOH, followed by reduction of the
reaction after one hour with NaBH4 at low temperature. With
the best protocol, a small amount of keramaphidin B (10) was
observed in the 1H NMR spectrum of the crude product when
the reaction was conducted on a preparative scale. The


Scheme 3. Synthesis of bis-dihydropyridine 8 : a) AcBr, cat. Zn, D, 95 %; b) Ph3P, 100 8C; then K2CO3, H2O,
MeOH, 76%; c) 3,4-dihydro-2H-pyran, PPTS, CH2Cl2, 93 %; d) (COCl)2, DMSO, TEA, ÿ65 to 25 8C, 90%;
e) KHMDS, THF,ÿ78 8C to RT; then 14, ÿ78 8C to RT, 83 % (Z :E � 99:1); f) 3m HCl, MeOH, 94 %; g) Ph3P, I2,
imidazole, MeCN, 56 ± 90%; h) TsCl, Et3N, CH2Cl2, 0 8C, 95%; i) NaI, butan-2-one, D, 192 h; j) NaBH4, MeOH,
ÿ78 8C to RT, 56 % over two steps; k) mCPBA, CH2Cl2, 0 8C, 98%; l) TFAA, CH2Cl2, 100 %; m) KCN, H2O,
pH 3 ± 4, 92 %; n) CF3CO2Ag, quant.; o) MeONa, MeOH, 86 %; p) camphorsulfonic acid (CSA), quant.;
q) MeOH/1m aq. buffer (1:1 pH 7.3); then NaBH4, MeOH, ÿ78 8C to RT, 0.2 ± 0.3 %.
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problem of isolation of the desired product from the complex
reaction mixture was far from trivial, as a result of the lack of a
good UV chromophore. After extensive chromatographic
purification (flash chromatography and repeated HPLC), 10
was obtained in 0.2 ± 0.3 % yield.[21] The major product of
reduction was the recyclable bis-tetrahydropyridine 21. This
product arose from the disproportionation of 8 to give a
mixture of tetrahydropyridine and pyridinium salt,[22] which
was reduced by the sodium borohydride quench affording 21.


While the result demonstrated clearly the validity of the
group�s proposal, the yield of keramaphidin B (10) was far
from satisfactory. In order to shed light on the kinetic barrier
of this reaction, a molecular modelling study was conducted
on the Diels ± Alder precursor 7 (Figure 3). The search


Figure 3. Transition states of 7 and 25.[24]


revealed that there are conformations[23] available to the
macrocycle which are close to the required transition state.[24]


The result suggested that the low yield in the Diels ± Alder
reaction is not a result of the inaccessibility of the two reactive
moieties, but rather to the kinetic preference of 7 to
disproportionate.


It is feasible to envisage a in vivo Diels ± Alderase[25] which
would mediate the conversion of bis-iminium salt 8 to
keramaphidin B (10). The putative enzyme may catalyse the
reaction by limiting the conformational mobility of the
substrate, thereby minimising the change in entropy to the
transition state.[26] Further-
more, the enzyme must avoid
the problem of disproportiona-
tion, which is clearly the pre-
ferred reaction of 7.


Alternative biosynthetic hy-
potheses : In the light of the
unfavourable disproportiona-
tion in our bis-dihydropyridine
route the group wondered
whether the hypothesis was us-
ing the correct oxidation state
of pyridine. For instance, if a
pyridinium salt was used as the
diene and a tetrahydropyridine
as the dienophile in 26, the
[4�2] cycloaddition would di-
rectly form pentacyclic 5
(Scheme 4). This route exhibits


two advantages over the original bis-dihydropyridine route:
i) the pyridine moieties are at the tetrahydropyridine and
pyridine oxidation states, thus avoiding the problem of
disproportionation; and ii) there is now no need to postulate
the redox equilibrium between the cycloadduct 6 and the
ircinal precursor 5 shown in Scheme 1. However, at no time
were cycloadducts observed (NMR/MS) by using model
systems even under enforced reaction conditions (90 8C,
19 kbar).[27]


Marazano and co-workers have proposed recently that the
biomimetic Diels ± Alder reaction could involve substituted
5-amino-2,4-pentadienals as the diene.[28] This pathway would
avoid not only the problems with disproportionation but
would have the added advantage of less ring strain during the
Diels ± Alder cycloaddition. Ring-opening of pyridinium salt
26 gives amino-aldehyde 27 which could undergo a Diels ±
Alder reaction to give directly the ircinal core 4 (Scheme 4).[29]


The chemical feasibility of generating directly the substi-
tuted 5-amino-2,4-pentadienals (required for Marazano�s
modified hypothesis) from ring-opening of the pyridinium
salt 26 was tested.[30] This was investigated by using an NMR
experiment with 1-ethyl-3-methylpyridinium iodide (28) in a
2m solution of NaOD in D2O. No ring-opened products were
observed. Only the deuterium exchange of the hydrogens at
the pyridine C2 and C6 positions was noted followed by a
slower exchange at the C4 and C5 positions.[31] Furthermore,
the generation of 27 from 26 is not expected to be advanta-
geous because the regiospecificity of ring-opening 3-substi-
tuted pyridinium salts (with strong electron-withdrawing
groups on nitrogen) with the hydroxide ion has been reported
to occur exclusively at the pyridine C2 position.[32]


Marazano�s hypothesis uses a 5-amino-2,4-pentadienal as
the Diels ± Alder diene.[28] However, such dienes have been
reported to be poor participants in the Diels ± Alder reac-
tion.[33] (2E,4E)-5-Morpholino-2,4-pentadienal (29) and other
analogues were prepared by published procedures,[30] and
their utility in the Diels ± Alder reaction was investigated.
Heating 29 in a sealed tube for 24 hours without or with
various dienophiles (1-ethyl-3-methyl-1,2,5,6-tetrahydropyri-


Scheme 4. Alternative biosynthetic hypotheses.
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dine, maleic anhydride and 4-phenyl-1,2,4-triazoline-3,5-di-
one) failed to produce any cycloadducts (NMR/MS). The
failure of the model systems to undergo the proposed
cycloaddition, in this case and in those not at the dihydropyr-
idine oxidation state, cast doubt over a modification of our
hypothesis.


A semi-biomimetic approachÐapplication of metathesis : As
a result of the low yields of keramaphidin B (10) obtained
from the intramolecular Diels ± Alder cycloaddition, we
investigated a two-step synthesis by an intermolecular cyclo-
addition followed by two ring-closing metathesis reactions
(Scheme 5).[34] The biomimetic cycloaddition to give the
keramaphidin B core (30) was achieved in a reproducible


22 % yield.[11 c] The ring-closing metathesis of 30 could give
theoretically six ªmono-cyclisedº products (such as 31) and
three ªbi-cyclisedº products (one of which is keramaphi-
din B), along with oligomers and E-double bond isomers.
However, we hoped that there would be a preference for the
naturally occurring product 10. Experiments were carried out
to investigate both the Schrock molybdenum catalyst and the
Grubbs ruthenium catalyst 32. The Grubbs catalyst 32 gave a
better profile (LCMS).[35] When the reaction was conducted
on a preparative scale followed by HPLC, mono-cyclised 31
(10 ± 20 %)[36] and keramaphidin B (1 ± 2 %) were obtained. It
appeared that there was indeed a bias towards the natural
product 10, but the difficulty of forming 11- and 13-membered
rings by ring-closing metathesis was evident.


Conclusion


The key step in the Baldwin ± Whitehead manzamine bio-
synthetic hypothesis is a Diels ± Alder reaction between the
dihydropyridine and dihydropyridinium ion in 7. We have
synthesised the bis-dihydropyridinium macrocycle 8 over
eleven steps in 37 % yield. Treatment of 8 with buffer,
followed by reduction, yielded a small quantity of kerama-
phidin B (10) in 0.2 ± 0.3 % yield. This experiment showed that
the proposed Diels ± Alder reaction is feasible chemically,
thus providing the first in vitro evidence for the Baldwin ±
Whitehead manzamine biosynthetic hypothesis. The major
product was the bis-tetrahydropyridine (21), illustrating the
kinetic preference of 7 to disproportionate. If the Baldwin ±
Whitehead hypothesis is correct then the biosynthetic Diels ±
Alder reaction would benefit from enzymatic mediation,
because the enzyme would limit the conformational mobility


of the substrate, thereby minimising the entropy change of
activation (DS=). Furthermore, the enzyme would need to
avoid the problem of disproportionation, which is clearly the
preferred reaction of 7.


Intermolecular biomimetic cycloadditions have been ac-
complished successfully in model systems (20 ± 35 % yields).
The reduced cycloadduct 30 has been transformed into
keramaphidin B (10) by ring-closing metathesis.


Experimental Section[37]


5-Hydroxypentyltriphenylphosphonium bromide (13): An intimate mix-
ture of triphenylphosphane (102.3 g, 390 mmol) and 5-bromopentyl acetate
(67.95 g, 325 mmol) was heated at 100 8C for 24 hours under N2 with a large,


egg-shaped stirrer bar to agitate the
mixture. The mixture was allowed to
cool to room temperature and the
resulting glassy solid was dissolved in
MeOH (700 mL). H2O (60 mL) and
K2CO3 (3.0 g, 21.7 mmol) were added
and the mixture was stirred vigorously
for 24 hours. The mixture was evapo-
rated to dryness and washed with Et2O
to recover unreacted starting materi-
als. The solid residue was recrystal-
lised from EtOH and Et2O to give 13
(138.04 g, 99 %) as a white powder;
m.p. 190-191 8C (lit.[11 e] m.p. 190 ±
191 8C); 1H NMR (200 MHz,


CD3OD): d� 1.47 ± 1.86 (m, 6 H, C(2)H2 , C(3)H2, C(4)H2), 3.40 ± 3.54 (m,
4H, C(1)H2 , C(5)H2), 3.98 (br s, 1 H, OH), 7.61 ± 7.74 (m, 15 H, phenyl CH);
31P NMR (101.3 MHz, CD3OD): d� 24.66 (s, Ph3P�); 13C NMR (50 MHz,
CD3OD): d� 21.8, 22.3 (d, J� 50 Hz), 26.5 (d, J� 16.5 Hz), 31.1, 60.8, 117.9
(d, J� 86 Hz), 130.2, 130.5, 133.2, 133.4, 134.9; IR (KBr disc): nÄ � 3313,
2879, 1587, 1436, 1116, 1044, 724, 692 cmÿ1; MS (APCI): m/z (%): 349 (100)
[MÿBr]� , 289 (16), 279 (40), 273 (26), 263 (86) [Ph3PH]� ; C23H26BrOP
(429.33): calcd C 64.3, H 6.1; found: C 64.5, H 6.15.


5-Tetrahydropyran-2-yloxypentyltriphenylphosphonium bromide (15):
Pyridinium toluene-p-sulfonate (PPTS, 11.7 mg, 0.047 mmol) under an
argon atmosphere was added to a mixture of 13 (2.00 g, 4.66 mmol) and 3,4-
dihydro-2H-pyran (588 mg, 6.99 mmol) in CH2Cl2 (50 mL). The reaction
mixture was stirred at room temperature for 15 hours (monitored by TLC),
and then concentrated in vacuo to yield a colourless oil. Flash chromatog-
raphy yielded 15 (2.22 g, 93 %) as a colourless glassy solid; 1H NMR
(200 MHz, CDCl3): d� 1.39 ± 1.79 (m, 12H, 6�CH2), 3.31 ± 3.92 (m, 6H,
PCH2 , OCH2), 4.48 (br s, 1H, OCHO), 7.65 ± 7.91 (m, 15H, aromatic CH);
31P NMR (101.3 MHz, CDCl3): d� 25.05 (s, Ph3P�); 13C NMR (50 MHz,
CDCl3): d� 19.4, 22.1 (d, J� 51 Hz), 22.1 (d, J� 4 Hz), 25.0, 27.0 (d, J�
16.5 Hz), 28.8, 30.4, 62.3, 66.8, 98.8, 118.1 (d, J� 86.5 Hz), 130.4, 130.7,
133.4, 133.7, 135.1; IR (thin film): nÄ � 2940, 1587, 1485, 1440, 1200, 1114,
1075, 1033, 996, 724, 692 cmÿ1; MS (APCI): m/z (%): 433 (100) [MÿBr]� ,
349 (6) [MHÿBrÿTHP]� , 289 (10), 279 (11), 263 (29) [Ph3PH]� ; HRMS
calcd for C28H34O2P ([MÿBr]�) 433.2296, found 433.2296.


(Z)-3-(8-Tetrahydropyran-2-yloxyocta-3-enyl)pyridine (16): A solution of
15 (545 mg, 1.06 mmol) in THF (10 mL) under argon was cooled toÿ78 8C,
and a solution of 0.35m KHMDS in toluene (3.03 mL, 1.06 mmol) was
added dropwise. The mixture was allowed to warm to room temperature
over one hour to give an orange solution. The mixture was cooled again to
ÿ78 8C and a solution of 14 (120 mg, 0.88 mmol) in THF (5 mL) was added
through a cannula. The mixture was stirred at ÿ78 8C for 5 min and then
allowed to warm to room temperature over two hours. H2O (15 mL) was
added to the black solution, and the two yellow layers which formed were
separated. The aqueous layer was extracted with CH2Cl2 (3� 15 mL), dried
with Na2SO4, filtered and concentrated in vacuo to give a yellow oil. Flash
chromatography yielded 16 (212.1 mg, 83%, Z :E � 99:1 by 1H NMR) as a
colourless oil; Rf� 0.46 (SiO2, PE 40 ± 60/EtOAc/NEt3 73:23:4, ammonium
molybdate); 1H NMR (500 MHz, C6D6): d� 1.22 ± 1.39 (m, 6 H,
C�CCH2CH2CH2, OCH2CH2CH2CH2CHO2), 1.45 ± 1.62 (m, 3 H,


Scheme 5. Synthesis of Keramaphidin B (10) by ring-closing metathesis.
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C�C(CH2)2CH2 , O(CH2)3CHH'CHO2), 1.70 ± 1.79 (m, 1H, O(CH2)3CHH'-
CHO2), 1.87 (pseudo q, 2H, J� 7.5 Hz, C�CCH2(CH2)3), 2.11 (pseudo q,
2H, J� 7.5 Hz, pyCH2CH2), 2.29 (t, 2H, J� 7.5 Hz, pyCH2CH2), 3.26 ± 3.32
(m, 1H, THPOCHH'), 3.37 ± 3.41 (m, 1 H, OCHH'), 3.77 ± 3.82 (m, 2H,
THPOCHH', OCHH'), 4.57 (pseudo t, 1H, J� 3.5 Hz, OCHO), 5.25 (dtt,
1H, J� 11, 7, 1.5 Hz, py(CH2)2CH�C), 5.35 (dtt, 1 H, J� 11, 7, 1 Hz,
py(CH2)2C�CH), 6.73 (dd, 1 H, J� 7.5, 4.5 Hz, C(5)H), 6.98 (d, 1 H, J�
7.5 Hz, C(4)H), 8.46 (dd, 1 H, J� 4.5, 1.5 Hz, C(6)H), 8.51 (d, 1H, J� 2 Hz,
C(2)H); 13C NMR (125 MHz, C6D6): d� 19.70, 25.93, 26.64, 27.27, 28.96,
29.72, 31.07, 33.08, 61.63, 67.23, 98.63, 123.06, 128.44, 131.08, 135.31, 136.97,
147.90, 150.71; IR (thin film): nÄ � 3006, 2940, 2864, 1575, 1478, 1453, 1441,
1424, 1352, 1201, 1137, 1120, 1077, 1034, 715 cmÿ1 ; MS (APCI) m/z (%): 290
(13) [MH]� , 206 (100) [MH2ÿTHP]� ; HRMS calcd for C18H28NO2 [MH]�


290.2120, found 290.2120.


(Z)-8-Pyridin-3-yloct-5-en-1-ol (17): A solution of 16 (194 mg, 0.669 mmol)
and 3m aq. HCl (0.5 mL) in MeOH (15 mL) was stirred at room
temperature for three hours. The mixture was concentrated in vacuo and
chromatographed to give 17 (129 mg, 94 %) as a colourless oil; Rf� 0.30
(SiO2, PE 40 ± 60/EtOAc/NEt3 40:50:10, ammonium molybdate); 1H NMR
(400 MHz, C6D6): d� 1.33 (tt, 2H, J� 7.5, 7 Hz, CH2(CH2)2OH), 1.53
(pseudo qui, 2 H, J� 7 Hz, CH2CH2OH), 1.88 (pseudo q, 2 H, J� 7.5 Hz,
CH2(CH2)3OH), 2.14 (pseudo q, 2 H, J� 7.5 Hz, pyCH2CH2), 2.29 (t, 2H,
J� 7.5 Hz, pyCH2), 3.65 (t, 2 H, J� 6.5 Hz, CH2OH), 4.54 (br s, 1 H, OH),
5.23 (dtt, 1H, J� 11, 7, 1.5 Hz, py(CH2)2CH), 5.36 (dtt, 1H, J� 11, 7, 1 Hz,
py(CH2)2C�CH), 6.75 (dd, 1H, J� 7.5, 5 Hz, C(5)H), 7.01 (dd, 1 H, J� 8,
1.5 Hz, C(4)H), 8.35 (dd, 1 H, J� 5, 1.5 Hz, C(6)H), 8.41 (d, 1H, J� 2 Hz,
C(2)H); 13C NMR (100 MHz, C6D6): d� 26.26, 27.31, 28.85, 32.87, 32.98,
62.12, 123.36, 128.19, 131.36, 136.03, 137.38, 147.36, 150.16; IR (thin film):
nÄ � 3326, 2931, 2859, 1578, 1424, 1030, 714 cmÿ1; MS (APCI): m/z (%): 206
(100) [MH]� , 188 (6); C13H19NO (205.30): calcd C 76.1, H 9.35, N 6.8,
found: C 75.9, H 9.35, N 6.8; HRMS calcd for C13H20NO [MH]� 206.1545,
found 206.1545.


(Z)-8-Pyridin-3-yloct-5-enyl-4-toluenesulfonate (20): NEt3 (2.85 mL,
20.3 mmol) and freshly recrystallised para-toluenesulfonyl chloride
(2.90 g, 15.2 mmol) were added under an atmosphere of argon to a solution
of 17 (2.09 g, 10.2 mmol) in dry, alcohol-free CH2Cl2. The mixture was
stirred at 0 8C for three hours before 2m aq. Na2CO3 (100 mL) was added.
The two-phase mixture was separated and the aqueous layer was extracted
with CH2Cl2 (3� 100 mL). The combined CH2Cl2 extracts were dried with
MgSO4, filtered and concentrated in vacuo to afford a bright red oil. Flash
chromatography yielded 20 (3.48 g, 95%) as a pale orange oil; Rf� 0.37
(SiO2, EtOAc/CHCl3 1:1); 1H NMR (200 MHz, CDCl3): d� 1.13 ± 1.24 (m,
2H, CH2(CH2)2OTs), 1.39 ± 1.49 (m, 2 H, CH2CH2OTs), 1.79 (pseudo q, 2H,
J� 7.5 Hz, CH2(CH2)3OTs), 2.22 (pseudo q, 2H, J� 7.5 Hz, pyCH2CH2),
2.33 (s, 3 H, CH3), 2.54 (t, 2H, J� 7.5 Hz, pyCH2), 3.88 (t, 2H, J� 6.5 Hz,
CH2OTs), 5.19 ± 5.29 (m, 2 H, CH�CH), 7.07 ± 7.13 (m, 1 H, C(5)H), 7.25
(br d, 2 H, J� 7 Hz, meta-Ts CH), 7.40 (d, 1 H, J� 7.5 Hz, C(4)H), 7.69 (d,
2H, J� 8.5 Hz, ortho-Ts CH), 8.31 ± 8.34 (m, 2H, C(2)H, C(6)H); 13C NMR
(50 MHz, CDCl3): d� 21.5, 25.1, 26.3, 28.1, 28.6, 32.8, 70.4, 123.2, 127.7,
128.5, 129.8, 130.1, 133.0, 135.9, 137.0, 144.7, 147.2, 149.9; IR (thin film): nÄ �
3006, 2930, 2860, 1598, 1357, 1189, 1176, 1098, 935, 816, 715, 664 cmÿ1; MS
(APCI): m/z (%): 360 (100) [MH]� ; HRMS calcd for C20H26NO3S [MH]�


360.1633, found 360.1633.


(6Z,19Z)-1,14-Diazatricyclo[21.3.1.110, 14]octacosa-6,10,19,23-tetraene (21):
A solution of 20 (185 mg, 0.51 mmol) in butan-2-one (2� 10 mL) was
added at a rate of 0.01 mL per minute over 48 hours to a solution of NaI
(92 mg, 0.62 mmol) in butan-2-one (50 mL) heated at reflux. The orange
solution was heated at reflux for one week, cooled to room temperature,
then concentrated in vacuo to give an off-white powder. The powder was
triturated with Et2O (2� 50 mL) to remove any unreacted iodide, then
dissolved in a MeOH (15 mL) and CH2Cl2 (15 mL) mixture and cooled to
ÿ78 8C. NaBH4 (58 mg, 1.54 mmol) was added in one portion to the
vigorously stirred solution. The solution was allowed to warm to 0 8C over
30 minutes [Caution : hydrogen gas evolved at ÿ30 8C], then AcOH
(10 mL) was added and it was left to stir for 16 hours at room temperature.
Then the reaction mixture was concentrated in vacuo and partitioned
between EtOAc (15 mL) and sat. aq. NaHCO3 (to pH 9). The two-phase
solution was separated and the aqueous phase extracted with EtOAc (3�
15 mL). The combined EtOAc solutions were dried with K2CO3, filtered
and concentrated in vacuo to give a pale yellow oil. Flash chromatography
yielded 21 (55 mg, 56%) as a white solid; Rf� 0.26 (base-washed SiO2,


hexane/EtOAc/iPr2NH 80:20:2, visualised with Dragendorff reagent);
1H NMR (500 MHz, CDCl3): d� 1.39 (pseudo qui, 4 H, J� 7.5 Hz,
N(CH2)2CH2), 1.52 ± 1.58 (m, 4H, NCH2CH2CH2), 1.99 (t, 4H, J� 8 Hz,
C(3)CH2), 2.07 (pseudo q, 4H, J� 7 Hz, N(CH2)3CH2), 2.11 ± 2.17 (m, 8H,
C(5)H2 , C(3)CH2CH2), 2.42 (t, 4 H, J� 8 Hz, NCH2(CH2)2), 2.50 (t, 4H,
J� 6 Hz, C(6)H2), 2.86 (br s, 4H, C(2)H2), 5.32 ± 5.43 (m, 4 H, CH�CH),
5.47 (br s, 2 H, C(4)H); 13C NMR (125 MHz, CDCl3): d� 25.94, 26.40, 26.98,
27.34, 35.91, 50.96, 55.03, 58.91, 119.33, 129.50, 129.91, 135.63; IR (KBr
disc): nÄ � 3001, 2906, 2855, 1631, 1460, 1449, 1176, 1055 cmÿ1; MS(APCI):
m/z (%): 383 (100) [MH]� ; HRMS calcd for C26H43N2 [MH]� 383.3426,
found 383.3426.


(6Z,19Z)-1,14-diazatricyclo[21.3.1.110, 14]octacosa-6,10,19,23-tetraene-1,14-
dioxide (22): Dried mCPBA (91 % active, 131 mg, 0.69 mmol) was added in
one portion to a cooled (0 8C) solution of 21 (132 mg, 0.35 mmol) in CH2Cl2


(60 mL). The reaction was followed by TLC and, after one hour,
concentrated in vacuo, behind a safety screen, to give a colourless oil.
Flash chromatography yielded two isomers of 22 (overall 140 mg, 98%)
both as white solids. Less polar isomer (104 mg, 73 %): m.p. 161 ± 163 8C
(dec.); Rf� 0.33 (Al2O3; CH2Cl2/MeOH 95:5, visualised with Dragendorff
reagent); 1H NMR (500 MHz, CDCl3/CD3OD 9:1): d� 1.27 ± 1.35 (m, 2H,
N(CH2)2CH2), 1.35 ± 1.42 (m, 2 H, N(CH2)2CH2), 1.71 ± 1.80 (m, 2 H,
NCH2CH2CH2), 1.81 ± 1.90 (m, 4H, NCH2CH2CH2, C(3)CH2 or
C(3)CH2CH2), 1.92 ± 2.01 (m, 4 H, N(CH2)3CH2), 2.01 ± 2.11 (m, 6 H,
C(3)CH2 or C(3)CH2CH2), 2.22 ± 2.26 (br m, 2 H, C(5)H), 2.45 (br d, 2H,
J� 18 Hz, C(5)H'), 3.00 ± 3.10 (m, 4H, NCH2(CH2)2), 3.15 ± 3.21 (m, 2H,
C(6)H), 3.28 ± 3.34 (m, 2H, C(6)H'), 3.58 ± 3.67 (AB q, 4 H, JAB� 17 Hz,
C(2)H2), 5.25 ± 5.33 (m, 4H, CH�CH), 5.53 (s, 2H, C(4)H); 13C NMR
(125 MHz, CDCl3/CD3OD 9:1): d� 21.47, 23.31, 25.38, 26.31, 26.60, 33.74,
61.61, 64.61, 66.61, 118.54, 128.70, 129.70, 131.91; IR (KBr disc): nÄ � 2902,
2855, 1652, 1450, 922, 826 cmÿ1; MS (APCI): m/z (%): 415 (100) [MH]� ,
399 (39) [MHÿO]� , 381 (52); HRMS calcd for C26H43N2O2 [MH]�


415.3324, found 415.3324. More polar isomer (36 mg, 25 %): m.p. 154 ±
156 8C (dec.); Rf� 0.14 (Al2O3, CH2Cl2/MeOH 95:5, visualised with
Dragendorff reagent); 1H NMR (500 MHz, CDCl3/CD3OD 9:1): d�
1.27 ± 1.35 (m, 2H, N(CH2)2CH2), 1.37 ± 1.45 (m, 2 H, N(CH2)2CH2),
1.65 ± 1.74 (m, 2 H, NCH2CH2CH2), 1.89 ± 2.16 (m, 14 H, NCH2CH2CH2,
C(3)CH2 , C(3)CH2CH2 , N(CH2)3CH2), 2.23 ± 2.27 (m, 2H, C(5)H), 2.44
(br d, 2 H, J� 17 Hz, C(5)H'), 3.02 (pseudo td, 2H, J� 12, 4.5 Hz,
NCH2(CH2)2), 3.13 (pseudo td, 2H, J� 12, 4.5 Hz, NCH2(CH2)2), 3.20 ±
3.26 (m, 2 H, C(6)H), 3.31 ± 3.35 (m, 2 H, C(6)H'), 3.60 ± 3.74 (AB q, 4H,
JA,B� 6.5 Hz, C(2)H2), 5.24 ± 5.33 (m, 4 H, CH�CH), 5.52 (s, 2H, C(4)H);
13C NMR (125 MHz, CDCl3/CD3OD 9:1): d� 21.48, 23.37, 25.16, 26.10,
26.63, 33.79, 62.10, 64.28, 65.68, 118.63, 128.82, 129.79, 131.97; IR (KBr
disc): nÄ � 2900, 2854, 1652, 1454, 909, 826 cmÿ1; MS (APCI): m/z (%): 415
(100) [MH]� , 398 (68), 381 (58); HRMS calcd for C26H43N2O2 [MH]�


415.3324, found 415.3324.


(6Z,19Z)-1,14-Diazoniatricyclo[21.3.1.110, 14]octacosa-1(27),6,10,14(28),19,
23-hexaene ditrifluoroacetate (8): TFAA (8.2 mL, 58 mmol) was added
under an atmosphere of argon to a cooled (0 8C) solution of 22 (6.0 mg,
14 mmol) in CH2Cl2 (2 mL). The reaction mixture was stirred for one hour
at 0 8C before concentrated in vacuo to give 8 (quant.) as a pale yellow oil;
1H NMR (200 MHz, CDCl3): d� 1.39 ± 1.50 (m, 4 H, N(CH2)2CH2), 1.82 ±
2.09 (m, 8H, NCH2CH2CH2, N(CH2)3CH2), 2.22 ± 2.45 (m, 8 H, C(3)CH2 ,
C(3)CH2CH2), 2.71 ± 2.82 (m, 4H, C(5)H2), 3.79 ± 4.03 (m, 8H, C(6)H2 ,
NCH2(CH2)2), 5.33 ± 5.49 (m, 4H, CH�CH), 6.71 (s, 2H, C(4)H), 8.98 (s,
2H, C(2)H); IR (thin film): nÄ � 2938, 1732, 1675, 1199, 797 cmÿ1; MS (ES):
m/z (%): 190 (100) [C26H40N2]2�.


Biomimetic synthesis of keramaphidin B (10): TFAA (89 mL, 0.61 mmol)
was added under an atmosphere of argon to a cooled (0 8C) solution of 22
(63.0 mg, 0.15 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred
for one hour at 0 8C before concentrated in vacuo to give a pale yellow oil.
Then the residue was dissolved in a mixture of MeOH (30 mL) and 1m
aqueous TRIS/HCl (pH 7.30, 30 mL). The pH of this solution was checked
with a calibrated pH meter and adjusted to pH 7.30 by the dropwise
addition of 1m aq. TRIS/HCl (pH 8.30). The solution was stirred under an
atmosphere of argon at room temperature (22 8C) for one hour and was
then diluted with MeOH (30 mL) and cooled to ÿ78 8C quickly. The
reaction mixture was reduced by the addition of NaBH4 (28.7 mg,
0.76 mmol) followed by allowing the solution to warm to 0 8C over one
hour. The reduced solution was concentrated in vacuo to remove the
MeOH. CH2Cl2 (25 mL) was added to the resulting liquid. The two-phase
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mixture was separated and the aqueous layer was extracted with CH2Cl2


(3� 25 mL). The combined organic extracts were dried with K2CO3,
filtered and concentrated in vacuo to give a colourless oil. Flash
chromatography (base-washed SiO2, toluene/EtOAc/iPr2NH 198:2:3)
followed by normal-phase HPLC (toluene/EtOAc/iPr2NH 198:2:3, then
CHCl3/MeOH 95:5) yielded 10 (150 mg, 0.3%) as a colourless oil ; synthetic
material was identified by NMR, TLC, LCMS and by doping with authentic
10 ; Rf� 0.29 (SiO2, CHCl3/MeOH 95:5, visualised with Dragendorff
reagent); 1H NMR (750 MHz, CD3OD, 50 8C): d� 0.93 (ddd, 1 H, J� 12,
4.5, 1.5 Hz, C(7)H), 1.21 (qd, 1H, J� 14, 4 Hz, C(6)H), 1.36 ± 1.40 (m, 1H,
N(10)CH2CHH'), 1.42 ± 1.63 (m, 8H, N(10)CH2CHH'CH2CHH',
N(4)CH2CHH'CH2, C(6)H'), 1.67 (dd, 1 H, J� 9, 2.5 Hz, C(9)H), 1.69 ±
1.76 (m, 4H, C(2)CH2CHH', N(4)CH2CHH'), 1.99 (br d, 1H, J� 13 Hz,
N(4)(CH2)3CHH'), 2.08 (d, 1 H, J� 11.5 Hz, C(3)H), 2.09 ± 2.12 (m, 1H,
C(11)CH2CHH'), 2.20 (ddd, 1 H, J� 12.5, 5.5, 1.5 Hz, N(10)CHH'CH2),
2.20 ± 2.28 (m, 2H, C(8)H and N(4)(CH2)3CHH'), 2.30 ± 2.42 (m, 7H,
C(11)CH2CHH', C(2)CH2CHH', N(10)(CH2)3CHH', N(4)CHH'(CH2)2,
C(3)H'), 2.69 ± 2.71 (m, 1 H, C(5)H), 2.78 (br t, 1H, J� 13 Hz, C(5)H'),
2.87 (dd, 1H, J� 9, 2 Hz, C(9)H'), 2.95 (td, 1 H, J� 12.5, 5 Hz,
N(10)CHH'CH2), 3.03 ± 3.06 (m, 1 H, N(4)CHH'(CH2)2), 3.11 (s, 1H,
C(1)H), 5.25 (pseudo t, 1H, J� 10.5 Hz, C(11)(CH2)2CH�CH), 5.38
(pseudo t, 1H, J� 10 Hz, C(11)(CH2)2CH�CH), 5.60 ± 5.66 (m, 2 H,
C(2)(CH2)2CH�CH), 5.86 (d, 1H, J� 6 Hz, C(12)H); 13C NMR
(190 MHz, CD3OD): (only signals which can be observed clearly above
the noise or which can be traced back with HMQC experiments are
reported) d� 21.32 (N(4)CH2CH2), 21.68 (C(2)CH2CH2), 23.80
(N(10)(CH2)3CH2), 26.10 (N(4)(CH2)3CH2), 26.53 (C(11)CH2CH2), 27.12
and 27.50 (C6, N(10)CH2CH2CH2, N(4)(CH2)2CH2), 37.81 (C(11)CH2),
38.99 (C8), 42.10 (C(2)CH2), 44.72 (C7), 48.77 (C5), 50.94 (C3), 54.48 (C9),
55.15 (N(10)CH2CH2), 57.04 (N(4)CH2(CH2)2), 65.04 (C1), 124.52 (C12),
131.27 (C(2)(CH2)2CH�CH), 132.59 (C(11)(CH2)2CH�CH), 132.60
(C(2)(CH2)2CH�CH), 133.33 (C(11)(CH2)2CH�CH), 142.94 (C11); MS
(APCI): m/z (%): 381 (100) [MH]� ; HRMS calcd for C26H41N2 [MH]�


381.3270, found 381.3270.


Ring-closing metathesis synthesis of keramaphidin B (10): Compound 32
(9.4 mg, 11.7 mmol) was added under an atmosphere of dry argon to a
stirred solution of 30 (50.0 mg, 117 mmol) in CH2Cl2 (100 mL) at 40 8C. The
mixture was stirred for six hours with argon being bubbled through the
solution, after which time another portion of 32 (4.7 mg, 5.9 mmol) was
added and the mixture stirred for a further 12 hours. The orange solution
was exposed to air and 1m aqueous NaOH (5 mL) was added. The solution
was left standing at room temperature for 12 hours, and over this time it
turned dark green, after which it was concentrated in vacuo. The black
residue was taken up in Et2O (15 mL), filtered and the filtrate was
extracted with 1m HCl (3 � 15 mL). The combined aqueous extracts were
basified carefully to pH 11 with 1m NaOH and the resultant cloudy
aqueous solution was extracted with EtOAc (3� 15 mL). The organic
extracts were combined, washed with sat. aq. NaCl (15 mL), dried over
K2CO3, filtered and concentrated in vacuo to give a colourless oil (71.1 mg).
The oil was purified by reversed-phase HPLC (5 micron Supelcosil LC-
ABZ Plus ODS; H2O (0.1 % TFA): MeCN (0.1 % TFA); stepped gradient
from 100 ± 5% aq.), normal-phase HPLC (5 micron Hypersil normal-phase
silica; hexane/acetone/Et2NH 80:20:2) and by a pipette flash column (SiO2,
CH2Cl2/MeOH 97:3) to give 10 (0.71 mg, 2 %) as a white solid; synthetic
material was identified by NMR, TLC, LCMS and by doping with authentic
keramaphidin B; Rf� 0.50 (SiO2, CH2Cl2/MeOH 95:5, visualised with
Dragendorff reagent); 1H NMR (500 MHz, CDCl3): d� 1.01 ± 1.09 (m, 1H,
C(7)H), 1.11 ± 1.30 (m, 2 H, C(6)H, N(10)CH2CHH'), 1.40 ± 1.78 (m, 11H,
N(10)CH2CHH'CH2CHH', N(4)CH2CH2CH2, C(6)H', C(9)H, C(2)CHH'),
2.02 ± 2.46 (m, 13H, C(8)H, C(3)H, N(10)CHH'(CH2)2CHH', C(2)CH-
H'CH2, N(4)(CH2)3CH2 , C(11)CH2CH2), 2.68 (ddd, 1 H, J� 13.5, 7.5,
2.5 Hz, N(4)CHH'), 2.84 ± 2.91 (m, 4H, C(9)H', C(5)H, C(3)H', N(10)-
CHH'), 3.10 (s, 1 H, C(1)H), 3.39 (t, 1H, J� 13.5 Hz, C(5)H'), 3.48 ± 3.52
(m, 1 H, N(4)CHH'), 5.29 (br t, 1H, J� 11 Hz, C(11)(CH2)2CH�CH), 5.41
(br t, 1H, J� 10.5 Hz, C(11)(CH2)2CH�CH), 5.66 (ddd, 1H, J� 13.5, 10,
5 Hz, C(2)(CH2)2CH�CH), 5.76 (br dd, 1H, J� 10, 5.5 Hz, C(2)(CH2)2-
CH�CH), 5.93 (d, 1 H, J� 6.5 Hz, C(12)H); MS (APCI): m/z (%): 381
(100) [MH]� ; HRMS calcd for C26H41N2 [MH]� 381.3270, found 381.3270.


(11Z,15Z)-11-But-3-enyl-4,10-diaza-4-hex-5-enyltetracyclo-
[6.2.2.02, 7.82, 10]icosa-11,15-diene (31): The above reaction also yields 31 (ca.
10 ± 20% when isolated) as a colourless oil; Rf� 0.22 (SiO2, CH2Cl2/MeOH


95:5, visualised with Dragendorff reagent); 1H NMR (500 MHz, CDCl3/
CD3OD 4:1, referenced at 7.27 ppm): d� 0.84 (ddd, 1 H, J� 11.5, 6.5, 2 Hz,
C(7)H), 1.07 ± 1.12 (m, 2H, C(6)H, N(10)CH2CHH'), 1.21 ± 1.45 (m, 9H,
C(6)H', N(10)CH2CHH'CH2CHH', N(4)CH2CH2CH2), 1.51 ± 1.58 (m, 3H,
C(2)CHH'CHH', C(9)H), 1.64 ± 1.69 (m, 1 H, C(2)CHH'), 1.78 (d, 1H, J�
12 Hz, C(3)H), 1.90 (pseudo q, 2H, J� 7.5 Hz, N(4)(CH2)3CH2), 2.00 ± 2.18
(m, 8 H, C(11)CH2CH2, C(2)CH2CHH', C(8)H, N(10)CH-
H'(CH2)2CHH'), 2.19 (d, 1H, J� 12 Hz, C(3)H'), 2.30 (t, 2H, J� 7.5 Hz,
N(4)CH2), 2.42 ± 2.50 (m, 2 H, C(5)H2), 2.69 (dd, 1H, J� 12.5, 5 Hz,
N(10)CHH'), 2.73 (dd, 1 H, J� 9, 1.5 Hz, C(9)H'), 2.76 (s, 1H, C(1)H),
4.77 ± 4.91 (m, 4H, CH�CH2), 5.48 ± 5.52 (m, 2H, C(2)(CH2)2CH�CH),
5.63 (ddt, 1H, J� 17, 10, 7 Hz, N(4)(CH2)4CH�CH2), 5.68 ± 5.73 (m, 2H,
C(11)(CH2)2CH�CH2, C(12)H); 13C NMR (125 MHz, CDCl3/CD3OD 4:1,
referenced at 77.00 ppm): d� 20.59 (C(2)CH2CH2), 22.41 (N(10)(CH2)3-
CH2), 25.58 (N(10)CH2CH2), 25.97 (N(10)(CH2)2CH2), 26.04 (C6), 26.20
(N(4)CH2CH2), 26.45 (N(4)(CH2)2CH2), 31.08 (C(11)CH2CH2), 33.25
(N(4)(CH2)3CH2), 34.91 (C(11)CH2), 37.45 (C8), 40.99 (C(2)CH2), 43.47
(C7), 46.06 (C2), 49.41 (C5), 49.84 (C3), 53.57 (C9), 53.88 (N(10)CH2),
58.96 (N(4)CH2), 63.25 (C1), 114.07 (N(4)(CH2)4CH�CH2), 114.17 (C(11)-
(CH2)2CH�CH2), 121.69 (C12), 129.99 and 131.16 (CH�CH), 138.15
(C(11)(CH2)2CH�CH2), 138.32 (N(4)(CH2)4CH�CH2), 142.31 (C11); IR
(thin film): nÄ � 2922, 2852, 1682, 1642, 1612, 1445, 1362, 1172, 1131, 908,
822 cmÿ1; MS (APCI): m/z (%): 409 (100) [MH]� ; HRMS calcd for
C28H45N2 [MH]� 409.3583, found 409.3583.
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Tandem Nucleophilic Addition/Diels ± Alder Reaction of N-Butadienyl
N,O-Ketene Silyl Acetals with C60: Stereoselective Formation of Bicyclic
Octahydroquinolino-1,2,3,4-Tetrahydrobuckminsterfullerenes and Combined
NMR Spectroscopic and Computational Evaluation of the Functionalization
Reactions


Yves Rubin,*[a] Padma S. Ganapathi,[a] Andreas Franz,[a,b] Yi-Zhong An,[a]


Wenyuan Qian,[a] and Reinhard Neier*[b]


Abstract: We have studied the reactiv-
ity of the N,O-ketene N-1,3-butadienyl-
N-alkyl-O-silyl acetals 1 a ± e with C60


proceeding through a tandem process
to give the adducts 2 a ± e. The addition
order of these tandem reactions has
been evaluated. The initial nucleophilic
Michael-like addition of the electron-
rich N,O-ketene acetal moiety proceeds
unusually fast at 25 8C, followed by an
intramolecularly accelerated Diels ±


Alder step that is highly diastereoselec-
tive. The structures of compounds 2 a ± e
were determined from the 1H and
13C NMR shifts and from H ± H coupling


patterns, while their stereochemistry
was deduced from 2D T-ROESY NMR
experiments. The proposed mechanism
for the nucleophilic addition involves
single electron transfer followed by
radical anion ± radical cation recombi-
nation. Computational investigations of
the reaction pathways, transition states,
and conformational energies have been
carried out to corroborate the experi-
mental data.


Keywords: cycloadditions ´ Diels ±
Alder reactions ´ electron transfer
´ fullerenes ´ semiempirical calcula-
tions


Introduction


We have recently focused our
efforts on the regioselective
functionalization of C60 at con-
tiguous reactive centers, aiming
in particular at additions to the
three adjacent C�C bonds
within a 6-membered ring to
give a fully saturated, planar
cyclohexane moiety.[1, 2] This venture is particularly challeng-
ing because the close proximity of the reactive centers
severely hinders the approach of additional reactive moieties


to these double bonds.[2, 3] In spite of this, there is great
potential in obtaining designed 1,2,3,4,5,6-hexahydrobuck-
minsterfullerene derivatives, as they should ring-open sponta-
neously in a retro [2�2�2] fashion to form a large orifice
permitting the introduction of metals into the fullerene cage
(Scheme 1).[2] This paper explores one pathway to a family of
highly congested 1,2,3,4-tetrahydrobuckminsterfullerene de-
rivatives as a preliminary step in our quest for the desired
1,2,3,4,5,6-hexahydro derivatives.


Another reason for developing selective methods for the
formation of multiple adducts is that they would provide
access to an unprecedented variety of three-dimensional
building blocks, potentially useful for physical organic and
biological studies. To achieve regioselective additions, the
type of reaction and the structure of the addends have to be
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carefully planned. There are now a number of methods to
effect the monofunctionalization of C60.[4] However, due to
the difficulty of controlling regio- and stereochemistry, multi-
ple additions have been less well studied,[3±11] particularly in
the case of the sterically biased derivatives of 1,2,3,4-
tetrahydrobuckminsterfullerene (C60H4).[10a, 12] Interestingly,
the distribution of regioisomers in independent bisadditions
seems to depend on the type of reaction and is essentially
kinetically controlled.[3, 7] Tethers separating the two reactive
groups have been introduced as a convenient way of directing
bisadditions.[2, 9±11] The influence of tether structure on the
outcome of the bisadditions has been evaluated computa-
tionally to the extent possible with the current basis set
limits.[9d, 11a, 13]


Tandem reactions offer a particularly advantageous and
logical way to achieve high regio- and stereoselectivities in
cascade (domino), consecutive (isolable intermediates), or
sequential reactions (a second component is required to
promote an ensuing step), usually with recourse to a diverse
array of reacting groups to obtain complex frameworks.[14]


Tethered bisadditions to C60 can so far be characterized as
consecutive tandem reactions by the fact that reactive
moieties add at relatively remote double bonds in a stepwise
fashion.[2, 9±11, 14a] In the tandem reactions using relatively short
tethers, highly regio- and stereocontrolled multiple additions
to the fullerene framework can be expected to give single
products.[9±11] This is corroborated by the present study, which
is distinguished by the true cascade nature of the process,
since the intermediates cannot be isolated.


Results and Discussion


We were interested in exploring the reactivity of N,O-ketene
N-1,3-butadienyl-N-alkyl-O-silyl acetals (1 a ± e) with C60


(Scheme 2, Table 1).[15] These electron-rich systems were found
in earlier work in the NeuchaÃtel group to undergo fast tandem
Diels ± Alder/nucleophilic additions with N-phenylmaleimide
or acryloyl chloride to give the 1,2,3,3a,4,5,5a,6,8a,9-decahydro-
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Scheme 2. Tandem reaction of the N-dienyl-N,O-ketene acetals 1a ± e to
C60.


pyrrolo[2,3,4-de]quinoline-2,5-dione 5 and the 1,2,3,4,4a,5,6,
8a-octahydroquinoline-2,4-dione 6 (Scheme 3).[16a±c] Because
C60 has a Diels ± Alder reactivity similar to that of N-phenyl-
maleimide,[17] we expected that the reaction of the N,O-ketene
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Scheme 3. Tandem reaction of a N-dienyl-N,O-ketene acetal with N-
phenylmaleimide.


N-1,3-butadienyl-N-alkyl-O-silyl acetals (1 a ± e) would pro-
ceed through path 2 (Scheme 2) involving Diels ± Alder
addition as the first step to give 4 a ± e, followed by a
nucleophilic addition to the fullerene to give 2 a ± e. We
report here that while the tandem reaction indeed produces
the desired bicyclic amides 2 a ± e in good yields, it follows
path 1 by way of intermediates 3 a ± e in a surprisingly facile
and highly diastereoselective manner.


Preparation of the N,O-ketene acetals : The series of N,O-
ketene N-1,3-butadienyl-N-alkyl-O-silyl acetals (1 a ± e) were
synthesized starting from crotonaldehyde (Scheme 4).[16]


Condensation with isopropylamine, benzylamine, 4-methoxy-
benzylamine, or 9-anthrylmethylamine in diethyl ether in the
presence of molecular sieves afforded the imines 7 a ± d in 40 ±
74 % yield. Reaction of these imines with propanoyl, crotonyl,
or 4-methoxybenzoyl chloride in the presence of N,N-
diethylaniline gave the corresponding N-alkyl-N-butadienyl
amides 8 a ± e in good yields. Although the silylation of 8 a,b
with trimethylsilyl chloride is also feasible,[16c] it was much
more convenient to prepare the O-tert-butyldimethylsilyl
(TBS) acetals 1 a ± e because of their greatly increased
hydrolytic stability and ease of formation. Deprotonation of
the dienamides 8 a ± e with LDA and reaction with tert-
butyldimethylsilyl chloride afforded the (Z)-N,O-ketene ace-
tals 1 a ± e in high yields.


Table 1. Designation of the substituents in the series of compounds 1 ± 4, 7,
and 8.


Suffix R R'


a iPr Me
b PhCH2 Me
c 9-Anthryl-CH2 Me
d 4-MeOC6H4CH2 4-MeOC6H4


e iPr CH�CH2


f[a] Me Me


[a] Simplified system used for the calculation section.
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Scheme 4. Preparation of the N-dienyl-N,O-ketene acetals 1 a ± e.


Tandem reaction of N,O-ketene acetals with C60 : Our initial
experiments were performed by syringe addition of the N,O-
ketene acetals 1 a and 1 b to a solution of C60 in toluene under
reflux, which is a condition we have typically used in other
Diels ± Alder reactions to avoid excessive polymerization of
the diene or formation of higher adducts of C60.[18] As will be
discussed later, the high temperature (110 8C) is not necessary
and the thermal conditions of this reaction can greatly affect
its outcome; the N,O-ketene acetals 1 c and 1 d gave complex
reaction mixtures at these temperatures. In the case of the
N,O-ketene acetals 1 a and 1 b, the bicyclic adducts 2 a and 2 b
were obtained as the only detectable diastereomers in 61 and
45 % yields, respectively (Table 2). Carrying out these reac-
tions at 0 ± 25 8C (see below) afforded the adducts 2 a and 2 c ±
2 e in 60 ± 85 % yields. These cycloadditions generate a total of
six stereocenters with high diastereoselectivity, outlining the
potential of the tandem reaction in sterically demanding
fullerene functionalizations.


To probe the addition order of these tandem reactions, that
is whether the nucleophilic addition precedes the Diels ±
Alder reaction (path 1, Scheme 2) or vice versa (path 2), a
simple silylated N,O-ketene acetal 9 of similar steric require-
ment was prepared from N,N-diethylpropionamide (Sche-
me 5). This compound can add to C60 only in a nucleophilic
fashion to give amide 10. Surprisingly, addition of N,O-ketene
acetal 9 to C60 occurred extremely easily and cleanly at 0 ±
25 8C, affording amide 10 in 73 % yield with no detectable
higher addition by-products. This product was identical to the
one obtained from the [2�2] photocycloaddition of
Et2NÿC�CÿCH3 to C60 followed by nucleophilic addition of
water to the resulting 4-membered ring enamine and sub-
sequent ring opening as reported by Foote et al.[19]


In contrast to the ease of reaction of N,O-ketene silyl acetal
9 with C60, dienamide 11 reacts very slowly to give the Diels ±
Alder adduct 12 in low yield. However, diene 11 is not
electron-rich, since its nitrogen lone pair is delocalized
primarily over the amide moiety. Therefore, the relatively
electron-rich diene 13 a was used for a better comparison. It
does not react with C60 at 25 8C, but addition proceeds
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Scheme 5. Michael addition of model system 9 to C60.


Table 2. Structures of products 2a ± e obtained from the tandem reaction
of N,O-ketene acetals 1a ± e with C60 and reaction yields. The positional
numbering for all compounds described in this study is provided in the
boxed structure.


[a] Yields for reactions at 25 8C. [b] Yield for 2:1 mixture with 2d''''.
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smoothly at 110 8C in toluene in
about 3 h to give 14 a (Sche-
me 6).[1, 18c] By analogy, reaction
of Danishefsky�s diene with C60


is reported to occur in 60 %
yield based on consumed C60


(PhCH3, 110 8C, 4 h) or in
38 % isolated yield (PhCH3,
45 8C, 15 h).[17, 18a] Finally,
1-(N,N-diethylamino)butadiene
(13 b) was examined as the


system most comparable electronically to the N,O-ketene
acetals 1 a ± e, but it too reacted very sluggishly at room
temperature or on heating to give traces of Michael-like
adducts (addition at C-4 terminus of diene moiety), but
surprisingly no Diels ± Alder product 14 b (10 equiv 13 b, 0 ±
110 8C, toluene).[20] These four examples show that the Diels ±
Alder reactivity of the N,O-ketene acetals 1 a ± e must be
negligible compared to their nucleophilic addition propensity.
Therefore, the first step in the tandem reactions is most likely
the nucleophilic addition (path 1, Scheme 2). Incidentally, the
fact that the mechanism of the tandem reaction proceeds by
way of path 1 explains the lack of formation of the [3,3]-
sigmatropic rearrangement products 15 a ± e, a possibility that
was at the origin of the work with regular dienophiles like N-
phenylmaleimide (5 ; Schemes 3 and 7).[16a±c, 21]


In view of the facile addition of N,O-ketene silyl acetal 9
with C60 at 25 8C, we repeated the reaction of the dienyl
system 1 a at this lower temperature. We observed that the


reaction again proceeded very cleanly and that it was
completed within 2 h with a substantial improvement in the
yield of product 2 a (Table 2). Interestingly, reactions of N,O-
silyl ketene acetals 1 c and 1 d with C60 performed in toluene
under reflux gave inseparable complex mixtures of products
from which the expected bicyclic adducts 2 c and 2 d could be
recognized from the crowded 1H NMR spectra of the crude
mixtures. On the other hand, addition of the anthracene
derivative 1 c to C60 at 0 8C followed by stirring at 25 8C gave
exclusively the expected bicyclic adduct 2 c. The anthracenyl
group of 2 c was not observed to undergo appreciable intra- or
intermolecular Diels ± Alder reaction with a nearby C60


double bond (toluene, reflux).
Reaction of the more sterically hindered N,O-ketene silyl


acetal 1 d with C60 gave a mixture of the three diastereomers
2 d, 2 d'', and 2 d''''. The more polar diastereomer 2 d was
obtained pure in 22 % yield after column chromatography
(toluene/EtOAc 9:1). The less polar fraction was an insepa-
rable mixture of the diastereomers 2 d'' and 2 d'''' in 2:1 ratio
(1H NMR), which was obtained in 25 % yield. Interestingly, in
both 2 d'' and 2 d'''' the cyclohexene ring is in an exo relationship
to the fullerene-attached proton, in contrast to all other
compounds prepared in this study, which have an endo
relationship. Compound 2 d'''' is the epimer of 2 d at C-3'. In
compound 2 d'' both the C-3' and C-8a' chiral centers are
inverted compared to 2 d. The reduced diastereoselectivity of
this reaction could result from the increased steric demand in
the Diels ± Alder step due to the large p-methoxyphenyl
group in a-position of the carbonyl group (Scheme 2, path 1,
structure 3 d). However, after the 2:1 mixture of 2 d'' and 2 d''''
had been heated to 75 8C and then cooled to 25 8C in a
1H NMR experiment, the ratio was changed in favor of the
lower energy isomer 2 d'' (2:3). This indicates that the
nucleophilic step is reversible in this benzylic system at
relatively low temperatures and that isomers may form as a
result of equilibration during the reaction.


Reaction of 1 e with C60 gave the single allylic diastereomer
2 e in 85 % yield. The nucleophilic addition of 1 e occurred at
the 2-position of the ketene acetal dienyl group rather than at
the terminus of the dienyl chain (C-4), which would have
given compound 16 possessing a thermodynamically more
favorable conjugated enamide moiety (Scheme 8).


Further functionalization of the 1,2,3,4-tetrahydrofullerenes :
In the context of our general ring-opening goal,[2] the novel
tandem bicyclic products 1 a ± e have three contiguous carbons
on the C60 surface locked into place (i.e. C-1, C-2, and C-3,
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labeling in Table 2). An exploration of effective CÿC bond
formation reactions was carried out to place a fourth
contiguous carbon at C-4 by replacing the labile hydrogen
with a C-functional group.


The fullerene-attached proton at C-4 can be removed with
NaH in THF or chlorobenzene, giving characteristic dark
green solutions of anion 17 and, over time, baseline oligome-
rization or polymerization products. No ring-opening prod-
ucts involving an intermediate amide enolate (C-3' anion)
were observed in the ensuing reactions. These solutions were
quenched with water or saturated NH4Cl to give either
starting material 2 a or the 16-hydroxylated compound 18 b
(Scheme 9) depending on the solvent and how carefully the
system was deaerated. In THF, compound 18 b was usually
obtained preferentially, although considerable loss of material
occurred due to the formation of polymers. This reaction was
not consistently clean, and minor unidentified, inseparable
isomers were also produced. A similar tendency to decom-
position was observed with 4-dimethylaminopyridine
(DMAP) in THF, giving the product 18 b in low yield (13 ±
16 %).[22] Deprotonation of 2 a with DBU also gave a green
solution in THF but polymers formed very rapidly with
complete loss of starting material. Likewise, deprotonation of
the 3'-vinylic system 2 e with NaH in THF, which formed the
characteristic dark green solution, also afforded the 4-proto-
nated starting material 2 e in quantitative yield. The above
results are understandable in terms of the seemingly high
reactivity of anion 17 towards traces of oxygen, perhaps by
single electron transfer to form superoxide (O2


.ÿ) and a
fullerene radical.[23] Recombination and protonation give 18 a,
which is not isolated under the conditions of the experiment.
Loss of oxygen from 18 a or a similar peroxide by reduction
affords 18 b. If reprotonation of anion 17 occurs instead, 2 a is
reformed in preference to other isomers, as supported by the
calculations (see below).


When the nucleophilicity of anion 17 was probed with
carbon electrophiles, a selectivity analogous to that of 18 b was


observed. The isopropyl ad-
duct 2 a was treated with an
excess of methyl iodide and
NaH for 5 h at 25 8C in THF
(Scheme 10). Reaction pro-
ceeded somewhat poorly in
this solvent to give the 16-
methylated isomer 18 c in low
yield along with polymeric
(baseline) material. Reaction
occurred exclusively at the 16-
position to give this lesser,
sterically hindered isomer, as
supported by the calculations.


The generality of this reac-
tion was tested with other re-
active halides. Reaction of 2 a
with NaH followed by quench-
ing of the anion with benzyl
bromide gave 18 d, and with
allyl bromide the product 18 e


(Scheme 10). The yields of the reactions were all substantially
improved when chlorobenzene was used as the solvent instead
of THF. In both cases, a similar site was alkylated which was
different from the reprotonation site (2 a), as was unambig-
uously established from the 2D T-ROESY spectra (see
characterization section) and correlation with calculated
HOMO and electron density coefficients (calculation sec-
tion).
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Scheme 10. Alkylation reactions with compound 2 a.


Interestingly, reaction of bicyclic adduct 2 e with NaH and
MeI in chlorobenzene gave a mixture of the two products 19
and 20 (Scheme 11). Compound 19 is the 1,3-shifted product
similar to 18 c, as demonstrated by the 1H NMR and 2D
T-ROESY spectra. The slightly more polar product 20 is an
interesting doubly methylated/methoxylated compound that
results from reaction of 19 with sodium methoxide and
subsequent alkylation of the a-anion with excess MeI. The
formation of sodium methoxide in situ can be explained by
reaction of NaH with adventitious water (NaH�H2O !
NaOH�H2) and nucleophilic reaction of hydroxide with MeI
to give methanol, which is finally deprotonated. If the reaction
was repeated with DBU as the base instead of NaH, only the
monomethylated compound 19 was formed in 35 % yield. No
methylation product resulting from a-deprotonation of the
relatively acidic 3'-proton (allylic amide enolate) was ob-
served. The position of the last-adding methyl and methoxy
groups for 20 was assigned based on 2D T-ROESY data (see
Figure 10, below) and calculations (Figure 19, below) which
show that the 18,36 double bond in 19 has particularly large
LUMO coefficients favoring nucleophilic attack at that site.
Correlation between LUMO coefficients and regioselectivity
explains product distributions in cyclopropanation reactions
of C60 with bromomalonates.[3]


Scheme 11. Methylation and methoxy/methylation of compound 2e.


We also tried to take advantage of the clean regioselectivity
observed in the formation of compound 20 by reaction of
diethyl bromomalonate and compound 19 in the presence of
DBU in toluene (the Bingel reaction, Scheme 12).[3, 24] Un-
fortunately, a series of inseparable regioisomeric adducts 21
resulted. This poor selectivity can stem from excessive steric
shielding during initial addition of the bromomalonate anion.
Similarly, Diels ± Alder reaction of diene 22 with compound
19 at 110 8C (Scheme 12) resulted in the formation of
numerous less polar spots of regioisomeric adducts 23 (thin
layer chromatography, SiO2, toluene/EtOAc 9:1). This aspect
of reactivity was therefore not investigated further.


Since adduct 2 e can potentially undergo a [3,3] sigmatropic
shift to give interesting and unprecedented Cope rearrange-
ment products (24 a or 24 b), it was heated up to 180 8C in
ODCB in a sealed tube (Scheme 13). However, only the
starting material 2 e was recovered even after prolonged
heating (24 h); remarkably, absolutely no decomposition
occurred during this treatment. The 16-methylated adduct
19 also embodies two Cope systems and therefore we heated it
in a sealed tube at 200 8C in the hope of obtaining either 25 a
or 25 b. In this case too, only the starting material was
recovered along with some decomposition products. The
energetics of these reactions are discussed in the calculation
section.


The reactivity of the octahydroquinolinone moiety in 2 a
was also explored to some extent. For example, we have
shown that singlet oxygen (1O2) can effectively introduce an
allylic alcohol functionality onto a wide variety of cyclo-
hexene-fused fullerenes by the ene reaction.[18a,d] Therefore,
reaction of compound 2 a with 1O2 was carried out using the
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Scheme 12. Further functionalization of compound 19.


fullerene p system of this compound as the sensitizer
(Scheme 14).[18d] In toluene, the reaction was complicated by
the precipitation of products, which gave a messy mixture
upon subsequent reduction with Ph3P in THF. Milder
reduction with dimethyl sulfide was slow and afforded the
separable hydroperoxide 27 a and the allylic alcohol 27 b in
low yields. When the reaction was carried out in chloroben-
zene instead of toluene, the reaction proceeded cleanly to
give, after Ph3P treatment, the allylic alcohol 27 b in good
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Scheme 14. Singlet oxygen ene reaction with compound 2a. [a] Reduction
with Me2S or Ph3P led to polymers in toluene; [b] reduction with Ph3P.


yield. As can be expected from the endo configuration of the
cyclohexene double bond, the approach by 1O2 occurs from
the exo side to give the perepoxide transition state 26,[18a,d]


resulting in the abstraction of the exo secondary allylic
hydrogen at C-6'. The tertiary allylic proton at C-8a' is not
abstracted, presumably because its electrophilicity is dimin-
ished by the a-nitrogen atom. Similar ene reaction with N-
phenyl-1,2,4-triazoline-3,5-dione[25] was attempted, but only
decomposition products were formed in this case.


Finally, we were interested in
oxidatively cleaving the cyclo-
hexene double bond of 2 a
because the resulting dicarbox-
ylic acid 28 could lead to bio-
logically relevant dipeptide/
amide derivatives by conden-
sation with amino acids
(Scheme 15). However, as we
have found several times with
other C60 derivatives,[2c] ozone
rapidly destroys these com-
pounds at ÿ78 8C to give high-
ly polar baseline material, even
on careful dropwise addition of
a cold, dilute solution of O3 in
methanol into dilute solutions
of 2 a. Osmylation reactions[26]


on this or simpler fullerocyclo-
hexenes (e.g. 14 a) led to com-
plex mixtures most likely re-
sulting from concomitant OsO4


addition to the C60 double
bonds.
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Structural characterization of the products


Octahydroquinolinone derivatives 2 a ± e : The structural con-
nectivities of the octahydroquinolinone derivatives 2 a ± e, as
well as the related structures 18 b ± e, 19, and 20, could be
readily recognized from their proton and carbon NMR
chemical shifts and from their
H ± H coupling patterns (Fig-
ures 1 and 2). In determining
coupling constants, the fact that
signals for the allylic and vinylic
protons in the cyclohexene ring
have ªdeceptively simpleº cou-
pling patterns[27] in most of the
compounds made it more diffi-
cult to determine coupling con-
stants and required spectral
simulation. This task was facili-
tated by finding that compound
18 b has clean first-order cou-
pling patterns leading to
straightforward assignments.


The 1H NMR spectrum of
compound 2 b (Figure 1) is a
typical example for the cou-
pling patterns observed in this
series of compounds: the ole-
finic protons Hc and Hd appear
at d� 6.86 (ddt) and 6.75 (dt),
respectively. The methylene
protons Ha and Hb of the cyclo-
hexene ring appear as an AB-
like pattern at d� 3.91 (dd) and
3.79 (dq), respectively. The He


proton at the bicyclic ring junc-
tion appears as a deceptively
simple quartet at d� 4.98 with a
measured coupling constant of
2.6 Hz corresponding to the
average of three underlying
coupling constants (3.0, 3.0,
and 1.7 Hz).[27] The methyl (d)
and methine (q, Hf) protons on
the amide ring show the ex-
pected splitting patterns and
the proton on the C60 surface


(Hg) was readily recognized by the sharp singlet at 5.80
ppm.[12a,d±f, 28, 29] In the 13C NMR spectrum, all 56 fullerene sp2


carbons are accounted for (54 absorptions, with two having
double intensity), appearing between d� 135 and 155 (Fig-
ure 2). The remaining six sp2 carbons at d� 127.9, 128.6, 129.3,
129.8, 132.6, and 136.4 belong to the phenyl ring and the
alkene functionality of the octahydroquinolinone moiety,
while the amide carbonyl appears at d� 170.4. The tetra-
addition pattern on C60 was confirmed by the 13C NMR
spectrum, which exhibits four sp3 carbons of the C60 frame-
work at d� 61.8, 63.1, 63.2, and 67.4. The question of whether
the 1,2,3,4- (identical with 3,4,5,6-) or the 2,3,4,5-addition
patterns are present can be answered from the mechanism of
the addition and the relative energies of the corresponding
structures (see calculation section); only the 1,2,3,4-addition
pattern reconciles both arguments.


Although the octahydroquinolinone framework is readily
deduced from the 1H and 13C NMR spectra and the reactivity
pattern of the starting materials, the relative position of the
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Figure 1. 1H NMR spectrum of compound 2 b with selected expansions (insets) in CDCl3. The spectral resolution
was enhanced by Gaussian multiplication of the FID. Apparent proton ± proton coupling constants (Hz) are as
indicated in the structure.


Figure 2. 13C NMR spectrum of compound 2b in CDCl3.
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C60-attached proton (Hg) and the relative stereochemistry at
the two exohedral chiral centers was not deducible from these
data. We have previously used the 2D T-ROESY NMR
experiment to elucidate stereorelationships of C60 ad-
dends.[30, 31] The 2D NOESY experiment has been generally
less suitable because the mid-range molecular weights of C60


derivatives make them fall into the tumbling rate correspond-
ing to near-zero NOE signals. In the context of this study,
complete structural elucidation was obtained with a 2D
T-ROESY NMR experiment on 2 b, which clearly shows that
the C60 proton (Hg) at d� 5.80 is attached at the 4-position of
the 1,2,3,4-tetrasubstituted buckminsterfullerene framework
as evidenced by the strong interactions it exhibits with both
the methine proton Hf and the C-3' methyl group (Figures 3


Figure 3. 2D T-ROESY NMR spectrum of compound 2b in CDCl3.
Relevant NOE relationships are shown by boxed cross-peaks.


and 4). The relative configuration at the octahydroquinoli-
none bicyclic bridgehead 8a' carbon was deduced from the
strong interaction of the proton He with methylene proton Hb,
as well as that of Hf with Hd. Thus, the stereochemical
structure of 2 b was unambiguously established.


In the 1D proton and the 2D T-ROESY NMR experiments,
only one of the two possible conformers (e.g., 2 b (endo) but
not 2 b (exo), Figure 4) is observed. A variable temperature
1H NMR experiment was performed on compound 2 a to see if
an equilibrium between the two possible conformers was
established. However, no change in the 1H NMR spectrum
could be observed at the temperature range of 40 ± 140 8C
(Cl2CD/CDCl2), or by cooling to ÿ25 8C, at which temper-
ature the compound precipitates out.


The 1H NMR, 13C NMR, and 2D T-ROESY spectra of
compounds 2 a, 2 c, and 2 e also show correlation patterns that
are similar to that of 2 b, establishing the identical connectivity
and stereochemistry for all four systems. The relative config-
uration of 2 d was determined on the basis of the interactions


Figure 4. The two possible conformations of 2b (endo/exo with respect to
the alkene bridge) and relevant interactions found in the 2D T-ROESY
experiment.


in the 2D T-ROESY spectrum, which are similar to those of
compounds 2 a ± c and 2 e (Figure 5). From the 1H NMR
spectrum and the interactions of protons in the 2D T-ROESY
spectrum of the inseparable mixture of 2 d'' and 2 d'''' (see
Supporting Information), it is clear that one of the diastereo-
mers is compound 2 d'' as revealed by the strong interactions


Figure 5. Structures of the diastereomers 2d, 2 d'', and 2 d'''' and relevant
interactions observed in the 2D T-ROESY experiments.


of protons Hf with Hg, Hg with Hi, Hj with Hb and He (strong),
and He with Hb. The other (minor) diastereomer in the
mixture is assigned structure 2 d'''' on the basis of a relatively
small number of strong interactions, namely those of protons
He with Hf (very strong) and Hb with Hh in the 2D T-ROESY
spectrum. In particular, the interaction between Hb (axial)
and He (equatorial) is clearly missing, unlike in compounds 2 d
and 2 d'', in addition to which the large coupling constant
between He and Hd (7.1 Hz) further indicates that He is
equatorial. Interestingly, He has a quite dramatic spread of
chemical shifts between the three compounds (2 d, 2 d'' and
2 d''''): it appears at d� 5.09 in 2 d and 4.70 in 2 d'''', but is
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strongly deshielded to d� 6.25
in 2 d'', most likely by the p-
methoxyphenyl group hovering
above it.


16-Hydroxylated or 16-alkylat-
ed compounds 18 b, 18 c ± e, 19,
and 20 : Since electrophiles can
add to anion 17 in at least five
positions (Scheme 16) accord-
ing to the calculated charge
densities (vide infra), the ques-
tion of determining the precise
location of the hydroxy or alkyl
groups in compounds 18 b,
18 c ± e, and 19 had to be an-
swered unequivocally. The cur-
vature of the p framework of
C60 tends to localize electrons
near sp3 centers for both an-
ions[28a,c,e, 32] and radicals[33]


(Scheme 16). In analyzing the
outcome of these reactions, the
two allylic resonance structures
of anion 17 with the negative
charge localized at C-6 and
C-16 were considered signifi-
cant possible contributors for reaction at these sites. In
addition, two pentadienyl resonance structures locating
significant amounts of negative charge at the 14- and 35-
positions could also cause alkylation at those positions (see
calculation section). These five possibilities introduce a
difficulty into the 1H and 13C NMR characterization of the
products because they are all asymmetric (C1 symmetry). The
connectivities of the carbons can be assigned with 2D
INADEQUATE or CÿC HOHAHA techniques,[26] but this
would have been prohibitively expensive at the time of a large
part of this work.[34] Fortunately, proton ± proton close-contact
correlations revealed by 2D T-ROESY 1H NMR experiments


are well suited for the dis-
tinction of the three most
probable products (1,2,3,4-,
1,2,3,6-, and 1,2,3,16-iso-
mers) resulting from the
protonation, oxygenation,
or alkylation of anion 17.


Initially, the structure of
the hydroxylated product
18 b was taken as that of
the 16-protonated com-
pound 2 a(16) (Scheme 16).
The 1H NMR spectrum ex-
hibits a sharp singlet at d�


3.92 in CDCl3 (d� 3.82 in CDCl3/C6D6/CS2 1:1:2). It is
strongly shifted upfield by �2 ppm with respect to the
fullerene proton of compound 2 a (d� 5.82 in CDCl3), and
to most other protons of hydrofullerenes reported in the
literature, although their chemical shifts are somewhat
solvent-dependent (d �5.0 ± 7.2 ppm).[12a,d,e, 28a±e, 35] In Cl2CD/


CDCl2, the fullerene proton is consistently seen as a broad
singlet centered at d� 4.08. This raised our suspicions as to its
assignment, which were reinforced by a diagnostic loss of this
signal upon H/D exchange in presence of D2O. The fullerene-
attached proton of compounds 2 a ± e does not exchange
under these conditions. The mass spectrum of 18 b, obtained
only with great difficulty, finally confirmed the presence of an
additional oxygen atom in the molecule (FAB-HRMS calcd
for C70H17NO2 ´ H� : 904.1337, found 904.1284). Incidentally,
the chemical shift of the exchangeable proton is incompatible
with that of a hydroperoxide (OOH); the latter should be
strongly deshielded as in 27 a (d� 11.29). Attempted assign-
ment of the sp3 carbon at position 16 (d� 85.42) in a 1H ± 13C
HMQC 1-bond correlation experiment did not show a
crosspeak with the 16 proton, as expected if it is bonded
through oxygen.


Structure 18 b retains the basic chemical shifts and H ± H
coupling patterns of 2 a. The position of the hydroxyl group on
the C60 surface was assigned to the 16-position based on the
two weak crosspeaks seen between O ± Hg and both the exo 3'-
methyl group and Hf in the 2D T-ROESY NMR experiment
(Figure 6). A strong crosspeak for O ± Hg with the water peak
at d� 1.65 supports its exchangeable hydroxylic nature. The
13C NMR spectrum of 18 b showed the expected absorptions
of the octahydroquinolinone framework. The four sp3 carbons
on the fullerene skeleton were located at d� 85.4, 69.5, 65.7,
and 63.3. The upper value is unusually shifted downfield,
which allows its assignment as the carbon bearing the OH
group.


The alkylated products 18 c ± e all exhibited similar spectral
features, and only the example of compound 18 e will be
discussed here. The 1H NMR spectrum of the product 18 e
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Scheme 16. Possible alkylation products of anion 17.
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Figure 6. Relevant interactions observed in the 2D T-ROESY experiments
for 18 b and 18e.


showed the disappearance of the C60-attached proton at d�
5.82 in the starting material 2 a, and appearance of the
characteristic coupling patterns of the allylic moiety (Figure 7,
top trace). The two allylic protons Hg and Hg' are observed at
d� 3.51 and 3.61 (both dd) and the vinylic protons appear at
5.29 (dd), 5.33 (dd), and 6.34 (dddd). Otherwise, the spectrum
of 18 e retains the basic patterns of 2 a, including the fact that
almost no differences in chemical shifts are observed for the
protons nearest the affected ring, that is, between Hf in
compound 2 a (d� 4.18 in Cl2CD ± CDCl2) and Hf in product
18 e (d� 4.20 in CDCl3), and between the 3'-methyl protons
(2 a, d� 1.99; 18 e, 1.97). The fullerene allylation was further
confirmed by the presence of an additional sp3 carbon at d�
44.5 and two sp2 carbons at 119.8 and 132.9 in the 13C NMR
spectrum. The chemical shift of the fullerene carbon bearing
the allyl group can be assigned to the signal at d� 57.9 on the
basis of comparisons with the spectra of 2 a and 18 c ± e. As
anticipated, the position of the allyl group on the C60 surface
was not deducible from the 1H and 13C NMR data. This was
resolved with a 2D T-ROESY NMR experiment which
showed a strong interaction of Me(3') with Hg and Hg' , but


Figure 7. 2D T-ROESY NMR spectrum of compound 18e.


not Hf with Hg and Hg' , thus clearly indicating that a 1,3-
migration had occurred in the alkylation (Figures 6 and 7).
These interactions eliminated the possibility of alkylation at
positions 4, 6, and 35, which are the most likely other reactive
sites for anion 17 (Scheme 16). The other T-ROESY inter-
actions (Hd and Hf, He and Hb) were similar to those observed
in compound 2 a.


The 1H NMR spectrum of the methylated vinyl analogue 19
also clearly displays the expected features of its structure
(Figure 8, top trace). The characteristic coupling patterns of


Figure 8. 2D T-ROESY NMR spectrum of compound 19.


the vinyl group appears at d� 5.52 (dd, J� 17.3, 1.2 Hz), 5.78
(dd, J� 10.0, 1.2 Hz), and 6.76 (ddd, J�17.3, 10.0, 9.4 Hz), and
Hf is now a doublet at d� 4.63 (J� 9.4 Hz). The methyl group
at C-16 appears at d� 2.57 as a singlet.


The 2D T-ROESY spectrum of 19 is interesting in that it
shows strong interactions from the Z proton Hi with Hf, and of
the geminal and E protons Hh and Hj with the 16-methyl
group (Me(16), Figures 8 and 9). Furthermore, the large vicinal


Figure 9. Relevant interactions observed in the 2D T-ROESY experiments
for compounds 19 and 20.
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coupling constant observed between Hf and Hh (9.4 Hz)
correlates with the AM1 calculated 171.58 value for the Hf-C-
C-Hh dihedral angle.[36] Thus, the vinyl rotamer shown in
Figure 9 is clearly preferred on the averaged NMR time scale.
Additionally, the pattern of alkylation at the 16-position is
conserved even though the vinyl group is somewhat more
sterically demanding than the pseudoequatorial 3'-methyl
group in compounds 18 c ± e. These observations proved
important in assigning the product of methoxymethylation
20 (see below). The other interactions observed for 19 are
similar to those in the series 18 c ± e.


Methoxymethylated compound 20 : Because of its surprising
formation, the unique product 20, resulting from nucleophilic
addition of methoxide anion to the methylated compound 19,
deserved special attention in its structural investigation. It is
particularly perplexing that such high regioselectivity would
occur in the addition of methoxide to the C-36 carbon rather
than the C-18 or C-21 carbons (vide infra, Figure 19) for a
reaction that has shown rather poor selectivity.[37] The
1H NMR spectrum of 20 displays the same features as that
of compound 19, but additional singlets for the methyl and
methoxy groups at d� 2.41 and 3.91 are readily picked out
(Figure 10, top trace). The fact that no other compound but


Figure 10. 2D T-ROESY NMR spectrum of compound 20. The sample
contains �20% of compound 19 even after careful chromatographic
separation.


residual starting material 19 is present in this spectrum, and
that no other band moving on the column was observed,
speaks for the high selectivity of this reaction. The 13C NMR
spectrum correlates these findings, showing a total of six sp3


carbons on C60, with the one bearing the OMe group
appearing at d� 88.1. The additional methyl group Me(18)


appears at d� 28.2 (Me(16) at 27.3), and the rest of the


spectrum shows little change from the starting material 19 in
respect of the fullerene and octahydroquinolinone frame-
works.


The regiochemistry of structure 20 was deduced from the
significant interaction found in the 2D T-ROESY spectrum
between the terminal vinylic hydrogen Hi and Me(18) , which,
along with the strong interaction of the Z vinylic hydrogen Hi


with Hf, shows that the additional methyl group is located at
or near the 18-position (Figures 9 and 10). Although placing
the methyl group at the 4-position would also be in accord
with this set of data, the lack of interaction of Me(18) with Hf


invalidates this possibility. In support of this deduction, we
found the vinyl group to be in the same rotational conformer
as that of its predecessor 19 by the interactions of Hi with Hf


and, on the other side of the double bond, of Hh and Hj with
Me(16). The fact that the methoxy group shows a significant
interaction with Me(18) supports its location at the 36-position,
also further bolstered by the mechanism of the reaction and
the calculations. In addition, Me(18) displays a weak inter-
action with the 1,3-diaxial Me(16) (Figure 10, inset), in accord
with the distance separating these two methyl groups: In their
AM1 minimized geometry, the closest H ± H distances are
2.505 � (Hi ± Me(18) distance� 3.016 �) and �1.97 � if the
rotations of both methyl groups are taken into account.


Allylic alcohol 27 b : The ene reaction of singlet oxygen with
cyclohexene 2 a is expected to occur from the exo face for
steric reasons, which facilitates the interpretation of the regio-
and stereochemistry of the allylic alcohol product 27 b
(Scheme 14). The changes in the allylic patterns between
the octahydroquinolinone framework of 2 a and the dodeca-
hydroquinolinone framework of 27 b are immediately appa-
rent in the 1H NMR spectrum (Cl2CD/CDCl2) from the
simplification of the vinylic patterns, where Ha and Hb appear
at d� 6.98 (dd) and 6.54 (dd) (Figure 11, top trace). The


Figure 11. 2D T-ROESY NMR spectrum of compound 27b.
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bicyclic bridgehead proton He also simplifies from a broad-
ened quartet at d� 5.02 in starting material 2 a to a sharp
doublet at 4.70. Also diagnostic is the disappearance of the
allylic protons Ha and Hb of starting material 2 a, giving rise to
a broadened signal at d� 5.56 (dddd) for the allylic proton Hc


geminal to the hydroxy group. The OH proton is located at
d� 2.73 as a broad singlet. The isopropyl methine septet at
d� 4.97 for 2 a is now shifted upfield to 3.97, perhaps as a
result of subtle changes in the
conformation of the bicyclic
framework or from the pres-
ence of the nearby electroneg-
ative OH oxygen. The rest of
the proton spectrum of 27 b is
quite similar to that of 2 a.
These features are also readily
apparent in the hydroperoxide
precursor 27 a, but the OOH
proton Hd appears at d� 11.29
as a sharp singlet.


It was difficult to obtain the
13C NMR spectrum of alcohol
27 b in [D2]tetrachloroethane,
and impossible for hydroperox-
ide 27 a for solubility reasons.
The latter was recorded in [D8]tetrahydrofuran. The solvent
multiplet centered at d� 2.56 overlaps the two isopropyl
methyl groups of 27 a. The main difference between the
13C NMR spectra of 27 a and 27 b on the one hand and that of
2 a on the other is the appearance of two prominent vinylic
carbon signals at d� 129.0 and 135.8 (for 27 a) and 129.2 and
134.4 (for 27 b), which, together with the additional presence
of the signals at d� 80.1 (27 a) and 72.1 (27 b) for the carbons
bearing the OOH and OH groups, are diagnostic of their
structure.


The stereochemical relationship of the protons in 27 a and
27 b is revealed from their 2D T-ROESY spectra (Figures 11
and 12). Most of the relationships are part of the unchanged
ªleftº side of the molecule, but the diagnostic relationships
between Hc and Hf in both molecules indicate that the OOH
and OH groups are in exo relationship to Hc. Also indicative is
the interaction of He with the isopropyl methine proton Hh in
alcohol 27 b, showing as expected that no alteration of the
stereochemistry at C-8a' has occurred during the ene reaction.


Figure 12. Relevant interactions observed in the 2D T-ROESY experi-
ments for compounds 27a and 27b.


Fast-atom bombardment (FAB) mass spectra : It is often
difficult to obtain good signals for parent ions of fullerene
derivatives using various ionization techniques (FAB, LD,
MALDI); usually, base peaks for C60 result with weak parent
ions. In this series of compounds, clear resistance to fragmen-
tation of the ionized series 2 a ± e and their derivatives was
observed. A typical positive ion FAB mass spectrum is shown
in Figure 13 for compound 2 a. The MH� parent ion at m/z 888


is the base peak, and fragmentation leads to HC60CHMeOH ´
H� (m/z 767), HC60CHMe ´ H� (750), and C60 ´ H� (721). On
the other hand, the fullerocyclohexene 14 a shows a weak
parent ion at m/z 862 and a base peak for C60 at m/z 720. Even
in the case of compounds such as hydroperoxide 27 a and
alcohol 27 b with functionalities that normally fragment
(OOH, OH), the base peaks are those of the parent ions
at m/z 920 (MH� for 27 a) and 903 (M� for 27 b). The
particular stability of the parent ions in this work allowed
facile high-resolution mass spectra to be recorded for all
compounds.


Electronic absorption spectra : The UV/Vis absorption spectra
of the compounds in the series 2 a ± e with a 1,2,3,4-tetrahydro
addition pattern are all nearly identical, an observation
reflected in the uniform dark brown color of their solutions.
The UV/Vis spectrum of compound 2 a is represented in
Figure 14. With a maximum absorption at 256 nm, the
spectrum tails down to 730 nm. A characteristic absorption
is observed at 432 nm, together with shoulders at 328 and
404 nm. There are three weak but well-resolved absorptions
at 648, 676, and 712 nm. The spectrum of this 1,2,3,4-
tetrahydro[60]fullerene does not differ very much from that
of a typical 1,2-dihydro[60]fullerene (e.g., compound 14 a) in
that the sharp absorption at 432 nm and its associated
shoulder at 404 nm lie practically at the same positions
compared to the characteristic absorptions at 436 and 410 nm
for 14 a.


The UV/Vis absorption spectra for other addition patterns
in this work are represented by the 16-methylated and 36-
methoxy-16,18-bismethylated derivatives 19 and 20 (Fig-
ure 14). These compounds are dark brown in solution, with
the former having a greenish hue, and the latter an orange
tone. Their spectra show considerable reduction in band


Figure 13. FAB(�) mass spectra of compounds 2 a and 14 a with m-nitrobenzyl alcohol as the matrix.
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structure, and the absorption of compound 20 tails off much
more rapidly at 630 nm than that of its less saturated
predecessor 19 (720 nm). Shoulders at 312, 408, 446, 510,
and 682 nm are observed for 19, some of which can be
recognized as shifted to the blue (400, 438, 492, and 604 nm) in
compound 20.


Mechanistic considerations : The comparative reaction rates
for the two partners in the tandem reaction described above
show that the nucleophilic addition of 9 to C60 is very fast at
25 8C and even at 0 8C (Scheme 5). This reaction must proceed
through a single electron transfer (SET) mechanism involving
the zwitterionic intermediates 28 (radical ion pair) and 29
(radical recombination product) as shown in Scheme
17.[15, 19, 38, 39] The unusual rate of this reaction at first
seemed surprising because analogous additions of O,O'-
ketene silyl acetals to C60 occur only from their triplet excited
state.[15, 38, 39] However, although there are no reported one-
electron oxidation potentials for N,O-ketene acetals available
in the literature,[40] and no theoretical estimation of these
numbers has been performed,[15a] the nitrogen atom of the
N,O-ketene acetals 1 a ± e should significantly lower their
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Scheme 17. Single-electron transfer mechanism for the Michael addition of
9 to C60.


oxidation potentials in comparison to the O,O'-ketene silyl
acetals, permitting SET through a lowered activation barrier.


As noted earlier, electron-rich systems like Danishefsky�s
diene or the aminodiene 13 b do not react rapidly with C60


below �100 8C (Scheme 6). On the other hand, the N,O-
ketene acetals 1 a ± e react as fast as the model system 9, which
supports the precept that the nucleophilic addition occurs


Figure 14. UV/Vis spectra of compounds 2a, 14a, 19, and 20.
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first. Since we have never observed intermediates of type 3 a ±
e, the intramolecular Diels ± Alder step following the forma-
tion of amides 3 a ± e must occur very easily (i.e., the reaction
barrier should be lower than 10 kcal molÿ1).[41] This is in
striking contrast with the poor reactivity displayed by the
dienamide 11 (Scheme 6). The intramolecular nature of this
reaction must be therefore at the origin of the rate accel-
eration.[42]


The H� source for protonation at the C60 sp3 carbanion in
the last step of the nucleophilic addition was also investigated.
The potential proton sources can vary according to the
basicity of anion 29 or its desilylated analogue. The acidity of
the C60-attached hydrogen of 10 in a polar solvent should be
comparable to that of 1,2-tBuC60H (pKa� 5.7 in DMSO) or
C60H2 (pKa(1)� 4.7, pKa(2)� 16 in DMSO), but this would need
to be investigated quantitatively in separate study.[28] In
qualitative terms, Diederich et al. have observed that the
acidity of the hydrogen of 1,2-(Me3SiÿC�C)C60H is strongly
dependent on the solvent.[28c] In DMSO, deprotonation occurs
easily with K2CO3; however, in THF sodium hydride is
necessary, and in toluene DBU succeeds but not NaH. A
similar observation was made by Meier et al. for the D3-
symmetric 1,2,33,41,42,50-C60H6, whose acidity seems to be
much weaker than that of 1,2-tBuC60H; no exchange is
observed with D2O/toluene for several hours.[28a]


Since the basicity of anion 29 or its desilylated analogue is
most likely of the order of that of the anions of 1,2-
tBuC60H,[35a] 1,2-(Me3SiÿC�C)C60H,[28c] or compounds 2 a ± e
in the same apolar solvent toluene, one can invoke three likely
proton sources as shown in Scheme 18: a) the proton is


Scheme 18. Deuteration pathways for intermediate 29.


coming from adventitious water, b) the proton is abstracted
from the silyl group, which affords an unlikely silene, and
c) the proton is abstracted by intramolecular transfer from the
carbon in the a-position to the amide functionality in 29 to
form intermediate 31.


To distinguish between these possibilities, the following
straightforward tests were performed. First, the reaction of 9
with C60 was carried out in C6H6 containing a drop of D2O. The


product was obtained without workup, giving product 10'' with
>90 % deuterium incorporation at the C60 sp3 carbon, as
determined by 1H NMR integration. This result provides
evidence for path a, in which intermediate 29 is rapidly
protonated by D2O to furnish 30, hydrolyzing to product 10''.
Furthermore, compound 10'' does not exchange its deuterium
in a measurable amount (1H NMR) upon chromatography on
silica gel (PhCH3). These results indicate that path b should be
excluded, especially since silene formation is very unlikely.
Proton transfer from the silyl group should not lead to
deuterium incorporation to give 10''. A slower H/D exchange
occurring after initial proton transfer is not likely, because we
found that a strong base (NaH) is necessary to deprotonate
the C60-attached proton (see below). Also, stirring compound
10 with D2O in THF at 25 8C for 2 h did not lead to detectable
H/D exchange.[28a,c] Path c can also be ruled out on the basis of
the H/D exchange. In any case, this was confirmed further by
adding compound 9 to C60 under rigorously anhydrous
conditions in benzene. The reaction mixture was quenched
with 99.5 % CF3COOD. No deuterated product 10'''' was
observed; only compound 10 was formed, as shown by
1H NMR. If an intramolecular proton transfer occurred in
29, the resulting N,O-ketene acetal 31 should be hydrolyzed
by CF3COOD to the deuterated product 10''''.


These results indicate that the C60-attached proton origi-
nates from adventitious water. In fact, addition of a drop of
water to the reaction mixture of C60 and ketene acetals 1 a ± e
accelerates the tandem reactions and gives slightly higher
yields of products 2 a ± e. Interestingly, photochemical addi-
tion of the analogous O,O'-ketene silyl acetals did not lead to
any deuterium incorporation when the reaction was carried
out in presence of D2O.[15a,b]


Theoretical calculations


Methods : Semiempirical calculations were carried out with
Spartan 4.0 (SGI) or MacSpartan Plus (Macintosh). Geo-
metries were optimized at the RHF AM1 semiempirical level.
Monte Carlo conformational searches were performed with
MacroModel 3.5 using the MM3 force field. For the Diels ±
Alder transition-state calculations, stationary points were
confirmed by vibrational frequency analysis on the fully
optimized AM1 structures. To simplify calculations by avoid-
ing substituent rotamers, the N-methylated analogues of most
of the compounds were used in the calculations, since the
reactions with the four different N-alkylated systems provided
similar experimental results. The numbering suffix for the
N-methylated analogues used throughout this section is the
same as that of Table 1.


Regioselectivity of the tandem nucleophilic/Diels ± Alder
additions : The regioselectivity of the tandem reactions is
dictated by the order of addition of the two reactive centers on
adjacent C�C double bonds of C60 (cis-1 positions).[3, 4]


However, the differentiation of the 1,2,3,4 and 2,3,4,5-
regioisomers that can be formed in principle would not be
possible based only on the spectroscopic data (Figure 15).
Experimental differentiation between the 1,2,3,4- and 2,3,4,5-
addition patterns is only indirect since the products both have
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Figure 15. Schematic addend locations for 1,2,3,4- and 2,3,4,5-regioisomers.


C1 symmetry and therefore cannot be distinguished by the
number of their 13C NMR signals. Only 13C ± 13C 2D NMR
correlation techniques,[26] or an X-ray crystallographic anal-
ysis, can provide direct proof of the connectivities of these
compounds. This is a non-negligible issue, as these problems
have the potential to severely hamper further evaluation of
functionalization reactions around the spherical framework(s)
of C60 and of higher fullerenes in reactions which go well
beyond simple mono- and bisaddition schemes. Accurate
placement of functionalities on fullerenes with well-defined
angle and distance relationships could provide useful tools for
probing binding sites in biological systems through combina-
torial methods.[43]


Since the nucleophilic step occurs first, as judged by the
comparative rate studies shown in Scheme 6, initial addition
of the N,O-ketene acetals 1 a ± e occurs at a [6,6]-ring junction
of C60 to give a partially delocalized anion in analogy to the
formation of compound 10 (Scheme 17). Protonation of the
intermediate fullerenyl anion can give either the 1,2- (3 a ± e),
1,4- (33 a ± e), or 1,6-protonated intermediates (34 a ± e) before
or after the tandem Diels ± Alder reaction step (Scheme 2,
Figure 16). Although 1,4- or even 1,6-protonation may occur
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Figure 16. Structures of 2 f, its 2,3,4,5-regioisomer 32 f, and intermediates
33a ± f and 34 a ± 34 f, the last leading to 32 f ; corresponding AM1
calculated heats of formation (kcal molÿ1) for the N-methylated systems.


to give intermediates 33 a ± e or 34 a ± e initially, followed by
isomerization,[35a] this seems unlikely in the light of the fact
that none of the corresponding products were seen in our
experiments in the series 2 a ± e or with product 10. Addition-
ally, the calculated heats of formation of the lowest energy
conformers for model systems 33 f and 34 f are larger by 5.0
and 18.5 kcal molÿ1, respectively, than that of 3 f (Figure 16).


The intramolecular Diels ± Alder reaction of intermediates
3 a ± e is constrained to only one of the two adjacent (cis-1)
reaction centers as a corollary of the high diastereoselectivity
of the reaction. The kinetic addition pathway saturating
carbons C-3, C-4, and finally C-1, C-2 gives ample support for
the 1,2,3,4-addition pattern of 2 f. Additionally, the 1,2,3,4-
addition pattern of model system 2 f is calculated to have a
lower heat of formation (8.3 kcal molÿ1) over the isomeric
2,3,4,5-product 32 f (Figure 16). This is reflected by the fact
that 32 f incorporates a C�C double bond at a [5,6] ring
junction, which is energetically unfavorable.[4] Provided that
the tandem reaction were thermodynamically controlled (i.e.
reversible), one would not expect the 2,3,4,5-product 32 f to
be formed based upon these premises. Although 1,6-proto-
nation to give intermediate 34 f rather than the 1,2-isomer 3 f
(this could result from a suprafacial 1,5-shift similar to those of
the diazomethane and azide additions),[4] ultimately resulting
in the Diels ± Alder product 32 f, cannot be entirely excluded,
it is highly unlikely, since 6-protonation to give a [5,6] ring
junction has never been observed and the energy of inter-
mediate 34 f is very high.


Stereoselectivity of the tandem nucleophilic/Diels ± Alder
additions : The interesting endo stereoselectivity observed
for the Diels ± Alder step of the tandem reactions represents a
somewhat counterintuitive outcome since it would appear
that the endo products 2 a ± f(endo) should be less favored than
the exo products 2 a ± f(exo) for steric reasons (Figure 17,
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Figure 17. Product and transition-state structures for the endo and exo
approaches in the Diels ± Alder step of the tandem reactions.
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Table 3). There is a significant 1,4-diaxial interaction in the
transition states 3 a ± f(endo) between H-3' of the installed
propionamide moiety and C-8' of the approaching dienes. This
interaction should be more demanding than the interaction
arising between H-3' and H-8' in the exo transition states 3 a ±
f(exo). The preferred endo selectivity in the Diels ± Alder
reaction is usually explained as a consequence of secondary
orbital overlap interactions at the transition state forming
between the dienophile and diene moieties.[44] Here, however,
such effects would be negligible because of the inherent
curvature of the p system in fullerenes, which points p orbitals
away from the approaching diene p orbitals beyond the bond-
forming centers as a result of the large pyramidalization angle
into which the sp2 hybrids of C60 carbons are forced.[45]


The AM1 results for the N-isopropyl system 2 a confirm
that the transition-state energies for 3 a(endoT.S.) and 3 a(exoT.S.)


favor the former, but by only 0.5 kcal molÿ1 (Table 3). How-
ever, the endo/exo selectivity appears to be very sensitive to
the size of the alkyl substituent on nitrogen, with a predicted
reversal of selectivity for the N-methyl system 2 f, highlighting
subtle steric effects from remote substituents on the transi-
tion-state energies. One should note that the conformational
energies of these structures consistently favor those confor-
mations in which the isopropyl group has the methine CÿH
bond s-cis to the amide NÿC(�O) bond. These conformers are
the ones observed in the 2D T-ROESY spectra, as revealed by
the strong interactions displayed by both methyls with the
axial hydrogen He of the adjacent ring, but not by the iPr
methine proton Hg with He (see, for example, Figure 7).


One of the issues to consider in these calculations is that the
reaction barriers for the Diels ± Alder step leading to 2 a or 2 f
are too high at the AM1 level to account for the rates of the
experimental reactions.[41] It is clear that the semiempirical
level is unreliable in describing activation energies for these
systems, even though AM1 calculated transition-state ener-
gies for acyclic Diels ± Alder reactions tend to reproduce
experimental activation energies better than low-level ab


initio calculations not incorporating electron correlation
functionals.[46] Surprisingly, the AM1 barrier for the reaction
of 1,3-butadiene with C60 is calculated to be 10 kcal molÿ1


lower (DH7
f � 16.2 kcal molÿ1) than for systems 3 a or 3 f, even


though the latter are intramolecular.[42] Ab initio HF/STO-3G
calculations, known to overestimate the Diels ± Alder reaction
barrier, give a value (DH7


f � 29.1 kcal molÿ1) that is roughly
similar to those for 3 a or 3 f,[46, 47] but a direct comparison
could not be made due to the computational limitations on
these large systems in terms of locating transition states.


To increase the accuracy of calculation of energies, we have
started a series of calculations to obtain single-point Becke3-
LYP density functional energies based on ab initio 6-31G*
basis sets.[48] These results will be communicated separately in
a more comprehensive computational study including addi-
tional experimental work to prepare the N-methylated system
2 f, as well as a consideration of polar silylated intermediates
of type 29 in the transition states.


Conformational preference of adducts 2 a ± e : The conforma-
tional isomerism pointed out for adduct 2 b (Figure 4) is
consistently in favor of the endo isomer (with respect to the
alkene moiety) in adducts 2 a ± e. Compound 2 d'''' is the
exception (Table 5, below), but the p-methoxyphenyl sub-
stituent at C-3' has the opposite configuration to that in the
methyl-, vinyl-, and p-methoxyphenyl-substituted compounds
2 a ± e, while compound 2 d'' is a product of an exo Diels ±
Alder addition and cannot undergo ring inversion. AM1
calculated energies for the two conformations of model
compound 2 f give a clear preference for the endo conformer
(4.8 kcal molÿ1, corresponding to a �3500:1 ratio at 25 8C,
Table 4). Furthermore, the calculated transition states are 12.7
and 17.5 kcal molÿ1 above the exo and endo conformers,
respectively. These data indicate that the conformers should
be able to exchange at the temperatures studied but that the
very low preference for the exo conformer would make it
undetectable by 1H NMR.


Table 3. AM1-calculated transition-state structures 3 a(endo T.S.) and 3a(exoT.S.) in wireframe and space-filling representations, energies (kcal molÿ1) for the
lowest energy conformers 3a and 3 f, their respective endo and exo s-cis conformers closest to the transition-state geometries, the endo and exo transition
states, and the endo and exo products (2a and 2 f) for the Diels ± Alder step, with energy differences between them represented by DE.


R 3 3 3 3 DE 3 2 DE 2
(lowest conf.) (endo conf.) (exo conf.) (endo T.S.) (endo ± exo) (exo T.S.) (endo) (endo ± exo) (exo)


iPr (a) 930.0 933.6[a] 933.6[b] 954.9 955.4 897.7 902.8
(0)[b] (�3.6) (�3.6) (�24.9) (ÿ0.5) (�25.4) (ÿ32.3) (ÿ5.1) (ÿ27.2)


CH3 (f) 937.6 942.7 941.2 963.9 962.6 906.5 911.3
(0)[b] (�5.1) (�3.5) (�26.3) (�1.3) (�25.0) (ÿ31.1) (ÿ4.8) (ÿ26.3)
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Conformational preference of the stereoisomeric adducts
2 d ± d'''': The fact that all three diastereomers 2 d, 2 d'', and 2 d''''
are formed in the tandem reaction of 1 d with C60 may be a
result of steric constraints in the Diels ± Alder step in which
intermediate 3 d undergoes intramolecular reaction from both
in and out conformers in respect of the p-methoxyphenyl
substituent, in addition to which the diene adds in an endo or


exo fashion (Table 5). The only product not formed is the one
from the out/exo approach leading to compound 2 d'''''', as this
compound was not detected in the reaction mixtures. Addi-
tionally, the retro Michael-like isomerization of 2 d'''' to 2 d''
observed at 75 8C indicates that equilibration may be another
factor in the distribution of these products.


The low selectivity of this cycloaddition is rather puzzling,
since products 2 d'' and 2 d'''' result presumably from a
transition state somewhat more strained than that for 3 d if
they follow the same path as those of 3 a ± c and 3 e.
Compound 2 d'' is the product of an in conformer adding in
an exo fashion, while 2 d'''' is the complementary endo product
as seen from the ring-inverted conformer 2 d''''(inv) (conformers
2 d(inv) or 2 d'''' cannot form first because the starting diene
geometry is trans). Both appear to require more strain in the
transition state to place the p-methoxyphenyl ring above the
reacting 6-membered ring, as suggested by the fact that the


energy of the corresponding products (2 d'' and
2 d''''(inv)) is higher than that of 2 d. One should
note that compounds 2 d'' and 2 d'''''' can only
have one ring conformer as a result of the
ªtransº fusion of the bicyclic octahydroquino-
linone system to the rigid core of C60.


Formation of the 16-protonated and 16-alky-
lated derivatives : The most useful aspect of
the calculations performed in this study is
their ability to explain (and predict) the sites
of protonation and alkylation of anions gen-
erated from the tandem adducts 2 a and 2 e.
The data assembled in Table 6 and Figure 18
support the experimental observations and
greatly help in the assignment of alkylation
positions.


The electronic structure of anion 17 f (Fig-
ure 18), representative of the experimental
intermediates 17 a and 17 e, was expected to
exert a large influence on the regiocontrol of
electrophilic additions. The sites of highest
charge densities, judged from a Mulliken
population analysis (positions 4, 6, 14, 16, 21,
and 35), contain a major part of the total
anionic charge. This trend is reproduced in
both representations showing HOMO coeffi-
cients and charge density projected on an
electron potential surface (Figure 18). The
sites of largest electron densities at positions 4
and 16 are those leading to the protonation
and alkylation products 2 f(4) and 18 f(16) (Ta-
ble 6), whereby steric requirements favor the
16-alkylated products against alkylation of the
more reactive 4-position. Alkylation at C-6


does not happen because of the larger steric hindrance for
approach at that site, reflected by the 4 ± 8 kcal molÿ1 higher
energies of the products 2 f(6) and 18 f(6). The products of C-14
protonation or alkylation 2 f(14) and 18 f(14) are by far the most
hindered, as seen by their much higher heats of formation.
Calculations were carried out for the trimethylsilylated series
18 g(4) ± 18 g(35) for their predictive power, and show that the


Table 4. AM1-calculated structures and heats of formation (kcal molÿ1) of
the endo and exo conformations of 2 f and the transition state between
them. Energy differences DE between each of the two conformers and the
transition state are shown in parentheses.


endo T.S. exo


906.5 924.0 911.3
(ÿ17.5) (0) (ÿ12.7)


Table 5. AM1-calculated structures[a] and heats of formation (kcal molÿ1) of the adducts 2d ±
d'''', of the unobserved isomer 2 d'''''', and their complementary conformers. The N-(p-
methoxy)benzyl substituent was replaced by a N-methyl substituent to simplify the conforma-
tional searches (MM3). Energy differences DE in parentheses are between products of the
same series.


Conformer 2d 2 d'' 2d'''' 2 d''''''


observed 906.6 908.3 911.2 909.7
(0) (�1.7) (�4.6) (�3.1)


ring-inverted 912.7 ±[b] 910.7 ±[b]


(calculated) (�6.1)[c] (ÿ0.5)[c]


[a] Only the lowest energy conformers, where rotation of the p-methoxyphenyl substituent
gives more than one local minimum, are shown. [b] Only one bicyclic ring conformer exists for
this compound. [c] DE with complementary conformer.







FULL PAPER Y. Rubin, R. Neier et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3180 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113180


Figure 18. AM1 calculation results for anion 17 f : right: HOMO with
electron density values for the corresponding carbons (Mulliken charges);
left: anionic charge density projected on an electron potential surface
(0.002 electron �ÿ2).


16-position is favored to a large extent, but that now the 21
and 35-positions are also favored. Although these experi-
ments were not carried out for this study, use of a bulkier
triisopropylsilyl or tert-butyldiphenylsilyl group would pre-
sumably result in silylation exclusively at the 35-position.
Unusual 1,16-bis-silylated adducts were recently isolated
upon reaction of bulky silyllithium anions with C60; their
structures are related to the 1,2,3,35-isomer 18 g(35) by the
relationship between the 3- and 35-positions.[49]


It should be noted that a double bond is located within a
five-membered ring in both 6- and 16-alkylated products,
which goes against the trend of most C60 adducts and is
energetically unfavorable.[4] For the 1,2,3,35-alkylated pro-
ducts, there are two such unfavorable double bonds localized


in five-membered rings. The hydroxylated and alkylated
products 18 b, 18 c ± e, and 19 all have one double bond
localized in a five-membered ring. Similarly, the kinetic
product in the protonation of Fagan�s tert-butyl C60 anion is
1,4-tBuC60H, which slowly rearranges to 1,2-tBuC60H with an
activation energy of 13.4 kcal molÿ1.[28e, 35a] Hence, it is clear
that steric hindrance can be made to play an active and
important role in the control of functionalization of C60.
Conceivably, silylation products at the 35-position can be
made to react with electrophilic reagents, an aspect of
reactivity of fullerenes that has been little explored,[5a, 22, 50]


or can serve as shielding groups in the addition of nucleophilic
reagents. This will be tested in upcoming studies.


Assignment of the methoxymethylation positions in com-
pound 20 : The reaction of compound 19 with methoxide
followed by methylation to give 20 posed the difficult problem
of determining the exact locations of these two additions. The
structural assignment of 20 was greatly facilitated by consid-
eration of the most reactive electrophilic sites on the basis of
the highest LUMO coefficients in the methoxide addition
step, and the location of highest charge density in the ensuing
methylation step. Correlation of these numbers with the
experimental ROESY interactions (Figures 9 and 10) pro-
vides a convincing, albeit very indirect, answer to this
structural problem.


Several interactions found in the 2D T-ROESY spectrum in
the characterization section left only a few choices for the
structure of product 20 if the nucleophilic addition and
methylation steps proceed according to the criteria outlined
above. The relative magnitudes of these interactions in most
compounds were confirmed to be distance-dependent by the
existence of very strong crosspeaks for distances of �2.4 �,
for example Me(16) with Hi, Hi with Hf, Hf with Hd in 20
according to the AM1-minimized geometry of the model
system 20 f with an N-methyl group (Figures 9 and 18, right).
The rigid conformation of the bicyclic octahydroquinolinone
core in these structures does not allow these hydrogens to shift
positions significantly on the NMR time scale with respect to
the bicyclic conformational exchange discussed earlier. Thus,
the ¹upper limitª of observable interactions can be estimated
at �3.5 � from a weak crosspeak between Hf and Hc in
compound 20, which is reproduced in the other compounds of
similar conformation. Hence, crosspeak intensities were taken
as a reliable indicator of distances to differentiate several
structural candidates for compound 20.


Considerations for the sites of attack by the methoxide
anion are based on the fact that the magnitude of LUMO
coefficients on monoadducts of C60 can be used to correlate
the distribution of bisadducts of the bromomalonate anion
addition in the Bingel reaction.[3, 12b] In precursor 19 f, there
are four sites with large LUMO coefficients at the 18-, 36-, 21-,
and to a lesser extent 20-positions that are relevant to the
structural assignments based on T-ROESY data (Figure 19).
It is therefore not improbable that the methoxide anion reacts
at only one of these sites as found by experiment. Addition of
methoxide at C-36 can give anion 35 a, at the more hindered
C-18 anion 35 b, at C-21 anion 35 c, and at C-20 anion 35 d
(Figure 19). Each of these anions has only two or three sites of


Table 6. AM1-calculated geometries and heats of formation (kcal molÿ1)
for compounds 2 f(4) ± 2 f(35), 18 f(4) ± 18 f(35), and trimethylsilylated systems
18g(4) ± 18g(35). Relative energies are given in parentheses, bold numbers
are for those structures corresponding to the experimentally observed
products.


R' C-4 C-6 C-14 C-16 C-21 C-35


H 906.5 914.6 925.3 906.9 919.0 919.4
(0) (�8.1) (�18.8) (�0.4) (�12.5) (�12.9)


Me 912.9 917.4 935.3 906.7 916.7 917.1
(0) (�4.5) (�22.4) (ÿ6.2) (�3.8) (�4.2)


SiMe3 885.6 888.1 910.8 872.3 879.3 879.4
(0) (�2.5) (�25.2) (ÿ13.3) (ÿ6.3) (ÿ6.2)
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Figure 19. Calculated orbitals (AM1) for a) methylated adduct 19 f
showing the LUMO and its projection on an electron potential surface
(0.002 electron �ÿ2) and b) anions 35 a ± d with their HOMOs, electron
density values for corresponding carbons (Mulliken charges), and anionic
charge densities projected on the corresponding electron potential surfaces
(0.002 electron �ÿ2).


high HOMO orbital coefficients reproduced by electron-
density values (Mulliken charges) and charge-density projec-
tions. Anion 35 a can react with methyl iodide at C-18, C-20, or
C-4, but C-20 has a much weaker HOMO coefficient or
charge density, and C-4 is strongly hindered sterically. Anion
35 b can react at C-36 or C-38, the first position being favored
by electronics, and to a much lesser degree at C-34 and C-17.


Anion 35 c can react at C-5 or C-7, the latter being favored.
Finally, anion 35 d can react at C-19 or C-36, the most likely
position being C-19 according to the HOMO coefficients and
charge densities.


The calculations and T-ROESY data are satisfied best by
model structure 20(f) (Figures 20 and 21). The weakest
interactions in the 2D T-ROESY spectrum of 20 (Figure 10)
are between Me(18) and Hi, Me(18) and Me(16), and Me(18) and
OMe(36) . Since the upper limit of observable interactions in
these spectra is �3.5 �, structure 20(f) is the only candidate
having all its weakest correlating hydrogens within this range
and its methoxylation ± methylation positions within those
dictated by the calculations. This assignment is in accord with
the calculations in that addition of methoxide at C-36 should
be favored by electronic and steric factors and the resulting
anion 35 a should methylate at C-18.


Two other products (20'' and 20'''') with their methoxy group
at C-20 and their second methyl group at C-19 and C-36,
respectively, were also considered based on the geometrical
restrictions deduced from the 2D T-ROESY data, but the


Figure 20. AM1 calculated geometries of model compounds 20 f and 20 f''
with relevant atomic distances.


Figure 21. Structures 20, 20'', 20'''', and 20'''''' and their observed or likely
diagnostic proton ± proton interactions.
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calculated lower coefficient of the LUMO orbital at C-20 of
model precursor 19 f, where the methoxy group would have to
add first for both products, makes them much less likely to
form. Furthermore, the distance for 20'' between the closest
protons of Me(19) and Me(16) in their AM1 minimized geometry
is 3.946 �, and that of Me(19) and Hi is 3.332 �. The interaction
observed between Me(16) and Me(18) in 20 would therefore not
be seen between Me(16) and Me(19) in 20''. For 20'''', there would
be no interaction between Hi and Me(36) , which is present in 20
(Hi and Me(18)). This also why the methylation product
derived from anion 35 b was not considered.


A last alternative structure (20'''''') that would be in part in
accord with the 2D T-ROESY data was also considered
(Figure 21). Placing the methyl group at the 5-position (and
the methoxy at the 21-position) is a possible alternative
because it is compatible with the calculations showing the
presence of a substantial LUMO coefficient at C-21 of 19
where methoxide could have attacked (Figure 19). The
resulting anion is localized at both C-7 and C-5 and could
give the kinetic methylation product 20''''''. However, this
structure can be rejected on the basis of the interaction
existing between Me(18) and Me(16) in 20. The interaction of
Me(5) with Me(16) in 20'''''' should be nonexistent since the
distance between the closest protons of Me(5) and Me(16) is
4.152 �. Moreover, there should be additional strong inter-
actions between Me(5) and Hf, Ha, and Hc that are not
observed in the spectrum of Figure 10.


Potential Cope rearrangement products : The inability of the
vinylic compounds 2 e and 19 to undergo a Cope rearrange-


ment despite their high thermal stability was examined
theoretically (Scheme 13, Table 7). Not surprisingly, it was
found that none of the systems corresponding to the expected
experimental products (36 a for 24, 37 b and 37 c for 19) is
lower in energy than the starting materials 2 h(4) and 19 h(16),
and therefore they should not undergo the rearrangement.
The least unfavorable model system equivalent to the Cope
rearrangement of 2 e to 24 (2 h(4) to 36 a) is endothermic by
1.7 kcal molÿ1. However, the rearrangement of the analogous
4-methylated product 19 h(4) to 37 a is favored by
5.4 kcal molÿ1, but this methylation product was not obtained
in the alkylation experiments. Both systems 2 h(4) and 19 h(4)


can undergo a Cope rearrangement via a chair transition state
to give a cis-olefin or a boat transition state to give a trans-
olefin. The trans configuration is determined by the starting
low-energy conformation, but boat transition states are
generally higher than chairs in 3,3-sigmatropic rearrange-
ments and the corresponding products 36 a(trans) or 37 a(trans) are
higher in energy than their cis counterparts.[46, 51] Both trans
products also have strongly distorted amide bonds.


The results of the calculations for the systems 36 a(cis) or
37 a(cis) indicate that there is potential in exploring other Cope
systems on fullerenes, especially if some additional energetic
incentive within the allylic moiety in the departing structure
can be added (anchoring through a quarternary center,
oxyanion to enolate conversion, etc.). These and other
prospects of further functionalization around the spherical
surface of C60 will be investigated in forthcoming work.


Conclusion


The enhanced reactivity of the N,O-ketene N-1,3-butadienyl-
N-alkyl-O-silyl acetals 1 a ± e with C60 allows the formation of
the sterically congested adducts 2 a ± e with high diastereo-
selectivity proceeding through a tandem process. Alkylation
of the anions resulting from deprotonation of the fullerenyl
hydrogen at C-4 introduces a supplementary handle on the
fullerene at C-16 from which there are potentially a number
of higher adducts that can be formed with high regioselectiv-
ity, as shown by the formation of the methoxydimethylated
product 20. Structural characterization of all these products is
greatly facilitated by the use of standard 2D NMR techniques
and does not necessarily require C ± C correlations from
expensive 13C-labeled fullerenes to give satisfactory structural
characterization. Calculated energies and electronic struc-
tures of the compounds were found to corroborate the
experimental findings and in some cases were used as guides
for the characterization of the structures.


Tandem reactions leading to constrained systems, such as
the 1,2,3,4-tetrahydrofullerenes described in this study, have
the potential to lead to a host of highly functionalized
structures that resemble biologically active products because
their reduced fullerene p surface lowers their electrophilic
and electron-accepting properties, and functional groups can
be brought in to increase hydrophilicity. The potential of
combinatorial synthesis, which can be easily implemented
with these systems, is very high and is currently being
examined in our laboratories. It will be interesting in this
regard to determine if the relatively low yields in several of


Table 7. AM1-calculated structures and heats of formation (kcal molÿ1) of
the potential Cope rearrangement products 36 a ± c and 37 a ± c. The
energies of the precursors 2h and 19h are given for comparison.


R 2 h(4) 36a(cis) 36 a(trans) 2 h(16) 36b 36 c


H 932.1 933.4 935.9 933.4 941.7 948.3
(0) (�1.7) (�3.8) (0) (�8.3) (�14.9)


19 h(4) 37a(cis) 37 a(trans) 19 h(16) 37b 37 c


CH3 938.9 933.5 935.4 932.6 946.4 951.2
(0) (ÿ5.4) (ÿ3.5) (0) (�13.8) (�18.6)
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the reactions described in this work can be increased by
supporting the substrates on polymer beads. The issue of
nonquantitative yielding reactions in fullerene chemistry is
one that has consistently lowered efforts to promote multistep
syntheses and that has not been explained. Although
regioisomers can form from reactions at the many double
bonds,[4] it is usually polymeric material which appears to
contribute to the lower overall yields of reactions. We suspect
that single electron transfer side reactions promote radical
polymerization of the fullerene units to give rapidly insoluble
oligomeric by-products. These aspects should be resolved by
polymer-supported reactions.


Experimental Section


A full account of the experimental conditions, characterization data, and
1H NMR spectra of compounds 2d''/2d'' (2 DT-ROESY) are provided in the
Supporting Information.
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Solution Geometries and Lipophilicity Patterns of a-Cycloaltrin**


Stefan Immel, Kahee Fujita, and Frieder W. Lichtenthaler*[a]


Abstract: Detailed analysis of the con-
formational features of a-cycloaltrin (1)
in aqueous solution by temperature
dependent 1H and 13C NMR studies,
together with molecular dynamics sim-
ulations, reveal that the six altropyra-
nose units are in a complex dynamic
equilibrium within the 4C1 > OS2 > 1C4


pseudorotational turntable. This gives
rise to a large number of macrocyclic
conformations, ranging from a disk-
shaped molecule with a hydrophobic


central hole (alternating 4C1/1C4 form
1 a) to a torus form of the macrocycle
with an equally hydrophobic through-
going cavity (all skew-boat form 1 b).
Constrained MD simulations throw light
on the conformational transitions be-


tween these two extreme forms (1 a>
1 b). Flexure of one altropyranoid chair
into the skew-boat-OS2 form forces ad-
joining altropyranoid units to follow
suit, thereby eliciting a successive, syn-
ergistic ªrolling aroundº within the, on
average, elliptical macrocycle. Thus,
a-cycloaltrin is the first thoroughly flex-
ible cyclooligosaccharide and can be
used to probe the induced-fit mode of
guest ± host interactions.


Keywords: a-cycloaltrin ´ cyclodex-
trins ´ lipophilicity patterns ´ mo-
lecular dynamics ´ molecular model-
ing ´ solution geometries


Introduction


Research towards cyclooligosaccharides made from sugar
units other than glucose[2±11] has been undertaken throughout
the last decade. The foremost incentive in this pursuit is the
generation of molecular receptors with recognition features
different from those of the well-studied, overly rigid cyclo-
dextrins (CDs). Unfortunately, only the inulin-derived[3a]


cyclofructins with six and seven b(1!2)-linked fructofura-
nose units became accessible in quantities sufficiently large to


demonstrate their ability to complex metal cations.[12] The
guest-complexation behavior of all other non-glucose cyclo-
oligosaccharides could only be assessed by molecular model-
ing studies. Those composed of d-mannose (a- and b-cyclo-
mannin[4]) and l-rhamnose (a-cyclorhamnin[5]), or both,[9]


have their axially oriented 2-OH group directed towards the
outside of the macrocycle, as evident from the contact surface
and cross section plot for a-cyclomannin (Figure 1). A
somewhat smaller torus height than in a-cyclodextrin results,
yet this has no principal effect on the backbone structure, the
cavity dimensions, or the lipophilicity pattern.[6, 10] A similar
a-CD-like geometry was found for a cyclogalactin consisting
of six b(1!4)-linked galactopyranose residues (Figure 1, top
right), yet its lipophilicity profile is different because hydro-
phobic surface regions at the primary hydroxyl face are
substantially enlarged.[6]


More profound changes in shape, cavity dimensions, and
guest-binding properties are to be anticipated for cyclooligo-
saccharides with axially disposed 3-OH groups in their
pyranoid rings, since these 3-OH groups are directed towards
the interior of the cavity. As illustrated in Figure 1 for the
hexameric a-cycloallin, steric congestion resulting therefrom
induces the allopyranose units to adopt a wide range of tilt
angles relative to the macrocycle and a substantial narrowing
of the 2-OH/3-OH side of the torus, yet the pyranoid 4C1


geometries are retained without exception.[14]


For cyclic oligosaccharides composed of d-altropyrano-
sesÐthose with six (a-cycloaltrin 1[11]), seven,[7] and eight
a(1!4)-linked units[8] have recently become accessible from


[a] Prof. Dr. F. W. Lichtenthaler, Prof. K. Fujita,[�] Dr. S. Immel
Institut für Organische Chemie, Technische Universität Darmstadt
Petersenstrasse 22, D-64287 Darmstadt (Germany)
Fax: (�49) 6151-166674
E-mail : fwlicht@sugar.oc.chemie.tu-darmstadt.de


[�] Permanent address:
Faculty of Pharmaceutical Sciences, Nagasaki University
Nagasaki 852-8131 (Japan)


[=] Presented in part at the XIXth International Carbohydrate Sympo-
sium, San Diego (USA), August 1998; Abstract A 124. Part 20: K.
Fujita, W.-H. Chen, D.-Q. Yuan, Y. Nogami, T. Koga, T. Fujioka, K.
Mihashi, S. Immel, F. W. Lichtenthaler, Tetrahedron: Asymmetry
1999, 10, 1689 ± 1696.


[**] A cyclooligosaccharide composed of six a(1!4)-linked d-altropyr-
anose residues; for derivation of the terminology used see ref. [1]


Supporting information for this article in the form of 3D structures of
Figure 1 and MOLCAD graphics is available on the WWW under
http://caramel.oc.chemie.tu-darmstadt.de/immel/3Dstructures.html
and
http://caramel.oc.chemie.tu-darmstadt.de/immel/molcad/gallery.html,
respectively.


FULL PAPER


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3185 $ 17.50+.50/0 3185







FULL PAPER F. W. Lichtenthaler et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3186 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113186


Figure 1. Molecular geometries of a-cyclodextrin[13] compared to cyclooligosaccharide analogues composed of six identical hexopyranose residues in their
macrocycle: d-mannose (a-cyclomannin[6]), d-galactose (a-cyclogalactin[6]), d-allose (a-cycloallin[14]), and d-altrose (a-cycloaltrin, in its solid-state form 1a
and the all-skew-OS2 geometry 1 b emerging from HTA simulations as the global minimum energy structure[10, 11]). Conventional chemical formulas (top
entries), calculated contact surfaces (in dotted form with ball-and-stick-model insert, center), and cross-section plots with approximate molecular dimensions
(2-OH and 3-OH sides up) are depicted.
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the respective cyclodextrins in a high-yielding four-step
procedureÐretention of the 4C1 geometry for the altropyr-
anoid rings (with axially disposed 2-OH and 3-OH groups) is
highly unlikely, since there is ample calculatory[15] and
1H NMR evidence[16] that a-d-altropyranose itself and a
variety of its simple derivatives establish a dynamic equili-
brium within the 4C1 > 1C4 pseudorotational ªturntableº
(Figure 2). X-ray crystallography revealed that a-cycloaltrin


Figure 2. The chair/half-chair/skew (twist-boat) pseudorotational itiner-
ary between a-d-altropyranoid rings in 4C1 and 1C4 conformation. The 3,OB
and OS2 forms are closely related to each other, hence have similar coupling
constants and are not differentiated in Table 1 and Figure 4; the two half-
chair conformations OH5 and 3H2 appear to be higher in energy and are
transition states in the 4C1 > 1C4 conformational itinerary.


adopts an architecturally unpre-
cedented macrocyclic structure
comprising an alternating se-
quence of 4C1 and 1C4 pyranoid
chair conformations, resulting in
a disk-shaped molecule with a
central indentation rather than a
through-going cavity (Figure 1,
1 a).[11] This unique topography
in the solid state, in spite of
being embedded into a matrix of
21 water molecules, does not
survive on dissolution in water,
for only one set of 1H NMR
signals are observed.[11] This
finding is compatible with either
of the following two scenarios:
operation of a dynamic equili-
brium between the 4C1 and 1C4


chairs within the pseudorota-
tional transitions illustrated in
Figure 2, whereby NMR meas-
urements average over the vari-
ety of macrocyclic conforma-
tions, or alternatively, adoption
of a fixed conformation, an all-


skew (twist-boat) form conceivably, as this form emerges from
high-temperature annealing (HTA) simulations as the global
energy minimum structure (1 b in Figure 1). Notably, this all-
OS2 form 1 b contains a cavity that is larger and possesses the
opposite conicity than that of a-cyclodextrin, and 1 b should
therefore be able to form inclusion complexes with sterically
matching guests.


A detailed study towards a differentiation between these
possibilities appeared warranted sinceÐshould a dynamic equi-
librium prevail in solutionÐthe cycloaltrins would be the first
thoroughly flexible cyclooligosaccharides capable of adapting
their overall geometries to binding of appropriate guests, a
process that more closely corresponds to Koshland�s induced-
fit mode of substrate-receptor interaction[17] than to the overly
static lock-and-key model.[18] These issues are herein explored
by temperature-dependent NMR analysis, standard and con-
strained MD simulations, and generation of the lipophilicity
patterns of the closed and open forms 1 a and 1 b.


Results and Discussion


Temperature-dependent NMR analysis : High-resolution 1H
and 13C NMR spectra of a-cycloaltrin (1) in D2O (Figure 3)
display only one set of signals for the six altropyranoses,
indicating either fast averaging between different altropyr-
anoid ring conformations, or alternatively adoption of a
uniform geometry somewhere in between the 4C1 and 1C4


conformation for all six altrose units. Experimental 1H NMR
coupling constants (Table 1) are consistent with either sce-
nario.


Figure 3. Top: 800 MHz 1H NMR spectrum of a-cycloaltrin (1) in D2O at 30 8C reveals one set of signals. Bottom:
200 MHz 13C NMR spectra of 1 in D2O at 32 8C (left) and 4 8C (right). As indicated by the arrows, the signals of
C-4 and C-5 are significantly broadened at lower temperatures.
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The presence of a dynamic conformational equilibrium in
aqueous solution is inferred from the temperature depend-
ence of the 1H NMR data: the value for J2,3 decreases from
8.2 Hz at 30 8C to 7.6 and 7.1 Hz at 20 and 4 8C, respectively,
thereby narrowing the well-separated signal for H-3. Al-
though the smaller value of J2,3 at 4 8C suggests a more
intensely populated 4C1 altrose conformation in the 4C1 >
OS2 >


1C4 pseudorotational itinerary, the best fit of calculat-
ed[19] versus measured coupling constants emerging from the


triangle representation of Figure 4, revealed a composition of
26 % 4C1, 34 % 1C4, and 40 % OS2 (cf. center minimum of s-
contours at 0.18 Hz), indicating, within the margin of error,
the presence of essentially equal proportions of the three
forms.


More profound temperature effects are observed for the
13C signals of C-4 and C-5, which are substantially broadened
on lowering the temperature from 30 to 4 8C (cf. Figure 3).
This is clearly indicative of a dynamic equilibrium of various
altropyranoid geometries which starts to ªfreeze outº at 4 8C.
However, the NMR data neither reveal which of the many
macrocyclic conformations within the sterically limiting
ªstraitjacketº of 1 are preferred, nor answer the question of
how the conformational transitions 1 a> 1 b occur.


Molecular dynamics simulations : MD simulations with ex-
plicit incorporation of the (aqueous) solvent were performed
for both a-cycloaltrin forms, 1 a and 1 b. Despite considerable
flexibility in the macrocycles, no significant conformational
transitions for the pyranose units were observed within a time
frame of 600 ps (Figure 5). The solute hydration shells can be
readily characterized from these calculations. An average of
30.6� 2.7 and 39.6� 3.4 water molecules are hydrogen-
bonded to 1 a and 1 b, respectively. Any change of the
altropyranose conformations entails substantial rearrange-
ments in this tightly bound first hydration shell, rendering


these processes too slow to be
observable during standard MD
simulations. The crucial role of
water in the rearrangement
process becomes particularly
evident when comparing the
MDs in solution with HTA sim-
ulations on a-cycloaltrin in vac-
uum: at high (1200 K) as well as
at low temperatures (300 K) fre-
quent and unhindered confor-
mational transitions are ob-
served for the altrose units in
the isolated macrocycle.


The effects on the macrocycle
of changing a 4C1 altrose unit in
the 4C1/1C4 form 1 a along the
4C1!OS2!1C4 pathway can be
monitored within a reasonable
nanosecond time frame by
means of constrained MD tech-
niques: two pyranose ring tor-
sion angles O5ÿC1ÿC2ÿC3 and
C3ÿC4ÿC5ÿO5 of one altrose unit
are restrained in such a way that
the 4C1 conformation is forced to
vary in the desired direction
(Figure 6, gray shaded altrose
residue B). As this ring flip is
artificially induced, the neigh-
boring unconstrained monosac-
charide unitsÐeach in the 1C4


formÐare subject to considera-


Table 1. Comparison of the altropyranoid ring 1H-1H-coupling constants
for a-cycloaltrin (800 MHz, D2O, 30 8C) with those calculated for its 4C1,
1C4, and all-OS2 (skew) forms.


Calculated[a] for
JH,H [Hz] Found 4C1


[b] 1C4
[b] OS2


[c] 4C1/1C4/OS2
[d]


J1,2 4.73 2.2 8.0 4.0 4.9
J2,3 8.19 2.7 10.2 10.2 8.3
J3,4 3.71 3.4 2.4 4.5 3.5
J4,5 5.32 9.7 1.4 6.4 5.5


[a] Calculation based on the Karplus-type HÿCÿCÿH torsion angle
dependency of coupling constants, including the electronegativity effect
to the substitution pattern by use of the generalized Haasnoot equation.[19]


[b] Values obtained for the pyranose conformations realized in the crystal
structure 1a. [c] Data resulting from calculations on the HTA-derived
global energy minimum all-skew form 1b.[10, 11] [d] Least-squares fit for
26% 4C1, 34 % 1C4, and 40% OS2, roughly corresponding to a 1:1:1
mixture of conformers.


Figure 4. Triangular contour plot of the root-mean-square deviation (i.e. the error s) of the calculated pyranose
ring coupling constants (J1,2 , J2,3 , J3,4 , and J4,5) versus those found experimentally. Contours are given as a function
of the altrose conformational equilibrium between 4C1 (left corner of the triangle), 1C4 (right), and OS2 forms (top
corner), and are plotted at levels of s� 0.25 to 4.00 Hz in 0.25 Hz steps; the triangle axes are in units of molecular
fractions ci� 0.0 ± 1.0. The 3JH,H coupling constants for the pure 4C1, 1C4, and OS2 pyranose forms (triangle corners)
were obtained from the solid-state structure and the minimum-energy geometry of 1. The values are listed in
Table 1. The best-fit of calculated versus experimental data (center minimum of the s-contours at smin� 0.18 Hz)
emerged for 26 % 4C1, 34% 1C4, and 40% OS2 (equilibrium composition marked by hatched lines); all other
mixtures yielded larger errors.
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Figure 5. Top: Superimpositions of 60 a-cycloaltrin snapshot geometries
taken in 10 ps intervals from MD simulations of 1a (left) and 1 b (right) in
water illustrate the flexibility of the macrocycles, despite relative con-
formational rigidity of the pyranose rings. Bottom: Polar-coordinate plots
of the pyranose Cremer ± Pople ring-puckering parameters[28] derived from
MD simulations of 1 a (left plot, solid-state structure) and 1b (right, HTA-
derived start geometry) in water. In both cases a time series (trajectory) of
the pyranose puckering parameters Q, f and q is plotted in 3D-polar
coordinates (height, longitude, and latitude): On the left, the well-
separated trajectories for the 4C1 and 1C4 altrose units lack any conforma-
tional transitions between the different chair geometries within the MD
time frame of approximately 600 ps; similarly, 1b displays no significant
deviations from the OS2$ 3,OB geometries during the entire MD simu-
lation.


ble intrinsic strain in the macro-ring: one is only slightly
distorted towards the half-chair form (1C4!3H2, unit A in
Figure 6), whereas the residue on the other side (C) displays a
full transition along 1C4!OS2 >


3,OB. As this ring-flip was not
induced by additionally applied MD potentials, it reveals the
way conformational changes occur within the macrocycle:
flexure of one altropyranoid chair into the intermediate skew-
OS2 form via half-chair transition states forces the two
adjoining altrose chairs, tied up in a macrocyclic ªstraitjacketº
type clamp, to follow suit, and so on, thereby eliciting a
consecutive ªrolling aroundº in the probably elliptically
distorted macrocycle.


As the above mechanism for interconversion involves
energy concentration on one altrose unit (the restrained
residue) with consecutive geometry changes in the macro-
cycle, there might be an alternative transition pathway:
structural changes through excitation of low-energy macro-
molecular vibrational modes by thermal collisions with the
solvent. Although such a mode of interconversion is difficult
to induce through constrained MDs and was not observed
during the standard MD simulations, it cannot be ruled out


Figure 6. Constrained MD simulations of a-cycloaltrin exhibit a conforma-
tional transition of the central 4C1 altropyranose (gray-shaded unit B) of a
1C4-4C1-1C4-fragment (units A-B-C) in the macrocycle: as B is driven along
the 4C1!3,OB/OS2!1C4 reaction coordinate (formulas, left column), the
conformation of the neighboring residue A varies very little with slight
distortions 1C4!3H2 only, but the altrose unit C cooperatively flips into a
3,OB> OS2 geometry (zoomed structures on the right). The unperturbed
and cooperative conformational transitions of adjacent pyranose units
point towards complex dynamic processes, in the course of which altrose
residues cannot be considered independent; each conformational change
induces new strains in neighboring units (all a-cycloaltrin snapshot
structures were taken from a 130 ps MD perturbation, and constraints
were applied to unit B only).


entirely. However, the question of whether structural changes
in the macrocycle induce transitions in the monomers or vice-
versa is bound to remain open as both conformational
motions seem to be so intricately interwoven to the extent
of being inseparable.


In either case, the overall result is a statistical scrambling
over the 4C1, OS2, and 1C4 forms for the six altropyranose
residues, of which the NMR data (Figure 3 and Table 1)
provide an averaged picture. Although the distinct forms 1 a
and 1 b cannot be identified directly from the NMR data
presented in Figures 3 and 4, they should be taken into
account as limiting structures in this complex conformational
equilibrium.


Molecular lipophilicity patterns : Generation of molecular
lipophilicity patterns (MLP)[20] of the solid-state conformation
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1 a[11] and of the HTA-derived energy-minimum all-OS2 form
1 b[10, 11] was achieved by the MOLCAD program,[21] and was
projected[22] in color-coded form onto their contact surfaces[23]


depicted in Figure 1. The results displayed in Figure 7 allow a
first assessment of the inclusion-complexation capabilities of
a-cycloaltrin. Both the disk- (1 a) and torus-shaped form (1 b)
reveal a distinct front ± rear differentiation of hydrophobic
and hydrophilic surface regions. The 2-OH, 3-OH sideÐin
analogy to the cyclodextrins[6, 10]Ðturns out to be the most
hydrophilic part of the molecule, in contrast to a significantly
more hydrophobic reverse side owing to the primary
6-CH2OH groups. Although 1 a lacks a central ªthrough-
goingº cavity, this conformer has a hydrophilic surface
indentation and an outer core made up of irregularly
distributed hydrophilic and hydrophobic regions (Figure 7,


top right). In contrast, the cyclodextrin-like, torus-shaped
form 1 b displays a more uniform pattern of the corresponding
surface qualities (Figure 7, bottom): the most hydrophobic
surface areas extend from the 6-CH2OH side well into the
cavity, yet the tilt of the pyranose units in the macrocycle is the
inverse of that present in a-cyclodextrin (Figure 1, top left).


Conclusion


These results provide unambiguous insight into the solution
geometries of a-cycloaltrin (1) and into the comparable
stabilities of the 4C1- and 1C4-chair forms of its altropyranose
residues. A large variety of macrocyclic shapes are possible
within the constraints of its cyclohexasaccharide ªstraitjack-


Figure 7. Molecular lipophilicity patterns of a-cycloaltrin (1) projected onto the contact surfaces of the solid-state conformation (1 a, top) and the all-OS2


form (1b, bottom). The color code applied ranges from dark blue for the most hydrophilic surface areas to full yellow corresponding to the most hydrophobic
regions. On the left, the macrocycles are viewed from both sides perpendicular to the mean ring plane, exposing either the pronouncedly hydrophilic (blue)
2-OH/3-OH side of the torus or the opposite, hydrophobic rim made up from the primary 6-CH2OH hydroxyl groups. The graphics on the right display the
corresponding side views in closed and bisected form each, with the 2-OH and 3-OH groups directed upwards and the CH2OH moieties at the lower rim.
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etº. The shapes range from a disk-shaped macrocycle with a
distinctly hydrophobic central hole, which is realized when the
pyranose units adopt an alternating sequence of 4C1 and 1C4


conformations (1 a), to a torus shape with an equally hydro-
phobic through-going cavity, realized when all pyranoid rings
are in the skew-boat-OS2 form (1 b). Both forms are limiting
structures of a complex dynamic equilibrium. Accordingly,
a-cycloaltrin (1) constitutes the first thoroughly flexible cyclo-
oligosaccharide with which to realistically probe the induced-
fit mode[17] of guest ± host interactions. All previous utiliza-
tions of the overly rigid cyclodextrins as artificial enzymes[24]


have only served as models for the stationary lock-and-key
type[18] of enzyme action.


First evidence from capillary electrophoresis studies indi-
cates that a-cycloaltrin and 4-tert-butylbenzoate form inclu-
sion complexes. We hope that a sufficiently large number of
guests interacting with a-cycloaltrin will justify broad explo-
ration of this system.


Experimental Section


Temperature-dependent 1H (800 MHz) and 13C (200 MHz) spectra were
recorded at the ªLarge Scale Facility for Biomolecular NMRº of the
University of Frankfurt.
HTA[10, 11] and MD calculations were carried out using the CHARMM[25]


force field for carbohydrates[26] and application of periodic boundaries
(MDs, truncated octahedron filled with 606 (1a) and 611 (1 b) water
molecules, box size approximately 32 �), isothermal (T� 300 K), and
isobaric conditions (p� 1 bar) during a simulation time of 600 ps (equili-
bration time 25 ps, time step 1 fs); analysis of the MD trajectories was
accomplished with external computer programs.[27]


Constrained MD computations of a-cycloaltrin (cf. Figure 6) were carried
out using the isothermal and isobaric simulation system as described above.
Starting from the solid-state conformation 1 a, the ring torsion angles
O5ÿC1ÿC2ÿC3 (V1) and C3ÿC4ÿC5ÿO5 (V4) of one altropyranose unit were
constrained and driven during 39 independent MD runs with steps of 38
each, forcing one 4C1 altrose geometry to vary slowly into the inverted 1C4


conformation (ªreaction parametersº V1: �578!ÿ 578, V4 : ÿ578!�
578). Each MD trajectory was carried out for a 10 ps equilibration and a
25 ps data acquisition period, the final structures were used as a starting
point for the next MD run after re-setting the torsion angles to the new
values along the reaction coordinate. The conformational transitions of the
remaining five unconstrained altrose residues were monitored by use of
Cremer ± Pople parameters.[28]


Calculation of the molecular contact surfaces and the respective hydro-
phobicity potential profiles[20] was performed by using the MOLCAD[21]


molecular modeling program and its texture mapping option.[22] The MLP
profiles were scaled in relative terms (most hydrophilic to most hydro-
phobic surface regions) for each molecule separately; no absolute values
are displayed.


The minimum-energy structure of a-cycloallin was derived from a 675 ps
MD study in water (CHARMM force field,[25, 26] T� 300 K, p� 1 bar, 609
water molecules, parameters as above), with subsequent full energy
minimization of a total of 13248 isolated solute structures by application
of the PIMM91 force field,[29] which is particularly suitable for carbohy-
drate structures without solvent.


Least-squares fitting of the J values for three conformations 4C1, 1C4, and
OS2 was achieved with root-mean-square deviations of sJ� 0.18 Hz, where-
as a two-state model 4C1 >


1C4 yielded sJ� 0.80 Hz.
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Synthesis and Characterization of Nickel Dithiocarbamate Complexes
Bearing Ferrocenyl Subunits


Kenichi Oyaizu,[a] Kimihisa Yamamoto,[b] Yurie Ishii,[a] and Eishun Tsuchida*[a]


Abstract: Syntheses of a unique mole-
cule, nickel(ii) dithiocarbamate bearing
two ferrocenyl groups (3), and its oxi-
dized product, nickel(iv) dithiocarba-
mate bearing three ferrocenyl groups
(4�), are reported. Spectroelectrochem-
ical investigations have shown that the
complex 4� undergoes a three-electron
oxidation process, according to two
quasireversible steps ([NiIV(FeII)3]�>
[NiIV(FeII)2FeIII]2��eÿ, [NiIV(FeII)2-
FeIII]2�> [NiIV(FeIII)3]4��2eÿ), whose
redox potentials are separated by
DE� 250 mV. The value DE is related
to the comproportionation equilibrium
( [NiIV(FeII)3]��[NiIV(FeIII)2FeII]3�>


2 [NiIVFeIII(FeII)2]2�) and results from the
combination of a statistical contribution
and a term which reflects the electro-
static repulsive interaction between the
metal centers. In spite of the chemical
equivalence of the three ferrocenyl
groups, the mixed-valence state [NiIV-
FeIII(FeII)2]2� (42�) substantially persists
in solution. Model studies with ethylene-
bridged bis(ferrocenylimine) (6) have
revealed that the electrostatic term


is much lower in the absence of the
nickel(iv) center. Preliminary force-field
simulations on 4� have shown that
enhanced electrostatic repulsion caused
by the oxidation of the ferrocenyl sub-
units affects the conformation of the
molecule, which results in a significant
dimensional increment. Stereochemical
features of the molecules are related to
the electrostatic interaction and DG0


associated with the comproportionation
process is affected by such strong defor-
mation that a decrease in electrostatic
repulsion results.


Keywords: electrochemistry ´ met-
allocenes ´ N ligands ´ nickel ´ S
ligands ´ sandwich complexes


Introduction


In an attempt to obtain molecular systems capable of
exchanging more electrons with an electrode, the coupling
of multiple, identical metal-centered fragments that individ-
ually display fast and reversible one-electron exchange has
been performed.[1] A m-oxo divanadium(iv) complex was
previously shown by the authors to induce a two-electron
transfer process.[2] In these systems, variation of the nature of
the molecular framework that links the redox-active centers
enable the extent of communication between the centers to be
modulated, as reflected in the electrochemical response.[3] For
instance, if electron communication between the two redox-
active centers is not allowed and the distance between the two
centers is large enough to minimize electrostatic repulsive
interactions, the system will exchange two electrons through


two one-electron processes whose potentials E1 and E2 are
separated only by the statistical term DE�E2ÿE1� 35.6 mV
at 298 K.[4] On the other hand, intramolecular communication
between the two metal centers causes the DE value to
increase.[5] Such redox coupling has been discussed to occur
through two main paths: (1) through-bond interactions, such
as inductive effects, electron hopping, and electron delocal-
ization through a bridging coordinating unit, and/or (2)
through-space electrostatic and magnetic interactions. The
extent of communication usually decreases as the distance
between the metal centers is increased according to a
hyperbolic mode. Indeed, molecular design of a framework
that supports electronic interaction is an issue of recent
interest as possible components of not only molecular
electronic devices but also electron-storage systems.[6]


The redox behavior of linear triferrocenes in which
ferrocenyl subunits are in close enough proximity to permit
redox coupling has been described by a model in which initial
oxidation occurs at both termini.[7] In contrast, reports on
molecules that contain three or more ferrocenyl subunits in
which the subunits are not linearly linked but appended to a
central core are considerably less frequent.[8] We report here
the synthesis and characterization of a nickel(iv) dithiocarba-
mate complex bearing three ferrocenyl subunits in which each
ferrocenyl group is covalently linked to a central nickel(iv)
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core, and its very convenient electrosynthesis by use of a
nickel(ii) analogue bearing two ferrocenyl subunits. Electro-
chemical investigations revealed that, in spite of the chemical
equivalence of the ferrocenyl groups, a mixed-valence state
substantially persists in solution. An explanation for the
stabilization of the mixed-valence state is provided in terms of
the electrostatic effect.


Results and Discussion


Synthesis of the ligand 2 and NiII complexation: Our synthesis
of the title complex hinged on the use of the new ligand 2,
which was prepared from ferrocenecarboxaldehyde by pre-
cedented Schiff-base formation and dithiocarbamation strat-
egies (Scheme 1). Admixture of a 1:2 ratio of NiCl2 and 2 in
H2O yielded analytically pure 3 in 90 % yield as a green
powder.
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Scheme 1. Preparation of 3.


Metal dithiocarbamate complexes show a characteristic IR
band in the region 1450 ± 1550 cmÿ1, which has been assigned
to a partially double CÿN bond (thioureide bond).[9] The IR
spectrum of 3 showed a marked high-frequency shift (DnÄ �
96 cmÿ1) of the signal of the CÿN stretch with respect to the


uncomplexed ligand 2. Such a feature is commonly observed
for the formation of dithiocarbamate complexes.[9] The
1H NMR spectrum showed three methylene peaks which
were successfully assigned by means of HETCOR and
HOMCOR techniques (Figure 1). The FAB-MS spectrum
displayed a set of peaks that corresponded to the parent
molecule and its fragment (see Experimental Section).


Electrochemistry of nickel(iiii) dithiocarbamate bearing two
ferrocenyl subunits (3): The capability of dithiocarbamate
ligands to favor access to unusually high oxidation states is
well documented.[10] In particular, studies on the irreversible
oxidation ± reduction process of the nickel(ii) dithiocarbamate
subunit have been reported[11] in which a series of dialkyldi-
thiocarbamate complexes were used. The products from the
oxidation of nickel(ii) diethyldithiocarbamate [NiII(Et2dtc)2]
have been characterized and the overall process has been
shown to be 3 [Ni(Et2dtc)2]!2 [NiIV(Et2dtc)3]��Ni2��4eÿ.[11]


As to the complex 3, the initial oxidation wave labeled peak I
in Figure 2 b (dotted line) is irreversible with a complex
electrode process involving a ligand exchange reaction.
Analogy to [Ni(Et2dtc)2] and the following experimental facts
on 3 establish the stoichiometry and the products of the
oxidation to be a nickel(iv) complex bearing three ferrocenyl
subunits [Eq. (1)].


3[NiII(FeII)2]!2[NiIV(FeII)3]��Ni2��4eÿ (1)


Figure 2 a shows the UV/Vis spectroelectrochemical oxida-
tion and reduction of 3. Spectrophotometric monitoring of the
initial oxidation at peak I showed progressive development of
a broad peak at 500 nm assigned to nickel(iv)[11] at the expense
of the parent NiII species ([NiII(FeII)2], lmax� 325, 390 nm).
Controlled potential coulometry at 0.5 V afforded the non-
integral n value of 1.3 electrons per mole of 3. The nickel
dithiocarbamate complex bearing three ferrocenyl groups was


Figure 1. 270 MHz HETCOR (a) and HOMCOR (b) of 3 in CDCl3.
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found in the electrolyzed solution by FAB mass spectrometry
(m/z 1137). In addition, the cyclic voltammogram developed
an irreversible reduction wave at Epc�ÿ0.40 V (peak IV in
Figure 2 b), as observed for the irreversible reduction of
[Ni(Et2dtc)3]� ([NiIV(Et2dtc)3]��eÿ! [NiII(Et2dtc)2]� 1�2 Et4-
tds, where Et4tds�Et2NCS2S2CNEt2 (thiuram disulfide)).[11]


Indeed, spectroelectrochemistry measurements (Figure 2 a)
revealed that reduction at potentials more negative than
ÿ0.4 V produced the parent NiII(FeII)2 complex 3 [Eq. (2)].


[NiIV(FeII)3]��eÿ![NiII(FeII)2]�1�2 (Fe)2tds (2)


The wave I substantially disappears after the first scan and a
cyclic voltammogram scanned continuously between 0 and
1.4 V converges onto a steady-state curve as shown in
Figure 2 b (solid line). The curve corresponds to the redox
behavior of the nickel(iv) complex bearing three ferrocenyl
subunits and reveals a two-wave profile, labeled II and III.
Controlled potential electrolysis of 3 at 0.8 and 1.1 V resulted


Figure 2. a) UV/Vis spectral changes during the spectroelectrochemical
oxidation and reduction of 3 in CH3CN. The supporting electrolyte
contained 0.1 mol Lÿ1 tetrabutylammonium tetrafluoroborate. b) Cyclic
voltammograms for a 0.5 mmol Lÿ1 solution of 3 in anaerobic anhydrous
CH3CN. Dotted line, first scan; solid line, steady state. Scan rate�
100 mV sÿ1. A 6 mm diameter glassy carbon electrode was used. c) Cyclic
voltammogram for a 0.33 mmol Lÿ1 solution of [4�]BF4


ÿ. Other conditions
were as in (b).


in transfers of 0.66 and 2 electrons, respectively, per mole of
total nickel, which corresponded to 1 and 3 electrons per mole
of the electrogenerated nickel(iv) complex. Spectroelectro-
chemistry at potentials more positive than 0.6 V revealed that
oxidations at II and III gave rise to a broad band near 480 nm
(LMCT) and a shoulder at 260 nm due to the ferrocenium
moiety (Figure 2 a). Accordingly, the waves II and III are both
to be assigned to the redox process of the three ferrocenyl
subunits.


Added support for the coulometric titration experiments
have been provided by rotating disk voltammetry. The
current-potential curve in Figure 3 a exhibits three waves
which correspond to the three oxidation peaks I, II, and III in
the cyclic voltammogram. The magnitudes of the three
plateau currents have been labeled iI , iII , and iIII in Figure 3 a.


Figure 3. a) Current ± potential curve recorded at a rotating disk electrode
for a 0.5 mmol Lÿ1solution of 3 in anaerobic anhydrous CH3CN. Scan
rate� 5 mV sÿ1. Electrode rotation rate� 250 rpm. A 6 mm diameter glassy
carbon electrode was used. The supporting electrolyte contained
0.1 mol Lÿ1 tetrabutylammonium tetrafluoroborate. b) Current ± potential
curve for a 0.33 mmol Lÿ1 solution of [4�]BF4


ÿ. Other conditions were as in
(a).


The Levich plots of each plateau current versus (electrode
rotation rate)1/2 were linear. By employing the number of
electrons per mole of total nickel (napp/[Ni]T) for each
electrode process (Table 1), the diffusion coefficients of 3
and the electrogenerated nickel(iv) complex are calculated
from the magnitude of iI and iII (Table 2). A slightly smaller
diffusion coefficient for the nickel(iv) complex compared to
that of 3 is consistent with the increased molecular dimen-
sions, which support the stoichiometry of the electrode
process [Eq. (1)].


It is considered that because of the interactions between the
iron atoms, initial one-electron oxidation at an iron site
renders the subsequent oxidation of the remaining iron(ii)
centers energetically less favorable. Therefore subsequent
oxidation occurs at a higher potential, resulting in the
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stepwise current-potential curve in Figure 3 a. However, this
pattern of redox coupling does not hold for the further two-
electron oxidation process at III (Figure 2 b). The peak-to-
peak separation for III was 100 mV, and in the rotating disk
voltammogram (Figure 3 a) the plots of ln[iIIIÿ {iÿ (iI�iII)}/
{iÿ (iI�iII)}] versus E at E> 0.8 V produced a straight line
whose slope corresponded to one-electron transfer,[12] sug-
gesting that two unresolved one-electron processes were
responsible. Hence we could say that the two one-electron
couples occur at very similar potentials at III. Thus the redox
behavior of the nickel(iv) complex bearing three ferrocenyl
subunits can be summarized as follows [Eq. (3) and (4)]:


[NiIV(FeII)3]�> [NiIV(FeII)2FeIII]2��eÿ (3)


[NiIV(FeII)2FeIII]2�> [NiIV(FeIII)3]4��2 eÿ (4)


Electrochemical data for 3 and its oxidized products are
summarized in Table 1.


Synthesis and electrochemistry of nickel(iivv) dithiocarbamate
bearing three ferrocenyl subunits (NiIV(FeII)3]�) (4�): Once
the stoichiometry of the oxidation of 3 had been established,
we then attempted to isolate the nickel(iv) complex bearing
three ferrocenyl subunits. After
the irreversible oxidation of 3,
the NiIV complex could be iso-
lated from the electrolyzed sol-
ution (Scheme 2). Electrolytic
oxidation of 3 in the presence of
tetrabutylammonium tetra-
fluoroborate as a supporting
electrolyte by the use of a
large-area carbon-felt electrode
maintained at 0.5 V consumed
1.3� 0.2 electrons per molecule


of 3 dissolved in the initial solution, and the resulting
nickel(iv) complex [4�]BF4


ÿ precipitated from the electro-
lyzed solution upon cooling. The product, analytically pure in
35 % yield, was identified by spectroscopic methods and
elemental analysis (see Experimental Section).


The cyclic voltammogram obtained for a solution prepared
by dissolving the isolated complex [4�]BF4


ÿ in CH3CN is
shown in Figure 2 c. The voltammogram, with two quasirever-
sible waves at 0.69 and 0.94 V, is identical to the steady-state
curve obtained for 3 (Figure 2 b, solid line). Figure 3 b shows a
current-potential curve for 4� recorded at a rotating disk
electrode. The lack of anodic current at 0.5 V reflects the
absence of the nickel(ii) center. The two waves are assigned to
the oxidations of the three ferrocenyl centers according to the
reactions in Equations (3) and (4), and are consistent with the
results observed for the nickel(iv) complex electrochemically
generated in situ from 3.


Synthesis and electrochemistry of model complexes : To
examine the effect that nickel(iv) center has on the redox
properties of 4�, ferrocenylimine 5 and bisferrocenylimine 6
were synthesized as model compounds according to Scheme 3
by means of C�N bond formation upon the reaction of
ferrocenecarboxaldehyde and primary amine nucleophiles.


Figure 4 a shows the cyclic voltammogram of 5. The wave is
quasireversible (ipc/ipa� 0.8 at a scan rate of 100 mVsÿ1 where
ipa and ipc are anodic and cathodic peak currents in cyclic
voltammetry) which compare well with that of 4� (ipc/ipa� 0.7
(II) and 0.8 (III) at 100 mVsÿ1 (Figure 2 c)). Controlled
potential coulometry at 0.8 V afforded the n value of 1� 0.1
electron per mole of 5. Like ferrocene itself, the complex 5
undergoes one-electron oxidation to the corresponding ferro-
cenium. The half-wave potential of 5 determined by cyclic
voltammetry is given in Table 3. The ferrocenyl subunits in 4�,


Table 1. Electrochemical data for nickel complexes.[a]


Half reaction Epa
[b] Epc


[c] E1/2
[d] napp


�Ni�T
�e�


[V] [V] [V]


3[NiII(FeII)2](3)!2[NiIV(FeII)3]� (4�)�Ni2��4eÿ (I) (0.55) irrev. 1.3
[NiIV(FeII)3]� (4�)> [NiIV(FeII)2FeIII]2� (42�)�eÿ (II) 0.73 0.66 0.69(0.07) 0.66
[NiIV(FeII)2FeIII]2� (42�)> [NiIV(FeIII)3]4� (44�) �2eÿ (III) 0.99 0.89 0.94(0.1) 1.3
[NiIV(FeII)3]� (4�)�eÿ![NiII(FeII)2]�1�2Fe2tds (IV) ÿ 0.40 irrev. 0.66
3[NiII(Et2dtc)2][f]!2[NiIV(Et2dtc)3]��Ni2��4eÿ (0.62) irrev. 1.3
[NiIV(Et2dtc)3]��eÿ![NiII(Et2dtc)2]�Et4tds[g] 0.13 irrev. 0.66


[a] Solvent�CH3CN, supporting electrolyte� 0.1 mol Lÿ1 TBABF4. [b] Oxidation peak potential in V vs. Ag/AgCl determined by cyclic voltammetry.
Sweep rate� 100 mV sÿ1. Ferrocene/ferrocenium redox couple was 0.40 V vs. this Ag/AgCl. [c] Reduction peak potential. [d] (Epa�Epc)/2. DEp (�EpaÿEpc,
at 100 mV sÿ1) given in parenthesis. [e] Number of electrons per mole of nickel. [f] Bis(diethyldithiocarbamato)nickel(ii). Data from reference [11].
[g] Et2NCS2S2CNEt2, thiuram disulfide.[11]


Table 2. Diffusion coefficients of nickel complexes in CH3CN.[a]


Complex Abbreviation 106D[cm2 sÿ1] [b]


3 [NiII(FeII)2] 3.6
4� [NiIV(FeII)3]� 3.4
42� [NiIV(FeII)2FeIII]2� 3.3
[Ni(Et2dtc)2][c] NiII 8.2


[a] Diffusion coefficient measured in 0.1m tetrabutylammonium tetra-
fluoroborate in CH3CN. [b] Determined by Levich plots {i/(0.62(napp/
[Ni]T)FAw1/2nÿ1/6[Ni]T)}3/2. napp/[Ni]T is from Table 1. [c] Bis(diethyldithio-
carbamato)nickel(ii).
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Scheme 3. Preparation of 5 and 6.


Figure 4. a) Cyclic voltammogram for a 0.5 mmol Lÿ1 solution of 5 in
anaerobic anhydrous CH3CN. Scan rate� 100 mV sÿ1. A 6 mm diameter
glassy carbon electrode was used. The supporting electrolyte contained
0.1 mol Lÿ1 tetrabutylammonium tetrafluoroborate. b) Cyclic voltammo-
gram for a 0.5 mmol Lÿ1 solution of 6. Other conditions were as in (a).


with an appended nickel(iv) center, induce a slight increase in
the initial oxidation potential compared to the ferrocenyl-
imine 5 as a result of an electron-withdrawing effect
propagated through the dithiocarbamate moiety and/or an
electrostatic effect which reflect the local solvation mode that
can be influenced by the �1 charge on the nickel(iv)
dithiocarbamate center.


Biferrocenes generally undergo reversible one-electron
oxidations with the number of waves determined by the
number of ferrocenyl units. The complex 6 undergoes two
successive quasireversible one-electron oxidations to yield the


mono- and dications. Controlled potential electrolysis at 0.5
and 0.8 V consumed 1.0� 0.1 and 2.0� 0.2 electrons, per mole
of 6. The well-resolved one-electron waves in cyclic voltam-
metry (Figure 4 b) allowed assignment of peak potentials as
summarized in Table 3.


Comproportionation equilibria : The intriguing aspect of the
redox behavior of the complex 4� is the significant redox
coupling between three ferrocenyl subunits, as evidenced by
the electrochemical data. An estimate for the extent of the
ferrocene ± ferrocene interactions is obtained from the value
of the comproportionation constants, Kc(5) and Kc(6), for
equilibria (5) and (6), respectively.


[NiIV(FeII)3]��[NiIV(FeIII)2FeII]3�> 2[NiIVFeIII(FeII)2]2� ;Kc(5) (5)


[NiIVFeIII(FeII)2]2��[NiIV(FeIII)3]4�> 2[NiIV(FeIII)2FeII]3� ; Kc(6) (6)


For oxidations of ferrocenyl subunits, the waves labeled II and
III are well resolved by cyclic voltammetry (Figures 2 b and c).
The value of Kc(5) is related to the extent of redox coupling;
the separation between the two consecutive redox potentials
DEf�Ef(III)ÿEf(II), by the expression lnKc(5)�FDEf/RT.
The value of DE1/2�E1/2(III)ÿE1/2(II), due to the electro-
chemically quasireversible nature of the process, approxi-
mates DEf. The obtained value of DE1/2 of 250 mV corre-
sponds to a Kc(5) value of 1.7� 104. On the other hand, the
absence of redox coupling at the wave III containing two
superimposed one-electron transfers at the two electrochemi-
cally equivalent ferrocenyl subunits suggests that Kc(6) is
significantly smaller than Kc(5). The relatively low resolution
of electrochemical techniques means that accurate determi-
nation of Kc values smaller than about 33 (corresponding to a
DEf value of ca. 90 mV) are difficult. However, one could say
that Kc(6) is much closer to the statistical limit (33>Kc(6)�
4) than Kc(5).


For various mixed-valence biferrocenes bridged by sp3


carbons, no intervalence transfer transition has been observed
in the near-infrared region. Such compounds are character-
ized by the small redox coupling: the electrochemistry of a
series of dicopper complexes with N,N-linked bis(cyclam)
ligands has been reported by Fabbrizzi et al[13] in which the
redox coupling was 115 mV for a ±(CH2)2± bridge, 80 mV for a
±(CH2)3± bridge, and 54 mV for a ±(CH2)4± bridge. The value
for the model complex, bisferrocenylimine 6, is 130 mV
(Table 3) which is comparable to that of the dicopper complex
with the ethylene-bridged bis(cyclam) ligands.[13] Surprisingly,
the ferrocenyl subunits bridged by the nickel(iv) center in 4�


showed a substantially larger value (250 mV) of redox
coupling. Considering that the resonance forms of the ligand
2 as depicted in Scheme 4 indicate that four sp3 carbons are
involved between ferrocenyl subunits in 4� and hence no low-
energy transition due to intervalence electron delocalization
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Scheme 4. Resonance forms for the ferronenyldithiocarbamate ligand 2.


Table 3. Electrochemical data for ferrocenylimines.[a]


Half reaction Epa
[b] Epc


[c] E1/2
[d] napp


�Fe�T
�e�


[V] [V] [V]


[FeII] (5)> [FeIII]� (5�)�eÿ 0.64 0.54 0.59 (0.1) 1
[(FeII)2] (6) > [FeIIFeIII]� (6�)�eÿ 0.57 0.50 0.54 (0.07) 0.5
[FeIIFeIII]� (6�)![(FeIII)2]2� (62�)�eÿ 0.70 0.64 0.67 (0.06) 0.5


[a] Solvent�CH3CN, supporting electrolyte� 0.1 mol Lÿ1 TBABF4.
[b] Oxidation peak potential in V vs. Ag/AgCl determined by cyclic
voltammetry. Sweep rate� 100 mV sÿ1. Ferrocene/ferrocenium redox cou-
ple was 0.40 V vs. this Ag/AgCl. [c] Reduction peak potential.
[d] (Epa�Epc)/2. DEp (�EpaÿEpc, at 100 mV sÿ1) given in parenthesis.
[e] Number of electrons per mole of iron.
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is found, one could safely state that the significant deviation of
Kc(5) with respect to the statistical limit is due to the
electrostatic interaction between the ferrocenyl groups.[14]


The value of Kc(5) indicates that the mixed-valence state
[NiIVFeIII(FeII)2]2� (42�) substantially persists in solution.
However, attempts to isolate the [NiIVFeIII(FeII)2]2� complex
from the electrolyzed solution of 4� at 0.8 V failed because of
the difficulties in the isolation of molecules that display
electrochemical quasireversibility by the bulk electrolysis
method.


Preliminary force-field simulations: conformations and ener-
getics : Two questions may arise: 1) Why are Kc(5) and Kc(6)
so different? 2) Why is Kc(5) so large? A tentative explan-
ation is provided by consideration of the estimated molecular
structures of 4� and its oxidized products as follows. Although
the crystal structures of [Ni(Et2dtc)2],[15] [Ni{(nBu)2dtc}3]Br[11]


and ferrocene[16] are known, X-ray analyses of 3 and its
electrooxidized product 4� were unsuccessful. Reasoning that
crystallization might be disfavored because of the flexibility of
the ethylene groups in the molecule, we turned to structure
estimation by force-field calculations. Figure 5 shows the


Figure 5. A perspective view of the energy-minimized conformation of 4�


obtained by repeated force-field minimization and annealing dynamics
simulations projected along the approximate C3 axis passing through the
central nickel(iv): Ni (blue), Fe (red), C (white), H (gray), S (yellow), N
(purple).


energy-minimized conformation of 4� obtained by repeated
force-field minimization and annealing dynamics calculations.
A favorable cisoid conformation of the ethylene bridge makes
the molecule approximately C3 symmetric. Figure 6 shows the
snapshots of 4� and its oxidized molecules which are
equilibrated at 298 K during molecular dynamics simulation.
It was confirmed that, during the calculations, no significant
divergence from the C3 symmetric conformation is produced
which could cause the splitting in the redox waves. However,
one could note that molecular dimensions are larger at higher
oxidation states. The question arises what sort of energy
causes the total energy decrease in the dimensional incre-


Figure 6. Snapshots of a) [NiIV(FeII)3]� (4�), b) [NiIVFeIII(FeII)2]2� (42�),
c) [NiIVFeII(FeIII)2]3� (43�), and d) [NiIV(FeIII)3]4� (44�) during the molecular
dynamics simulations at 298 K. The dielectric value was set at 1.0. The
structural parameters of the N-CS2 group were fixed at the value of the
crystal structure of nickel(ii) diethyldithiocarbamate[15] so that conforma-
tional changes were mainly caused by the free rotations around CÿC and
CÿN bonds.


ment. By dividing the total energy, we have determined that
the energy decrease is mainly caused by the electrostatic
effect. This tendency is clearly indicated in Figure 7 which
shows plots of mean FeÿFe distance versus Coulomb energy
of the molecule over the time at which each oxidation state
was maintained at 298 K during simulation. The Coulomb
energy is calculated at a unit dielectric constant. Except for 4�,
the Coulomb energies have negative hyperbolic dependence
on the mean FeÿFe distances. The Coulomb energy in 4� is
almost independent of the molecular geometry because of the
absence of electrostatic repulsion between the neutral sub-
units. When at least one of the three ferrocenyl subunits is
oxidized on the contrary, the Coulomb energy becomes
geometry-dependent due to the repulsion between the
oxidized ferrocenyl subunits and the nickel(iv) center, both
bearing �1 charge.


The free energy change DG0
c associated with the compro-


portionation equilibrium is related to the extent of redox
coupling according to DG0


c �ÿnFDE0. The electrostatic
repulsion term DG0


e is defined as a deviation of DG0
c from


the statistical fixed term (ÿRT ln4) according to DG0
e�


DG0
c�RT ln4. The electrostatic contribution, DG0


e, reflects
the decrease in the electrostatic repulsion between metal
centers which occurs during the comproportionation process.
Many attempts have been made, for example by the use of the
complexes with N,N-linked bis(cyclam) ligands quoted
above,[13] to formulate DG0


e by the equation DG0
e/ 1/Dr


where D is the dielectric constant of the medium and r is the
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Figure 7. The parametric plots between the mean FeÿFe distance and the
Coulomb energy at a unit dielectric value during the molecular dynamics
simulations at 298 K: a) [NiIV(FeII)3]� (4�), b) [NiIVFeIII(FeII)2]2� (42�),
c) [NiIVFeII(FeIII)2]3� (43�), and d) [NiIV(FeIII)3]4� (44�). The solid line in
a) represents an arithmetic mean value of the Coulomb energies. The solid
lines in b), c), and d) represent the least-squares fitted curves according to
the hyperbolic equation (y� a/x�b) which correspond to the energy
profiles along the mean FeÿFe distances describing the relaxation upon
dimensional increase in the molecules.


distance between the metal centers.[17] In previous studies on
the decay law of the metal ± metal coupling with distance, it
has been considered that r is not dramatically changed (D<


0.1 �) upon oxidation,[18] so that isostructural sets of dinuclear
complexes with different metal ± metal distances have fre-
quently been synthesized and employed to estimate the
metal ± metal interaction. In contrast, our preliminary molec-
ular dynamics simulations have revealed that the oxidation
process of the ferrocenyl subunit in 4� [Eq. (3)] results in a
considerable increment in molecular dimensions because of
the electrostatic repulsion between the appended sites. Here
we do not intend to provide the decay law for FeÿFe coupling,
but attempt to show that structural dynamics associated with
electron transfer is responsible for the characteristic electro-
chemical behavior. Figure 7 shows that, upon oxidation, the
mean FeÿFe distance (rFeÿFe) becomes significantly larger at
each relaxed state (DrFeÿFe� 0.9 � (4�/42�), 0.85 � (42�/43�),
1.4 � (43�/44�)). The diffusion coefficient of 42�, which is
slightly smaller than that of 4� (Table 2), could reflect the
increased molecular dimensions. It can be reasoned that such
an increase in rFeÿFe (i.e. decrease in Coulomb energy) which
accompanies the comproportionation reaction (5) affords
DG0


e, while the energetics in reaction (6) are dominated
mainly by the statistical term allowing two one-electron
transfers [Eq (4)] to occur at very similar potentials. Thus the
difference in Kc(5) and Kc(6) stems from the marked contrast
of the energy profile of 4� (independent of rFeÿFe) to those of
42�, 43�, and 44�. Comparisons between the energy profiles
provide approximate values of the decrease in Coulomb
energy with reactions (5) and (6) at a unit dielectric constant.


The value of DDG0
e calculated for reaction (5) (ÿ73� 35�


ÿ38 kJ molÿ1) is much larger than that for reaction (6)
(ÿ74� 73�ÿ1 kJ molÿ1). Since the experimentally deter-
mined value is DG0


e�ÿnFDE1/2�RT ln4�ÿ20.7 kJ molÿ1,
the local dielectric constant D is evaluated to be 1.9, which
is much lower than that of the bulk solvent (38.8 at 25 oC). It
has been shown[13, 19] that bulk values of D are absolutely not
appropriate to describe short-range phenomena, and individ-
ual values of D that reflect the local solvation mode should be
used. The interpretation is forcibly qualitative since we are
not in the position to quantify the local dielectric value.
Simulations of the nickel(iv) complex with the ferrocenyl
subunits immersed in explicit acetonitrile molecules are the
subject of our continuing investigation.


Finally, it would be interesting to compare the results on
energetics of 4� with that of 6. Preliminary molecular
dynamics simulations on 6 have been carried out under the
similar conditions. The Coulomb energy changes that accom-
pany the comproportionation reaction ([(FeII)2] (6)�
[(FeIII)2]2� (62�)> 2[FeIIFeIII]� (6�)) are found to be consistent
with the electrochemical data (DDG0


e� 0) but the geometric
parameters are almost independent of the oxidation state in
contrast to the result for 4�. This is because in the simulation
of 6, the ethylene bridge does not undergo such a large
conformational change as observed in the simulation of 4n�. In
addition, the electrostatic effect in 4n� also appears to reflect
the �1 charge on the nickel(iv) dithiocarbamate center which
could affect the local dielectric constant. We did not employ
molecular dynamics calculation techniques with a view to
obtain the absolute values of DG0


e associated with compro-
portionation reactions, but to compare the energetics of
isostructural molecules in different oxidation states. However,
it is noteworthy that two molecular dynamics simulations with
different molecules (4� and 6) provided a similar predictions
concerning the approximate energy changes associated with
the comproportionation reactions of redox states.


Conclusions


We have attempted to interpret the electrochemical behavior
of species containing three chemically equivalent ferrocenyl
groups according to an electrostatic model. Preliminary
results have shown that conformational dynamics associated
with an electron transfer is responsible for the entire electro-
chemical behavior of the molecule which exchanges three
electrons in two steps. For the quantitative description of the
electrostatic interaction, local dielectric constants need to be
employed to evaluate the shielding effect exerted by the
solvational molecules, which may be much less than the bulk
value. It is surprising to note that in spite of the long bridging
aliphatic chains, the two ferrocenyl subunits in 4� interact
considerably. This property renders the ligand 2 of interest as
a possible component to aid communication through various
metal centers.


Experimental Section


Materials : All solvents were purified by distillation. Tetrabutylammonium
tetrafluoroborate was obtained from Wako Chem. Co. and recrystallized
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from the mixture of benzene and ethyl acetate. Ferrocenecarboxaldehyde,
N-ethylethylenediamine, potassium hydroxide, carbon disulfide, nickel(ii)
chloride, isopropylamine, ethylenediamine, and nickel(ii) dietyldithiocar-
bamate were obtained from Kanto Chem. Co. and used without further
purification.


Measurements : All measurements were performed in a dry box under an
atmosphere of dry argon. Electrochemical measurements were carried out
in a conventional two-compartment cell. A glassy carbon disk was used as a
working electrode and polished before each experiment with 0.05 mm
alumina paste. The auxiliary electrode, a coiled platinum wire, was
separated from the working solution by a fine-porosity frit. The reference
electrode was a commercial Ag/AgCl electrode immersed in a salt bridge
consisting of 0.1 mol Lÿ1 tetrabutylammonium tetrafluoroborate, which was
placed in a main cell compartment. The formal potential of the ferrocene/
ferrocenium couple in dichloromethane was 0.40 V vs. this reference
electrode. All potentials are quoted with respect to this Ag/AgCl reference
electrode. A Nikko Keisoku DPGS-1 dual potentiogalvanostat and a Nikko
Keisoku NFG-3 universal programmer were employed with a Graphtec
WX2400 X-Y recorder to obtain the voltammograms. Coulometric
exhaustive electrolysis was performed with a Nikko Keisoku NDCM-1
digital coulometer. UV/Vis spectra were obtained with a Shimadzu UV-
2100 spectrophotometer. A platinum mesh working electrode and a quartz
glass cell with optical path length of 2 mm were used for spectroelec-
trochemical measurements. Infrared spectra were obtained with a JASCO
FT-IR 5300 as potassium bromide pellets. FABMS spectrum was obtained
on a VGZAB-HF spectrometer with m-nitrobenzyl alcohol as the matrix
material. HETCOR and HOMCOR spectra were obtained on a JEOL
270 MHz GSX270 NMR spectrometer.


Synthetic procedures: Synthetic routes to the ferrocene-tethered nickel(ii)
(3) and nickel(iv) (4) complexes are shown in Schemes 1 and 2.
Ferrocenecarboxaldehydeisopropylimine (5) and bis(ferrocenecarboxalde-
hyde)ethylenediimine (6) were synthesized by conventional methods as
shown in Scheme 3.


Ligand 2 : All procedures were performed under nitrogen atmosphere in
the dark. To a solution of ferrocenecarboxaldehyde (5.35 g, 2.5� 10ÿ2 mol)
in anhydrous methanol (100 mL) was added dropwise N-ethylethylenedi-
amine (2.2 g, 2.5� 10ÿ2 mol). Schiff-base formation was monitored by the
disappearance of the n(C�O) band of the aldehyde at 1680 cmÿ1 in the IR
spectra and the subsequent appearance of the n(C�N) band at 1640 cmÿ1.
The mixture was evaporated and the resulting orange-red solid was dried
under vacuum to give 1. To a suspension of 1 in H2O (200 mL) held at 0 oC
was added potassium hydroxide (1.41 g, 2.5� 10ÿ2 mol) and carbon
disulfide (1.90 g, 2.5� 10ÿ2 mol). The mixture was stirred at 0 oC overnight,
evaporated and dried under vacuum to give 2 as a dark brown powder. IR
(KBr): nÄ � 1639 (C�N), 1506 cmÿ1 (CÿN); 1H NMR (270 MHz, CDCl3,
25 oC, TMS): d� 1.20 (t, 3 H; CH3), 3.63 (m, 6H; CH2), 4.29 (s, 5 H; C5H5),
4.60 (d, 2H; C5H4), 4.80 (d, 2H; C5H4), 8.46 (s, 1H; CH�N); MS (70 eV):
m/z : 283 ([M�ÿCS2K]); elemental analysis (%) calcd for C16H19FeKN2S2:
C 48.23, H 4.81, N 7.03; found C 48.01, H 4.79, N 7.01.


Nickel(iiii) dithiocarbamate bearing two ferrocenyl subunits (3): The
nickel(ii) complex 3 was prepared from nickel(ii) chloride and 2 as follows.
To a filtrate of 2 (0.38 g, 1� 10ÿ3 mol) in H2O (100 mL) was added dropwise
a solution of nickel chloride (0.06 g, 0.2� 10ÿ3 mol) in H2O (10 mL). The
resulting green precipitate was collected by filtration, washed thoroughly
with H2O and dried under vacuum to give 3. IR (KBr): nÄ � 1639 (C�N),
1506 (CÿN), 1128 (CÿS), 1086 cmÿ1 (NÿC2); 1H NMR (270 MHz, CDCl3,
25 oC, TMS): d� 1.23 (t, 3J� 7 Hz, 6 H; CH3), 3.69 (q, 3J� 7 Hz, 4H; CH2),
3.75 (t, 3J� 7 Hz, 4H; CH2), 3.83 (t, 3J� 7 Hz, 4H; CH2), 4.21 (s, 10H;
C5H5), 4.40 (d, 3J� 6 Hz, 4H; C5H4), 4.62 (d, 3J� 6 Hz, 4H; C5H4), 8.17 (s,
2H; CH�N); 13C NMR (CDCl3, 25 oC, TMS): d� 12.18 (CH3), 45.96 (CH2),
49.62 (CH2), 58.91 (CH2), 68.43 (C5H4), 69.18 (C5H5), 69.66 (C5H4), 70.67
(C5H4), 80.03 (CS2), 163.81 (C�N); MS (70 eV): m/z : 777 ([M�]), 580
([MÿC(C10H9Fe)]), 327, 295; UV (CH3CN): lmax� 325, 390 nm; elemental
analysis (%) calcd for C32H38Fe2N4NiS4: C 49.45, H 4.93, N 7.21; found: C
49.57, H 4.90, N 7.23.


Nickel(iivv) dithiocarbamate bearing three ferrocenyl subunits [4�]BF4
ÿ :


The nickel(iv) complex 4� was prepared by the electrooxidation of 3 as
follows. The nickel(ii) complex 3 (0.19 g, 2.5� 10ÿ4 mol) was dissolved in
acetonitrile (25 mL) containing tetrabutylammonium tetrafluoroborate
(0.41 g, 1.25� 10ÿ3 mol) as a supporting electrolyte. Electrolysis of the


solution was performed by using a large-area carbon-felt working
electrode, a platinum coiled wire as a counter electrode, an Ag/AgCl
reference electrode and a conventional two-compartment electrochemical
cell. The potential of the working electrode was kept at 0.5 V throughout
electrolysis, which consumed 1.31 electrons per total amount of nickel
dissolved in the solution. After electrolysis, the resulting solution was
cooled to ÿ20 oC, which resulted in slow precipitation of [4�]BF4


ÿ as a
brown powder. Analytically pure complex was successfully isolated after
washing the powder thoroughly with H2O. IR (KBr): nÄ � 1638 (C�N), 1505
(CÿN), 1505 (CÿN), 1128 (CÿS), 1090 (NÿC2), 1080 cmÿ1 (BF4); 1H NMR
(270 MHz, CDCl3, 25 oC, TMS): d� 1.22 (t, 9 H; CH3), 3.6 ± 3.9 (m, 18H;
CH2), 4.22 (s, 15 H; C5H5), 4.39 (d, 6 H; C5H4), 4.63 (d, 6H; C5H4), 8.17 (s,
3H; CH�N); 19F NMR (400 MHz, CDCl3, 25 oC, CF3COOH (d�ÿ78)):
d�ÿ155 (s, BF4


ÿ); MS (70 eV): m/z : 1137 ([M�ÿBF4]); elemental
analysis (%) calcd for C48H57Fe3N6S6NiBF4: C 47.12, H 4.70, N 6.87; found C
46.99, H 4.71, N 6.79.


Ferrocenecarboxaldehydeisopropylimine (5): To a solution of ferrocene-
carboxaldehyde (1.07 g, 5.0� 10ÿ3 mol) in methanol (30 mL) was added
dropwise a solution of isopropylamine (0.3 g, 5.0� 10ÿ3 mol) in methanol
(20 mL). Schiff-base formation was monitored by the disappearance of the
n(C�O) band of the aldehyde at 1680 cmÿ1 in the IR spectra and the
subsequent appearance of the n(C�N) band at 1640 cmÿ1. The mixture was
evaporated and the resulting brown solid was dried under vacuum to give 5.
IR (KBr): nÄ � 1640 cmÿ1 (C�N); 1H NMR (270 MHz, CDCl3, 25 oC, TMS):
d� 1.15 (d, 6H; CH3), 3.76 (m, 1H; CH), 4.14 (s, 5 H; C5H5), 4.32 (s, 2H;
C5H4), 4.61 (s, 2 H; C5H4), 8.15 (s, 1H; CH�N); MS (70 eV): m/z : 255
([M�]); UV (CH3CN): lmax� 273, 450 nm; elemental analysis (%) calcd for
C14H17FeN: C 62.63, H 5.13, N 6.15; found C 62.61, H 5.12, N 6.02.


Bis(ferrocenecarboxaldehyde)ethylenediimine (6): To a solution of ferro-
cenecarboxaldehyde (1.07 g, 5.0� 10ÿ3 mol) in methanol (30 mL) was
added dropwise a solution of ethylenediamine (0.15 g, 2.5� 10ÿ3 mol) in
methanol (20 mL). Schiff-base formation was monitored by the disappear-
ance of the n(C�O) band of the aldehyde at 1680 cmÿ1 in the IR spectra and
the subsequent appearance of the n(C�N) band at 1640 cmÿ1. The mixture
was evaporated and the resulting brown solid was dried under vacuum to 6.
IR (KBr): nÄ � 1640 cmÿ1 (C�N); 1H NMR (270 MHz, CDCl3, 25 oC, TMS):
d� 3.72 (s, 4 H; CH2), 4.12 (s, 5H; C5H5), 4.30 (s, 2 H; C5H4), 4.59 (s, 2H;
C5H4), 8.12 (s, 1H; CH�N); MS (70 eV): m/z : 452 ([M�]); UV (CH3CN):
lmax� 273 nm; elemental analysis (%) calcd for C24H24Fe2N2: C 65.89, H
6.73, N 5.49; found C 65.01, H 6.69, N 5.38.


Computational methods : The system we simulated consisted of the
nickel(iv) cations bearing three ferrocenyl subunits 4n� (n� 1 ± 4). The
formal charge on each Fe atom was set at either �2 or �3 according to the
oxidation state, before the partial charge assignment. The initial structures
for simulations were obtained by repeated energy minimization and
annealing dynamics calculations (100 ± 1000 K) using the Discover program
from Molecular Simulations Inc. During calculation, structural parameters
of the nickel dithiocarbamate subunit were fixed at the values from the
X-ray data reported for nickel(ii) diethyldithiocarbamate.[15] Since we
conducted an extended simulation during which molecular dimensional
changes were observed, the choice of the initial structure did not affect the
results presented in this paper. We first performed a 300 step energy
minimization. Then 0.01 ns molecular dynamics simulations were carried
out with the initial velocities randomly assigned to realize the Boltzmann
distribution at 298 K. All calculations, including the Coulomb interactions,
were calculated without cutoff. The total energy of the system was
conserved throughout the calculations. The dielectric value of the media
was set at 1.0 (defined as distance dependent). The molecular dynamics
trajectory was saved every 20 steps (20 fs interval) for subsequent analysis.
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Smectic Mesophases from Dihydroxy Derivatives of Quaternary
Alkylammonium Salts


Michael Arkas,[b] Dimitris Tsiourvas,[b] Constantinos M. Paleos,[b] and Antoine Skoulios*[a]


Abstract: A series of N,N-di(2-hydroxy-
ethyl)-N-methyl-N-alkylammonium
bromides (alkyl chain from dodecyl to
octadecyl) was synthesized and charac-
terized. Its thermotropic liquid-crystal
behaviour was studied by differential
scanning calorimetry, polarizing optical
microscopy, infrared spectroscopy and
X-ray diffraction. Two smectic phases
were identified, an ordered smectic T


and a disordered smectic A phase. Both
phases result from an alternate periodic
stacking of polar sublayers of ionic head
groups and apolar sublayers of alkyl


chains in a disordered conformation. In
the low-temperature smectic T phase,
the ionic head groups are arranged
inside the polar sublayers in a partic-
ularly dense fashion, a tetragonal crystal
lattice. In the high-temperature smectic
A phase, the ionic head groups are
arranged in a disordered fashion with
normal packing density.


Keywords: amphiphiles ´ liquid
crystals ´ quaternary ammonium
salts ´ structure elucidation ´
thermotropism


Introduction


The liquid-crystal behaviour of several quaternary alkyl-
ammonium salts was first reported in the early eighties and
reviewed in 1994 in a general article on amphiphilic liquid
crystals.[1] Further work on the subject was carried out
recently, dealing particularly with the structural character-
istics of these compounds.[2±8] The interest in this type of liquid
crystals arises from their facile preparation by simple
interaction of tertiary amines with functionalized alkyl
halides, leading to ammonium salts with a variety of func-
tional groups (carboxy, hydroxy, cyano,. . .) attached to the
quaternary centre through appropriate spacers. The structural
analysis was primarily concerned with the effect on the liquid-
crystal behaviour of functional groups that associate with one
another through hydrogen or dipole interactions.[2±5]


The nature and temperature range of stability of the
smectic phases observed were found to depend heavily upon
the detailed molecular composition of the compounds. Thus,
in systems without functional groups, as for instance in
dialkyldimethylammonium bromides, the ionic species are
submitted essentially to coulombic interactions; an ordered


smectic T phase is then obtained, in which the ammonium and
bromide ions, packed in single layers separated by the
disordered alkyl chains, are arranged periodically according
to a square two-dimensional crystal lattice.[6±7] On the other
hand, in systems containing strongly interacting functional
groups, as for instance in N-hydroxyalkyl or N-cyanoalkyl
derivatives of alkyldimethylammonium bromides, the peri-
odic arrangement of the ions is severely disturbed, and a
disordered smectic A phase is obtained in which the
molecules are packed in a loose, liquid-like fashion, with the
ammonium and bromide ions arranged in double layers due to
self-dimerization.[3±4]


As the chemical nature of the functional groups attached to
the polar quaternary centre of the molecules appears to play a
decisive role in the formation of liquid crystals, we thought it
of interest to pursue the previous work with an investigation
of additional examples of such N-substituted alkylammonium
salts. In particular, we decided to consider salts carrying not
only one but two interacting groups, in the hope of inducing
the formation of supermolecular arrays or grids liable to
strengthen the smectic layers.[9] The present work is concerned
with quaternary N-methyl-N-alkylammonium bromides from
dodecyl to octadecyl, N-substituted with two 2-hydroxyethyl
groups as shown in Scheme 1 (referred to in the following as
DHn).


Results and Discussion


Thermal and optical studies : The thermal stability of the DHn
compounds was investigated by thermogravimetry. On heat-
ing dynamically at 10 8C minÿ1, the compounds started to
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Scheme 1. Structure of DHn.


degrade thermally at temperatures above 180 8C. However,
when a constant temperature was maintained, they proved to
resist prolonged heating at 160 8C with weight losses smaller
than about 1 %.


Their thermotropic polymorphism was first studied by
polarizing optical microscopy. The textures observed in the
temperature range from ambient to 160 8C revealed a series of
phase transitions. As confirmed later by X-ray diffraction, the
first transition (undetected for DH12) corresponds to a
polymorphic transformation in the crystalline state, similar
to that reported previously for the homologous series of n-
alkylammonium halides.[10] Upon heating above the second
transition temperature, the DHn compounds transformed
into a viscous birefringent mass with chaotic and confused
textures. It was only above the third transition temperature
that well-developed focal-conic textures could be observed
(Figure 1 top), pointing to the presence of smectic A phases.
Upon cooling, these textures developed striations (Figure 1
bottom) attesting to the presence of an ordered smectic phase,
actually of a smectic T phase as established by X-ray diffraction.


The compounds were then analysed by differential scanning
calorimetry. The DSC thermograms showed the presence, at
the same temperatures as detected by optical microscopy, of
sharp peaks indicative of first-order phase transitions. The
phase transitions observed upon heating from room temper-
ature up to 160 8C are summarized in Scheme 2 (symbols K,
ST, SA, and I stand respectively for crystal, smectic T, smectic
A, and isotropic liquid). The enthalpy involved in the
transition from K2 to ST, related to the melting of the alkyl
chains, was rather significant as usual (of the order of 50 J gÿ1),


Figure 1. Optical textures of the DH12 compound in the smectic A (top)
and the smectic T (bottom) phases, obtained by slow cooling from the
isotropic melt.


Scheme 2. Thermotropic polymorphism of the DHn compounds.


while that involved in the transition from ST to SA, connected
with the disordering of the polar heads, was much smaller (of
the order of 3 to 5 J gÿ1).


Without going into details, it is useful to note that, upon
cooling, the reverse phase transitions between ST and K, and
more significantly between SA and ST, all took place with a
hysteresis of about 20 8C, revealing the importance of
nucleation in both processes. It is of interest to add that the
K2 crystalline form is not observed with DH12, quite probably
because the compound is hydrated, as established by infrared
spectroscopy.


Infrared spectroscopy: The FT-IR spectra of the DHn
compounds (from tetradecyl to octadecyl) in the K1 crystal
phase show a rather sharp stretching band at 3294 cmÿ1
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(having a width at half intensity of n1/2� 100 cmÿ1), which is
consistent with a polymer-type association of the OH groups
through hydrogen bonding.[11] The OH stretching band of the
DH12 compound is significantly broader and weaker, point-
ing to water absorption (difficult to avoid completely under
usual experimental conditions, due to hygroscopicity); this
conclusion is supported by an additional broad peak at about
1640 cmÿ1.


Hydrogen bonding of the Brÿ anions with the OH groups
may likewise be inferred from the presence, as a shoulder, of a
peak at 3320 cmÿ1.[12] It is worth noting that this particular
peak continues to exist even in extremely dilute solutions in
apolar solvents, where the ionically undissociated molecules
are separated by large distances, meaning that the OH groups
continue to interact appreciably with the bromide anions; the
presence of a weak stretching band at about 3680 cmÿ1,
related to free OH groups, indicates that, on the other hand,
the OH groups no longer interact with one another inter-
molecularly.


In the spectrum of the K2 crystal phase, the OH stretching
band is slightly broadened (n1/2� 140 cmÿ1) and shifted
upscale to 3297 cmÿ1, indicating some lengthening of the
hydrogen bonds between the OH groups. However, the band
(shoulder) at 3320 cmÿ1, which is connected with the hydrogen
bonding of the bromide anions, remains at exactly the same
position, as established using the second-order derivative of
the spectra.


Upon melting into the smectic T and then into the smectic
A phase, the OH stretching band widens out significantly
(n1/2� 200 then 240 cmÿ1) and shifts still further away (to 3310
then to 3320 cmÿ1), as illustrated in Figure 2. Although


Figure 2. Temperature dependence of the frequency nÄ and width at half
intensity n1/2 of the hydrogen-bonded OH stretching band of DH16 in the
crystal K1, crystal K2, smectic T and smectic A phases.


ending, in the smectic A phase, by overlapping with the band
associated with the hydrogen bonding of the Br anions, this
band is nevertheless still connected (at least in part) with the
hydrogen bonding of the OH groups with each other, since no
free OH groups could be detected (for instance, by a band at
about 3680 cmÿ1). The considerable change in position and
width of this band at the transition from the crystal into the
smectic T phase corresponds, however, only to small changes
in the length of the hydrogen bonds (of about 0.1 �)[13] and to
a minor alteration of their strength. Despite a possible
rearrangement of the hydrogen-bonding pattern in the course


of the polymorphic process, the molecules in the liquid-crystal
phases, even in the least ordered smectic A phase, are quite
probably self-assembled as they certainly are in the crystal
forms.


The peaks observed in the range from 700 to 1400 cmÿ1


provide valuable information about the conformation and
packing of the alkyl chains. The doubling in the K1 crystal
phase of the methylene rocking-mode band at 719 and
726 cmÿ1 and the scissoring-mode band at 1465 and
1474 cmÿ1 indicates an all-trans conformation of chains
packed in an orthorhombic crystal lattice.[14±15] Moreover,
the presence of bands at 1345, 1164, 1085, 965, and 885 cmÿ1,
assigned to end-gauche conformations, and of bands at 1363
and 1301 cmÿ1, assigned to kinks, reveals some distortion of
the free ends of the alkyl chains,[14] which are tilted with
respect to the polar sublayers (see also X-ray results).


The splitting of the methylene rocking and scissoring bands
observed in K1 disappears in the K2 crystal phase, while single
bands emerge at 1467 and 721 cmÿ1, suggesting that the alkyl
chains are now packed less tightly, in a way similar to that
observed in the hexagonal high-temperature crystal form of
linear paraffins.[14±15] As for the broadening of the bands
associated with the end-gauche conformations, it clearly
suggests that the chain ends are more distorted in K2 than in
K1, because of the less constrained packing of the alkyl chains.


Above the transition of the crystal to the smectic T phase,
the replacement of the bands related to a crystalline state of
the alkyl chains by a band at 1352 cmÿ1 related to double-
gauche conformations clearly indicates that the alkyl chains
have now melted. The presence of a rather strong band at
720 cmÿ1 suggests, however, the existence in the alkyl chains
of sequences of more than four methylene groups all bonded
in a trans conformation;[16] this will be discussed below in
connection with the three-dimensional positional correlations
of the polar sublayers. It is only in the range of stability of the
smectic A phases that the alkyl chains finally melt completely,
as revealed by the broadening and weakening of this latter
band, which, in addition, shifts to 718 cmÿ1.


X-ray investigation of the crystal phases : The X-ray patterns
of the crystal phases contain a great number of sharp
reflections located both at small and wide angles, showing
the existence of well-developed three-dimensional lattices.
The equidistant small-angle reflections indicate that the
molecules are arranged in a lamellar fashion, as commonly
observed with long-chain amphiphilic derivatives. The struc-
ture consists of an alternate and periodic superposition of two
types of sublayer, consisting of the ionic head groups of the
molecules and of the alkyl chains. In both K1 and K2 crystal
forms, the lamellar periods measured from the small-angle
reflections are independent of temperature and grow linearly
with the number n of carbon atoms in the alkyl chains
(Figure 3), according to equations: dK1 [�]� 8.5�1.6�
0.89�0.10 n and dK2 [�]� 9.8�1.4� 1.03�0.09 n (deduced from a
least-squares linear fit of the experimental data).


The y intercepts of the d vs. n straight lines provide an
estimate of the thickness of the polar sublayers. The small
difference between the two values, 8.5 � for K1 and 9.8 � for
K2, is no doubt related to small changes in the detailed
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Figure 3. Lamellar periods of the crystal K1 and K2 phases as a function of
the number n of carbon atoms in the alkyl chains.


internal structure of the sublayers and of the hydrogen-
bonding pattern of the polar head groups, a theory supported
by evidence from infrared spectroscopy. As for the slopes,
they represent the increase in thickness of the lamellae for an
elongation of the alkyl chains by one methylene group. They
are much smaller than half the length of one zigzag in a fully
extended paraffin chain (2.54/2� 1.27 �),[17±18] suggesting that
the alkyl chains are not only arranged head-to-tail and
interdigitated to form single layers, but also tilted with respect
to the layer normal. Estimated from the experimental data,
the tilt angles, cosÿ1 (slope/1.27), are of about 46�6 and 36�6 8,
respectively.


X-ray investigation of the smectic T phases : The diffraction
patterns of the ST liquid-crystal phase contain up to five
equidistant and sharp reflections in the small-angle region,
consistent with a smectic layering. Independent of temper-
ature, the smectic periods measured, like the lamellar periods
of the crystal, grow linearly with the number of carbon atoms
in the alkyl chains (Figure 4), according to the equation:


Figure 4. Lamellar periods of the smectic T and smectic A phases as a
function of the number n of carbon atoms in the alkyl chains.


d [�]� 9.8�1.4� 1.16�0.08 n. The abnormally high value of the
spacing of the DH12 compound is very likely connected with
the presence of small amounts of water in the samples, a
conjecture supported by infrared spectroscopy. Quite inter-
estingly, the thickness of the polar sublayers (d0� 9.8 �) is
equal to that of the K2 crystal phase, implying that the internal
structure of the polar sublayers ought also to be similar in
both structures. However, this conclusion is evidently un-
founded, because, in the first place, it overlooks the fact that


the hydrogen-bonding pattern of the polar head groups
changes appreciably at the transition from K2 to ST (evidence
from infrared spectroscopy), and, furthermore, it does not
take into consideration a possible rearrangement of the polar
groups inside the layers at constant thickness.


In the wide-angle region, the X-ray patterns contain, on the
one hand, a diffuse band at about 4.5 �, indicative of the
liquid-like conformation of the alkyl chains,[19, 20] and, on the
other hand, several sharp reflections consistent with the
existence of a three-dimensional tetragonal crystal lattice
(Table 1) of cell parameters a� b� 6.96 � and c� d. The


alkyl chains being disordered, this lattice can only describe the
periodic arrangement of the ammonium bromide groups in
three-dimensional space. Although soft and flowing readily,
the ST phase is, therefore, from a formal point of view, a
genuine crystal exhibiting three-dimensional positional or-
der.[21] Independent of temperature, the a parameter of the
tetragonal lattice is exactly the same for all the DHn
compounds studied, meaning that the packing of the ammo-
nium bromide groups inside the polar sublayers is totally
independent of the length of the alkyl chains.


To get a deeper insight into the arrangement of the ionic
head groups inside the polar sublayers, it is useful to specify
the number Z of molecules per tetragonal unit cell. This can
be done very easily by means of the linear dependence of the
smectic period d on the number n of carbon atoms in the alkyl
chains: d�ZV0/a2� (ZVCH2


/a2)n. This equation originates in
the fact that the volume a2d of the tetragonal unit cell is equal
to Z times the volume V of one molecule, which, for its part, is
equal to V0� n VCH2


, where VCH2
is the volume of one


methylene group and V0 that of one polar head. From the
measured slope of the d vs. n straight line (ZVCH2


/a2�
1.16�0.08 �) and from the known value of VCH2


(27.8 �3 at
90 8C),[22] it is then easy to calculate Z� 2.0�0.1. Each
tetragonal unit cell therefore contains exactly two molecules.
Considering that the area available in the square basis of the
lattice (a2� 48.4 �2) is significantly smaller than twice the
lateral extension of one polar head (about 37 �2, inferred
from the area covered by a single quaternary ammonium
group in the layers of the smectic T phase of dialkyldimethy-
lammonium bromides),[6] one arrives at once at the conclusion
that the ammonium and bromide ions inside the polar
sublayers are not juxtaposed in single layers, but superposed
on top of one another to form double layers as shown in
Figure 5, with the positive and negative ions alternating in
space to minimize electric repulsion.


As for the hydroxyethyl substituents of the ammonium
groups, they are quite probably located in the core of the polar


Table 1. Observed and calculated spacings [�] of the wide-angle reflec-
tions of the DHn compounds in the smectic T state at 90 8C.


DH12 DH14 DH16 DH18
hkl dobs dcalcd dobs dcalcd dobs dcalcd dobs dcalcd


110 4.92 4.92 4.92 4.92 4.91 4.92 4.91 4.92
111 4.83 4.82 4.83 4.83 4.84 4.85 4.84 4.86
200 ± ± 3.47 3.48 3.47 3.48 3.47 3.48
201 ± ± 3.44 3.45 3.43 3.45 3.43 3.46
210 ± ± 3.07 3.11 ± ± ± ±
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Figure 5. Schematic view of the molecular arrangement in the smectic T
layers. The positive ammonium and negative bromide anions are alternat-
ing within the polar sublayers to minimize the coulombic repulsion.
Although disordered, the alkyl chains (represented for clarity by straight
lines) are probably interdigitated to some extent.


sublayers, with the hydroxy groups arranged tetragonally
(Figure 6) and hydrogen bonded as much with one another as
with the neighbouring bromide anions. Inferred from a variety
of molecular modelling tests (Hyperchem software) and also
supported by infrared spectroscopy, this structure turns out to
be remarkably dense. In many respects, it resembles that of
crystalline pentaerythritol C(CH2OH)4, in which molecules
are also arranged in layers with a tetragonal pattern of


Figure 6. a) Arrangement of the ionic species and hydroxyethyl substitu-
ents (double lines) in that portion of the polar sublayer of the smectic T
phase which is contained in one tetragonal unit cell; b) top view of the
molecular arrangement in four contiguous square unit cells of the polar
sublayers of the smectic T phase. Bromide cations (at the same positions as
ammonium cations) are omitted for clarity. The average plane of the
dihydroxyethyl substituents (represented by full or empty arrows, depend-
ing on whether the ammonium cation is located on the upper or lower face
of the polar sublayer) are oriented alternately along the two diagonals of
the square lattice. Located in the median plane of the polar sublayers, the
hydroxy groups are hydrogen-bonded as much with themselves as with the
bromide anions. Although plausible, it is difficult to propose any specific
hydrogen-bonding pattern permitting description of the polar sublayers in
terms of extended supermolecular arrays or grids.


hydrogen bonds.[23] The volume of one polar head, equal to
a2d0/2� 237.2 �3, corresponds to a density of 1.4�0.15 g cmÿ3.
Unexpectedly high at first sight, this density is, however,
consistent with that of pentaerythritol (1.40 g cmÿ3)[23] or
tetramethylammonium bromide (1.57 g cmÿ3).[24]


The area of the square unit cell (48.4 �2) is about twice the
usual cross-sectional area of linear alkyl chains in a disordered
conformation (�24 �2).[22] It seems, therefore, that there is
enough lateral space in the paraffin layers for the alkyl chains
to interdigitate, at least to some extent, in an alternate up and
down configuration, without unduly losing the disordered but
yet substantially elongated conformation suggested by infra-
red spectroscopy. Incidentally, such an interdigitation might
be the very reason why the superposed smectic layers are in
fact found to be positionally correlated, leading to the three-
dimensional crystal observed by X-ray diffraction.


X-ray investigation of the smectic A phases : The diffraction
patterns of the SA liquid-crystal phase contain only one sharp
small-angle reflection related to the smectic layering, suggest-
ing that the position of the strongly diffracting bromide anions
in the polar sublayers of SA are not as well defined as in the
case of ST. In the wide-angle region, the patterns contain only
a diffuse band at 4.5 �, indicating that not only the alkyl
chains but also the polar head groups are arranged in a
disorderly fashion.


The smectic periods measured grow linearly with the
number of carbon atoms in the alkyl chains (Figure 4),
according to the equation d [�]� 15.0�0.4� 1.14�0.02 n. From
the slope of the d� 2V/S� 2V0/S� (2VCH2


/S) n straight line,
the area S covered in the plane of the smectic layers by a pair
of molecules may be easily determined as previously, from the
known volume of one methylene group (28.4 �3 at 1208C).[22]


The value found (S� 49.8 �2) is only slightly larger than that
in the ST phase, despite the molten state of the polar sublayers.
Quite interesting, however, is the 5�2 � increase of the
thickness of the polar sublayers at the ST to SA phase
transition, leading to a density in the smectic A phase of the
order of only 0.9 g cmÿ3. Though lacking in precision, this
notable expansion, which is directly related to the melting of
the polar heads, gives a clear idea of the importance of the
packing constraints that are relieved in the melting process.


Conclusion


Ordered smectic T phases have up to the present time been
observed only with quaternary dialkyldimethylammonium
bromides, whose ionic head groups are devoid of strongly
interacting N-substituents. Alkyldimethylammonium com-
pounds carrying one single such hydroxyalkyl, cyanoalkyl or
carboxyalkyl N-substituent, on the other hand, have been
found to produce only disordered smectic A phases because
of the hydrogen-bonding or dipolar interactions which disturb
the packing of the polar heads. In the present work, a series of
alkylmethylammonium bromides carrying two hydrogen-
bonding hydroxyethyl groups were synthesized, which turned
out to exhibit an ordered smectic T phase and also a smectic A
phase at higher temperatures. The presence in these latter
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compounds of the ordered T phase is clearly imputable to the
hydrogen-bond network developed inside the polar sublayers
between the hydroxy groups themselves on the one hand, and
between the hydroxy groups and the bromide anions on the
other; this network appears to fit perfectly with the tetragonal
arrangement of the ionic quaternary ammonium groups.
Although no direct evidence of any specific hydrogen-
bonding pattern could be collected in the present work, it is,
however, tempting to discuss the observed smectic T structure
in terms of supermolecular assemblies (arrays or grids) of
ionic groups.


Experimental Section


Materials : A bromoalkyl derivative (0.01 mol) was added to N-methyl-
diethanolamine (0.01 mol) (Aldrich) dissolved in ethyl acetate, and
quaternization was conducted during stirring at room temperature for
several days. The precipitated material was recrystallized twice from ethyl
acetate. Purity of compounds was checked by elemental analysis [DH12:
calcd C 55.43, H 10.40, N 3.80; found: C 55.66, H 10.54, N 3.76; DH14: calcd
C 57.56, H 10.68, N 3.53; found: C 57.84, H 10.82, N 3.49; DH16: calcd C
59.42, H 10.92, N 3.30; found: C 59.70, H 11.06, N 3.25; DH18: calcd C
61.04, H 11.14, N 3.09; found: C 61.23, H 11.28, N 3.05] and 1H NMR
(AC250 Bruker spectrometer, 250 MHz, CDCl3, 25 8C, TMS) [d� 0.86 (t,
3H, CH3), 1.28 (m, 2(nÿ 3)H, CH2), 1.72 (m, 2 H, a-CH2), 3.31 (s, 3H,
CH3N), 3.52 (m, 3H, a-CH2), 3.71 (m, 2H, CH2CH2OH), 4.09 (t, 2H,
CH2CH2OH), 4.78 (br, 1 H, OH)].


Characterization techniques : Thermogravimetric experiments were per-
formed with a heating rate of 10 8Cminÿ1 by means of a Mettler TC10A
instrument coupled with a TA processor and a M3 balance. Phase
transitions were investigated with heating and cooling rates of 5 8C minÿ1,
in a Perkin ± Elmer DSC-7 calorimeter. Optical microscopy observations
were made with a Leitz Orthoplan polarizing microscope coupled with a
Mettler FP82 hot stage. FT-IR studies were performed with a Nicolet
Magna 550 spectrometer coupled with a VLT-2 variable temperature cell
(Research & Industrial Instruments Company). X-ray diffraction experi-
ments were performed with a home-made Guinier camera equipped with a
bent quartz monochromator (Ka1 radiation from an INEL X-ray generator)
and an INEL-CPS-120 curved position-sensitive detector permitting
measurement of both the angular position and the intensity of the Bragg
reflections. Samples were held in sealed Lindemann capillaries and
temperature was controlled (to <0.1 8C) by an INSTEC hot stage.
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Abstract: A new synthetic methodolo-
gy for the preparation of donor ±
bridge ± acceptor compounds incorpo-
rating a porphyrin donor and an all-
aromatic oligo(diazaphenylene) bridge
is introduced. This approach allows the
controlled preparation of photosynthe-
tic model compounds with well-defined
spacer structure and properties. The
synthesis of the porphyrin ± flavin dyads
1 a ± c is described to exemplify the
strategy. This type of structure has a
number of interesting spectroscopic and
photophysical properties. The aromatic


bridge results in a well-defined donor ±
acceptor distance; it can favor conjuga-
tion and at the same time be nonabsorb-
ing in the visible and near-UV range.
The choice of a flavin as the acceptor
unit opens the way to a spectroscopic
study by excitation of the acceptor in
addition to the usual porphyrin donor
excitation. Based on these premises, a


spectroscopic, photophysical and semi-
empirical study of the dyad 1 a has been
performed in three solvents of varying
polarity. The results demonstrate energy
transfer from flavin to porphyrin with
unit efficiency at high solvent polarity.
In solvents of medium polarity an addi-
tional internal conversion pathway is
opened following excitation of the flavin
moiety. Spectroscopic, cyclovoltammet-
ric, and semiempirical results all suggest
that this pathway involves the inter-
mediate population of a short-lived
charge-separated state.


Keywords: electron transfer ´ fla-
vins ´ fluorescence spectroscopy ´
photosynthesis ´ porphyrinoids


Introduction


Photoinduced electron and energy transfer are fundamental
processes in biology, chemistry, and materials science.[1] The
first steps in natural photosynthesis involve collection of light
energy and energy transfer to the photosynthetic reaction
center[2] followed by a sequence of electron-transfer steps
between porphyrin units and from porphyrins to quinones. In


this multistep electron-transfer strategy, charge separation
across membranes with a quantum yield near unity is
obtained. At each intermediate step the forward reaction
has to be faster than back electron transfer. It became a
challenge to design synthetic electron-transfer systems, con-
sisting of an electron donor and an acceptor unit separated by
a spacer moiety, which are able to mimic the natural
processes.[3] Many of these biomimetic compounds are based
on the naturally occurring constituents of the photosynthetic
reaction center, namely, porphyrins, which act as the electron
donor in electron-transfer systems[4] or as the energy acceptor
in energy-transfer systems,[5] and a quinone moiety, the
terminal electron acceptor in the natural electron-transfer
sequence. Quinones have a high electron affinity and an
absorption spectrum in the far UV not overlapping with the
visible and near-UV spectrum of the porphyrin. Several such
model systems have been prepared in recent years and have
been studied by various spectroscopic techniques.


The spacer separating two chromophores with different
redox properties, which can also be a single bond, is of
particular importance. In various publications a rigid structure
has been favored,[6] since only a well-defined geometry allows
the interpretation of parameters like the distance between
donor and acceptor subunits or their mutual orientation. s[6a±f]
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and p spacers[7] as well as combinations[6g±i] of both have been
designed. Pure aromatic spacers like oligophenylenes or
similar structures have, however, rarely been described,[7e, 8]


in spite of several obvious advantages. In addition to their
rigid structure they have excellent chemical stability. The
length of such a bridge can easily be controlled. It is
transparent in the visible and near-UV spectroscopic region
and its absorption does not interfere with that of the
porphyrin, although overlap with that of small quinones
might occur. p-Conjugation of such a spacer depends
essentially on its molecular structure and could thus either
facilitate or hinder electron transfer over the bridge.


In recent publications the synthesis of oligo(diazapheny-
lenes) was described by some of us as a strategy for the
preparation of tailor-made heteroaromatics displaying fluo-
rescence and nonlinear optical properties.[9] From readily
available vinamidinium salts and amidines or N,N,N'-tris(tri-
methylsilyl)amidines a homologous series of oligo(pyrimidi-
nylenephenylenes) could be synthesized in steps with high
yield and purity. Symmetrical as well as unsymmetrical
systems with a variety of substituents were investigated. The
objective of our present work was to apply this synthetic
ªLegoº methodology to the synthesis of porphyrinyl donor ±
acceptor systems. The idea was to connect donor and acceptor
groups with thermally and photochemically stable pyrimidine
and phenylene moieties and finally to arrive at highly rigid
photosynthetic model compounds.


In order to avoid spectroscopic overlap of the absorption of
the acceptor with that of the spacer and of the donor a
flavin[10] moiety was selected as a possible acceptor entity.


Flavin coenzymes are prosthetic groups in some redox
proteins.[11] As catalysts (flavodoxins) they take part in
electron- and hydrogen-transfer reactions as well as in the
activation of oxygen.[12] Unlike, for example, NADH, flavin
can participate in one- as well as two-electron transfer
reactions.[13] In order to demonstrate the synthetic strategy
and to investigate the light-harvesting properties of porphyr-
in ± flavin systems, we have synthesized the dyads 1 a ± c. To


the best of our knowledge only three porphyrin ± flavin dyads
have been synthesized up to now, which, however, lack the
required rigid spacer geometry.[14] Furthermore, some results
on noncovalently linked systems are known.[15] The electro-
chemical, spectroscopic, and photophysical properties of dyad
1 a were then examined in various solvents with emphasis on
energy- and electron-transfer processes between the two
moieties. The results of this study are discussed with respect to
semiempirical calculations performed on the same dyad.


Results and Discussion


1. Synthesis : The synthesis of pyrimidines from amidines and
vinamidinium salts has proved to be an excellent method for
the preparation of rigid rods of the oligophenyl type.[9] This
method has a number of advantages. Amidines and vinami-
dinium salts are readily available with virtually no limitations
regarding possible substituents.[9, 16] Pyrimidine rings can be
added step by step to get a homologous series of donor/
acceptor systems with a controlled spacer length. In contrast
to aryl ± aryl coupling methods (Suzuki, Stille, Kumada) the
ªpyrimidine approachº avoids the use of metal catalysts. Thus,
the conceivable insertion of metal ions like nickel or copper
into the porphyrin ring is avoided.


Using our standard procedure[9a] the porphyrin ± flavin dyad
1 a was obtained from the persilylated porphyrinyl amidine 3
and the flavinyl ± vinamidinium salt 4. The required cyano-
porphyrin 2 was prepared from p-cyanobenzaldehyde, p-tert-
butylbenzaldehyde and pyrrole using Adler�s method.[17a] The
product was separated from the porphyrin mixture by
chromatography on silica gel. Conversion of the cyano into
the amidine group by the Pinner synthesis[17b] (addition of dry
HCl to the mixture of the nitrile and alcohol and subsequent
aminolysis of the imidate with NH3) proved impossible
because of the low solubility of 2 in alcohol. However, 2
could be converted into 3 with lithium bis(trimethylsilyl)a-
mide/chlorotrimethylsilane (cf. refs. [9, 18]); 3 was then con-
densed with 4 in a one-pot reaction. The incorporation of zinc
by standard methods[19] yielded 1 b (Scheme 1).


Abstract in German: In dieser Arbeit wird ein neues Konzept
zur Herstellung von Donor/Brücke/Akzeptor-Verbindungen
vorgestellt. Dabei wird der Porphyrin-Donor mit dem Akzep-
tor ausschlieûlich über aromatische Oligo(diazaphenylene)
verbunden. Eine derartige Verknüpfung erlaubt eine geome-
triedefinierte Anordnung der Chromophorkomponenten die-
ser Photosynthese-Modellverbindungen. Das Konzept wird
anhand der Synthese der Porphyrin ± Flavin-Dyaden 1a ± c
beschrieben. Der vorgestellte Strukturtyp bietet eine Reihe
interessanter spektroskopischer und photophysikalischer Ei-
genschaften. Die Verknüpfung über aromatische Brücken führt
zu einem definierten Donor ± Akzeptor-Abstand; sie begün-
stigt die Konjugation ohne die Absorption im sichtbaren und
nahen UV-Bereich zu erhöhen. Die Wahl des Flavins als
Akzeptoreinheit erlaubt die spektroskopische Untersuchung
durch Anregung des Akzeptors neben der sonst üblichen
Porphyrin-Donor-Anregung. Auf dieser Grundlage wurden
spektroskopische, photophysikalische und semiempirische Un-
tersuchungen in drei Solventien unterschiedlicher Polarität
ausgeführt. Die Ergebnisse zeigen einen vollständigen Ener-
gietransfer von der Flavineinheit auf das Porphyrin bei hoher
Solvenspolarität. In einem Lösungsmittel mittlerer Polarität
öffnet sich nach erfolgter Flavinanregung ein weiterer Zer-
fallsweg. Sowohl die photophysikalischen und cyclovoltam-
metrischen Messungen als auch die semiempirischen Berech-
nungen weisen auf die Besetzung eines kurzlebigen ladungs-
getrennten Zwischenzustandes hin.
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The synthesis of the flavin 4 starts from 4-chloro-1-
methyluracil[20] (Scheme 2). Its reaction with p-aminophenyl-
acetic acid ester in N,N-dimethylaniline and acetic acid gave 5
in 83 % yield. The flavin 6 a was formed from 5 with


Scheme 2. Synthesis of flavinyl ± vinamidinium salt 4.


nitrosobenzene in a mixture of acetic acid and acetic
anhydride. Hydrolysis of 6 a with hydrochloric acid gave rise
to 6 b. (The direct condensation[21] of the free acid of 5 (R�H)
with nitrosobenzene to give 6 b failed in our hands.) Finally,
the flavinyl ± vinamidinium salt 4 was prepared by the
Vilsmeier ± Haack ± Arnold reaction from 6 b with N,N-dime-
thylformamide and phosphoryl chloride.


Crystals of the vinamidinium salt 4 suitable for single-
crystal X-ray diffraction were obtained by diffusion of ether
into a solution of 4 in acetonitrile. The molecular structure[22]


is illustrated in Figure 1. The vinamidinium moiety exhibits
the typical W-form of a cyanine system.[23] The twist angle of
the central phenylene ring against the flavin moiety is 77.38
and that against the cyanine system 87.78. Thus, the flavin and
the cyanine systems are almost coplanar.


The compounds 7 and 8 were required as reference
compounds for the photophysical investigation. The unsub-
stituted porphyrin 7 was prepared under standard conditions
from pyrrole and p-tert-butylbenzaldehyde. Using a simple


pyrimidine synthesis, the fla-
vin 8 was obtained from the
flavinyl ± vinamidinium salt 4
and acetamidine.


For future studies of the
influence of the donor/accept-
or distance in 1, we have
enlarged the spacer by incor-
poration of a further pyrimi-
dine unit. Condensation of the
2-cyanovinamidinium salt 9[24]


with the amidine 3 formed
from 2 gave the 5-cyanopyri-
midinyl porphyrin 10 in 73 %


yield (Scheme 3). Application of the reaction sequence
displayed in Scheme 1 led to the flavinyl porphyrin 1 c, which
is extended by one pyrimidine unit as compared with 1 a.


2. Cyclic voltammetry and estimation of energy levels : Cyclic
voltammetric studies on the porphyrin ± flavin dyad 1 a were
performed in methylene chloride as solvent. They revealed
reversible waves indicating oxidation potentials at �0.82 and
�1.15 V, relative to ferrocene as reference redox system. Both
half-wave potentials are in good agreement with that of the


Scheme 1. Synthesis of model compounds 1a and 1b.


Figure 1. ZORTEP plot of the vinamidinium salt 4. Selected bond length
[pm] and bond angles [8]: N1 ± C12 145.7(5), C15 ± C18 149.4(5), C18 ± C19
140.2(5), C18 ± C22 139.0(6), C19 ± N5 131.1(5), C22 ± N6 130.5(5); C14-
C15-C18 117.5(3), C16-C15-C18 124.1(4), C19-C18-C22 111.6(3), N5-C19-
C18 132.3(4), N6-C22-C18 132.2(4).
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Scheme 3. Synthesis of model compound 1 c.


first and second oxidation steps of the parent porphyrin 7. For
this compound two oxidation waves with half-wave potentials
at �0.81 and 1.13 V were found under the same conditions.
The first and second reduction potentials appear atÿ0.74 and
ÿ1.29 V. The first one corresponds to the reduction of the
flavin, that is, Flox/Fl .ÿ (ÿ0.73 V was found previously[14a]),
and the second one to the first reduction potential of the
porphyrin (PH2/PH2


.ÿ).[14a]


The energy of the charge-separated ion pair state, E(IP),
can be estimated from the respective oxidation and reduction
potentials according to Equations (1a, 1b),[15] which also
account for variations in solvent polarity. Eox and Ered are


E(IP)�EoxÿEred� dGs (1a)


dGs� e2


2


� �
1


rD


�
� 1


rA


�
1


4pe0e
ÿ 1


4pe0er


� �
ÿ e2


4pe0eRDA


(1b)


the oxidation and reduction potentials of the donor and
acceptor, respectively; rD and rA are the effective radii of the
donor cation and acceptor anion, estimated to be 4.3
(porphyrin cation) and 4.4 � (flavin anion), respectively,
and er (9.08) and e (7.56) are the dielectric constants of
methylene chloride and tetrahydrofuran. The distance sepa-
rating the donor and acceptor subunits (RDA) was estimated to
be 19.1 � (see below). From these values, ion-pair state
energies of 1.56 eV for solutions in methylene chloride and of
1.52 eV for solutions in tetrahydrofuran are deduced.


In Scheme 4 the energy level E(IP) is compared with the
spectroscopic energy levels of the respective excited S1 states,
as determined from the arithmetic means of the energies of


Scheme 4. Transient states of dyad 1 a and their relevant interconversion
pathways.


the corresponding (0,0) transitions of the fluorescence ab-
sorption bands of the flavin and porphyrin subunits. A value of
1.90 eV is obtained for the S1 state of the porphyrin and a
value of 2.59 eV for that of the flavin subunit. Although these
estimates have rather large uncertainties, the charge-sepa-
rated state is located well below the lowest excited state of the
flavin but also below that of the porphyrin subunits.


3. Semiempirical calculations


3.1. Ground-state properties : The center-to-center distance
between the donor and the acceptor in dyad 1 a is 19.1 �. Its
dipole moment is oriented parallel to the flavin unit in the
center of the spacer bridge, directed from the homoaromatic
subunits towards the heteroaromatic moiety within the flavin
unit, and has a magnitude of 6.4 D. The total energy of the
optimum geometry becomes 489.6 kcal molÿ1. The three
phenyl rings attached to the porphyrin unit are twisted by
62 ± 658 relative to the porphyrin plane. Weak electronic
coupling between the phenyl groups and the porphyrin moiety
accounts for a small increase in total energy (0.7 kcal molÿ1)
and an increase in the bond length (from 1.47 to 1.5 �) when
the orientation of the three phenyls is perpendicular to the
porphyrin plane. Similar results are found for rotation about
the two single bonds between the aryl groups of the spacer
unit: all aryl rings are slightly twisted relative to each other
but diverge significantly from orthogonality. The dihedral
angle between the porphyrin ring and the first phenyl ring of
the spacer becomes 63.38, similar to that between the flavin
moiety and the last phenyl ring (66.38). Both dihedral angles
between the pyrimidine and the two phenyl rings are near 378.
In both cases the orthogonal arrangement is about
1.2 kcal molÿ1 higher in energy, whereas a planar orientation
is only 0.5 kcal molÿ1 higher in energy for the less sterically
hindered bond but 1.3 kcal molÿ1 higher for the second,
biphenyl-like bond. The optimum arrangement results in a
nearly orthogonal orientation between the flavin and por-
phyrin planes. A more detailed analysis of the ground state
geometry was given previously.[25]


3.2. Molecular orbital analysis : The energies (Figure 2a) and a
visualization of the frontier orbitals (Figure 2b) of the
tetraphenylporphyrin (P) and flavin (F) subunits as well as
of the dyad 1 a are presented in Figure 2 and Table 1. Most of
the important orbitals of dyad 1 a can be related to the MOs of
the single components. The HOMOÿ 1, HOMO, LUMO� 1,
and LUMO� 2 of dyad 1 a are localized on the porphyrin
moiety and correspond to the orbitals of the porphyrin. The
energies of these four orbitals remain almost unchanged when
the spacer and flavin subunit are attached to the porphyrin,
that is, their character is not strongly affected in the dyad.
These orbitals correspond to the four frontier orbitals
according to the Gouterman four-orbital model[26] for por-
phyrins. The HOMOÿ 2 represents the highest occupied
molecular orbital of the acceptor subunit, but with large
contributions from orbitals localized on the spacer. Occupied
orbitals of the spacer and of the flavin subunit are thus in a
similar energy range and can combine effectively. This
explains the high degree of conjugation of the aromatic
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Figure 2. a) Orbital energy (eV) of the frontier orbitals of the tetraphe-
nylporphyrin (P), complete dyad (P ± F), and the flavin (F) systems;
b) visualization of the decisive occupied (left) and unoccupied (right)
MO�s of the P ± F dyad (HOMO and LUMO at the top to HOMOÿ 4 and
LUMO� 4 at the bottom).


bridge.[25] Both the HOMOÿ 3 and HOMOÿ 4 are of
porphyrin character with significant extension to the spacer
and even the acceptor subunit. This delocalization accounts
for efficient conjugation throughout the whole system. All
occupied orbitals above HOMOÿ 15 are considerably delo-
calized and only the HOMOÿ 15 is of pure flavin p character.


Unlike the occupied orbitals, the excited orbitals of the
spacer contribute only marginally to the lowest unoccupied
orbitals of the dyad. The LUMO of dyad 1 a corresponds to
the LUMO of the flavin subunit with only small contributions
from the attached spacer unit. LUMO� 4 is completely
localized on the flavin moiety without significant contribu-
tions from the spacer or the porphyrin. Solely the LUMO� 3
is located exclusively on the spacer unit (Figure 2b) and is thus
the only low-lying unoccupied orbital which cannot be
directly assigned to the donor or acceptor groups.


This orbital analysis is supported by the energy scheme
(Figure 2a) and its comparison with that of the separated
donor and acceptor subunits. The energies of the porphyrin
orbitals are only slightly changed in the dyad because of their
strict localization. In contrast, a marked deviation is found for
those localized on the flavin subunit, owing to their extensive
delocalization. In summary, occupied orbitals are generally
more delocalized than unoccupied ones, but those correlating
with porphyrin orbitals are less delocalized than those derived
from the flavin moiety.


3.3. Electronic excitation : The properties of the lowest excited
singlet states of the dyad are summarized in Table 2. The
excitation energy levels of S1 to S5 are presented in Figure 3


Figure 3. Excitation energy (eV) up to 4.0 eV for the dyad (P ± F), the
tetraphenylporphyrin (P), and the flavin (F) system.


for both the porphyrin P and
the flavin F subunits, and for
the complete P ± F dyad 1 a.
The first four excited states
are exclusively of porphyrin
character. They result from the
combination of excitations pro-
moting an electron from the
degenerate orbitals HOMOÿ 1
and HOMO into LUMO� 1


Table 1. Orbital energies (eV) of the frontier orbitals of the tetraphenylporphyrin (P), the complete dyad (P ± F),
and the flavin (F) system.


HOMOÿ 8 HOMOÿ 7 HOMOÿ 6 HOMOÿ 5 HOMOÿ 4 HOMOÿ 3 HOMOÿ 2 HOMOÿ 1 HOMO


P ÿ 9.764 ÿ 9.727 ÿ 9.679 ÿ 9.670 ÿ 9.631 ÿ 9.448 ÿ 9.384 ÿ 7.727 ÿ 7.625
P ± F ÿ 9.748 ÿ 9.702 ÿ 9.667 ÿ 9.582 ÿ 9.445 ÿ 9.382 ÿ 9.170 ÿ 7.755 ÿ 7.675
F ÿ 13.223 ÿ 12.737 ÿ 12.144 ÿ 11.669 ÿ 11.263 ÿ 10.87 ÿ 10.451 ÿ 10.356 ÿ 9.441


LUMO LUMO� 1 LUMO� 2 LUMO� 3 LUMO� 4 LUMO� 5 LUMO� 6


P ÿ 1.464 ÿ 1.404 0.305 0.287 0.306 0.327 0.401
P ± F ÿ 1.720 ÿ 1.513 ÿ 1.431 ÿ 1.161 ÿ 0.834 ÿ 0.376 ÿ 0.26
F ÿ 1.713 ÿ 0.886 ÿ 0.199 0.449 0.568 1.037 1.098
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and LUMO� 2. The S1 and S2 states have excitation energies
of 2.30 and 2.95 eV, respectively, a small oscillator strength of
less than 0.01 and a dipole moment of 6.6 D. These excitations
can be assigned to the two Q bands of the absorption
spectrum. The corresponding first excited state of triplet
character is located in vacuo at an energy of 1.85 eV. The next
two states, S3 and S4, are found at 3.62 and 3.67 eV,
respectively, and have a somewhat larger dipole moment of
7.3 D and a large oscillator strength of 1.7 to 1.9. These
transitions are characteristic for the Soret region of the
porphyrin spectrum.[26] As neither the energy nor the electron
distribution of the orbitals (Figure 2b) changes significantly
upon substitution of the porphyrin, no significant deviation
between the free tetraphenylporphyrin and the P ± F dyad is
expected. This is corroborated by the results presented in
Figure 3; an increase in excitation energy of less than 0.1 eV is
calculated for the P ± F dyad in comparison to the unsubsti-
tuted porphyrin P. The computed oscillator strengths, dipole
moments, and also the orbital contributions differ only
marginally between the two systems investigated.


The fifth excited state S5, with an excitation energy of
3.81 eV, is best described as a flavin excited state. In contrast
to the porphyrin excited states, excitations of the flavin moiety
in the dyad differ notably from the comparable excitations of
the free flavin. This can be seen in Figure 3: the excitation
energy in the dyad is significantly higher than in the flavin F.
The initial orbitals HOMOÿ 2 and HOMOÿ 3 are addition-
ally stabilized by delocalization over the spacer and the
porphyrin unit, whereas the final, excited orbitals are
localized on the flavin. This causes an increase of the energy
gap between those orbitals and, thus, of the excitation energy,
and also a high excited-state dipole moment of 29.3 D, which
is much larger than that of the respective flavin excited state
(12.7 D).


The next higher excited singlet state, S6, with an excitation
energy of 4.40 eV, cannot be assigned to any transition located
on the porphyrin or flavin subunit. It can be characterized as a
mixture of the two transitions HOMO!LUMO� 3 and
HOMOÿ 2!LUMO� 3. The occupied orbitals are localized
on the porphyrin and the flavin subunits, but the terminal
orbital is localized on the spacer group (Figure 2b, Table 2.).
Electronic charge density is thus shifted from both the donor
and the acceptor moiety to the center of the molecule on the


spacer and an excited state with a comparatively small dipole
moment, 12.9 D, results.


An excited state corresponding to electron transfer from
the donor to the acceptor is found as S12, with an excitation
energy of 5.23 eV. This state is essentially described as the
HOMO!LUMO one-electron transition. The HOMO is
localized on the porphyrin, whereas the accepting LUMO is
mainly located on the flavin. The corresponding triplet is
found at almost the same energy at 5.29 eV. The small energy
gap between the singlet and triplet excited states is character-
istic for an electron transfer state. In the case of the charge
separated state P� ± Fÿ, a huge formal dipole moment of
70.9 D is calculated.


3.4. Energy transfer : The separation between the porphyrin
and flavin excited states and the overlap of the fluorescence of
the latter with the porphyrin Q bands (see below) enables
efficient energy transfer from the flavin to the porphyrin
fluorescent state (P F), when the flavin subunit is selec-
tively excited (P ± F*). The spectroscopic investigation of the
dyad 1 a has confirmed the possibility of a selective excitation
of the P ± F* state and efficient relaxation to the P* ± F excited
state. For efficient energy transfer from the flavin to the
porphyrin by a Förster mechanism the transition dipole
moments for the two terminating states have to be oriented
parallel to each other. The calculated transition dipole
moments for the first five excited states as well as the angles
between them have been computed for the optimum geom-
etry of the dyad, and the results are presented in Table 3.


In the optimized ground-state structure of the dyad 1 a, the
transition dipole moment of the flavin excited state (i.e. , the
S5 of the dyad) lies in a plane at an angle of approximately 608
to the plane of the porphyrin ring system. The angle between
the transition dipole moments of the excited S1 and S2


porphyrin states and that of S5 is, therefore, also in the
vicinity of 608. The energy for a rotation of the flavin moiety
about the connection of the two subunits is below
0.5 kcal molÿ1 for angles � � 408 relative to the orthogonal
geometry. This allows for sufficient thermal flexibility to
ensure efficient coupling of the two transitions located on the
two subunits and facilitates energy transfer P F*. An
internal conversion process from the S5 into the lowest
porphyrin excited states by energy transfer can thus be very
fast.


3.5. Solvent effects : Solvent effects of a polar environment are
estimated by the Onsager model.[27] Although this model is in


Table 2. Excitation energies (DE in eV), dipole moments (m in D),
oscillator strengths f, and characterization of the first excited singlet and
decisive triplet (T0 and T13) states for the P ± F dyad. 0 ± 0 corresponds to a
HOMO!LUMO transition; 1 ± 1 to a HOMOÿ 1!LUMO� 1 transition
and so forth.


DE m f Character


T0 P* ± F 1.85 6.5 ± 68 % 0 ± 1 27% 1 ± 2
S1 P* ± F 2.30 6.6 0.011 52 % 0 ± 1 44% 1 ± 2
S2 P* ± F 2.95 6.6 0.001 50 % 0 ± 2 39% 1 ± 1
S3 P* ± F 3.62 7.2 1.874 28 % 0 ± 2 32% 1 ± 1
S4 P* ± F 3.67 7.3 1.652 28 % 0 ± 1 33% 1 ± 2
S5 P ± F* 3.81 29.3 0.180 42 % 2 ± 0 40% 3 ± 0
S6 P ± S* ± F 4.40 12.9 0.356 31 % 2 ± 3 24% 0 ± 3
S12 P� ± Fÿ 5.23 70.9 0.023 74 % 0 ± 0
T13 P� ± Fÿ 5.29 60.3 ± 56 % 0 ± 0 11% 4 ± 2


Table 3. Transition dipole moment for the five lowest excited states of P ±
F and angle a (8) between the transition dipole moments of the P ± F* and
P* ± F excited states S1 to S4.


x y z a


S1 0.23 0.03 0.05 56
S2 0.05 ÿ 0.01 0.01 56
S3 1.94 ÿ 1.34 0.61 67
S4 ÿ 1.70 ÿ 1.50 ÿ 0.08 122
S5 0.53 0.01 ÿ 0.51
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principle not valid for the case of large molecules, like the
dyad, for which the dipole moment cannot be considered to be
infinitesimally small in comparison to the solvent-excluded
volume, it nevertheless allows an estimate of the stabilization
energy of the charge-separated state in a polar solvent. As the
shape of the investigated dyad 1 a (P ± F) deviates significantly
from a sphere, its volume was described by an ellipsoid with
axes a (long axis), b, and c.


Solvation energies for the excited states were calculated by
two different approaches, bearing in mind solvent influences
on absorption spectra on the one hand and on state energies
on the other. In the first case, reorientation of the solvent
molecules is disregarded. The effect on vertically excited
states is calculated accounting for orientation of the dipoles in
the ground state and polarization of the medium caused by the
increase of the dipole moment upon excitation from mi in the
ground state to mf in the excited states [Eq. (2)],[28] where e0 is


DEsolv,partial�ÿ
2mfmi


4pe0abc


eÿ 1


2e � 1
ÿ n2 ÿ 1


2n2 � 1


� �
ÿ 2m2


f


4pe0abc


n2 ÿ 1


2n2 � 1
(2)


the universal dielectric constant, e the dielectric permittivity
of the solvent, a, b, and c the three axes of the ellipsoid
describing the Onsager cavity, and n is the refractive index of
the solvent. When, in addition, full reorientation of the
solvent molecules is allowed for according to the charge
distribution in the relaxed excited state, the total solvation
energy DEsolv,relax is obtained from Equation (3).[27]


DEsolv,relax�
2m2


4pe0abc


eÿ 1


2e � 1
(3)


The total energies of excited states in a solvent of given
permittivity and refractive index are obtained by adding the
respective solvation energy DE to the gas-phase transition
energies. In order to allow comparison with experiment, the
calculations were carried out for tetrahydrofuran as a polar
aprotic solvent with e� 7.56 and n� 1.407. The values for the
radii of the ellipsoid cavity were estimated from the molecular
structure to be a� 15.4, b� 8.8, and c� 5.2 �. The resulting
energy state diagram in the solvent THF is shown in Figure 4.


Figure 4. Energy scheme (eV) for the energy of the P* ± F (Q and Soret
states), F ± P*, and P� ± Fÿ singlet states in vacuo (ÐÐ) and in tetrahy-
drofuran unrelaxed (´´ ´ ´) and relaxed (- - - -) solvent cage according to the
Onsager model.


It has to be mentioned at this point that small changes in the
cavity radii cause large shifts in the computed stabilization
energy; in particular, the charge-separated state is sensitive to


this parameter owing to its huge formal dipole moment. With
this limitation in mind, the study of the solvent effects reveals
the reversal of the excited-state progression due to solvent
stabilization. The electron-transfer state S12 becomes the first
excited state, at a total energy of about 1.6 eV. The S5 flavin-
like excited state, with a large dipole moment of more than
29 D, is also significantly stabilized in total energy. Never-
theless, the first P* ± F state is lower in total energy than the
P ± F* state in the polar environment too. Further computed
energies are 1.9 eV for the first porphyrin excited state, 3.2
and 3.3 eV for the Soret bands, and 2.6 eV for the flavin
excited state; this latter state thus lies between the Q and
Soret absorption bands of the dyad. Efficient energy transfer
from the flavin to the porphyrin unit is still possible, too.
These results are both in agreement with experiment. The
stabilization of the P� ± Fÿ state allows its population by
deactivation of both the P* ± F and of the P ± F* state. As
discussed in the previous section in connection with the
problem of electronic coupling, the P ± F* state is the more
likely origin for formation of a charge-separated state.


4. Spectroscopic and photophysical properties


4.1. Absorption spectra : The absorption spectra of the dyad
1 a together with those of the reference compounds, flavin 8
and porphyrin 7, in a tetrahydrofuran solution are shown in
Figure 5. The main contributions of the porphyrin substruc-


Figure 5. Absorption spectra of the dyad 1 a (ÐÐ), porphyrin 7 (- - - -), and
flavin 8 (´´ ´ ´) in tetrahydrofuran as solvent (T� 208C). The Q bands are
plotted to an extended scale in the inset.


ture to the absorption spectrum of the dyad are easily
recognized: the intense Soret band (B band) appears at about
420 nm and the typical vibronically resolved Q bands (QY01,
QY00, QX01, QX00) of a doubly protonated porphyrin are
observed in the 470 ± 700 nm wavelength range. The flavin
absorption is found in the range between 400 and 490 nm and
in the UV below 370 nm, and is also recovered in the spectrum
of the dyad. In the far UV around 300 nm, absorption due to
the spacer becomes significant.
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Details of the absorption spectra (absorption maxima and
extinction coefficients) of the dyad and the subunits are
compiled in Table 4. The data show small but distinct changes
in the spectral parameters between the dyad and the


individual model compounds; the most significant is a bath-
ochromic shift of 2 nm and a slight broadening of the Soret
band in the dyad compared to that of porphyrin 7. A small
solvent shift of the Soret band is observed in the solvents
toluene, tetrahydrofuran, and dimethylformamide, in agree-
ment with the variation of the refractive index.


Most importantly, the absorption due to the flavin moiety is
well separated from the porphyrin Soret and Q bands;
consequently, the flavin moiety can be nearly selectively
excited in the wavelength range
between 450 and 475 nm. From
the absorption spectra of por-
phyrin 7, flavin 8, and the por-
phyrin ± flavin dyad and their
small changes it can be estimat-
ed that for excitation at 465 nm
the flavin subsystem is selec-
tively excited to 78 % in the
solvent toluene, to 80 % in
tetrahydrofuran, and to 76 %
in N,N-dimethylformamide. On
the other hand, the porphyrin
group can be exclusively excit-
ed in each one of the Q bands,
for example at 517 nm.


4.2. Fluorescence measurements : The normalized fluores-
cence spectra of the dyad 1 a and of the model compounds in
tetrahydrofuran are shown in Figure 6. Spectra of the dyad are
given for two excitation wavelengths, 517 nm, where exclu-
sively the porphyrin moiety is excited, and 465 nm, where
excitation is predominantly into the flavin subunit. Excitation
of porphyrin 7 and of the dyad at 517 nm results in the typical
porphyrin emission spectrum showing maxima at 654 and
720 nm that correspond to the Q*X00 and Q*X01 vibrational
bands.[29] The fluorescence maximum of flavin 8 is located at


532 nm. Excitation of the dyad at 465 nm gives only a very low
emission in the wavelength range corresponding to the flavin
group, but a strong porphyrin fluorescence is also observed.
The flavin excited state is thus strongly quenched and relaxes
predominantly to the porphyrin excited state. Fluorescence
quantum yields QF and fluorescence lifetimes tF of dyad 1 a
and the two model compounds were measured in toluene,
tetrahydrofuran, and N,N-dimethylformamide at various
excitation wavelengths (see Table 5).


When the porphyrin 7 and the dyad are excited at 517 nm
they show equal fluorescence spectra and similar fluorescence
lifetimes and quantum yields. The latter are generally slightly
higher for the dyad in comparison to the porphyrin model.
This indicates that no additional deactivation mechanism is
operative when the dyad is excited into the porphyrin
substructure.


The fluorescence quantum yields measured for excitation at
465 nm result mainly from excitation of the flavin chromo-
phore but in part also from direct excitation of the porphyrin.
The Ff values measured at 465 nm are considerably smaller


Table 4. Absorption maxima lmax and extinction coefficients e of the
porphyrin ± flavin dyad 1a in tetrahydrofuran (THF) and comparison to
flavin 8 and porphyrin 7 (20 8C).


lmax (nm) e (mÿ1 cmÿ1)
Compound Flavin


(S0 S3.S2.S1)
Porphyrin


(Soret band)
Porphyrin
(Q bands)


flavin 8 264 24300
328 4800
438 5200


porphyrin 7 418 545 600 514 16 500
550 9 890
592 4 700
650 5 300


porphyrin ± flavin
dyad 1 a


420 512 500 514 16 100


550 10 500
592 4 700
648 4 500


Table 5. Fluorescence quantum yield and lifetime for the dyad 1a in comparison to flavin 8 and porphyrin 7 in
toluene, tetrahydrofuran (THF), and dimethylformamide (DMF), measured at T� 20 8C. b defines the yield for
the relaxation process from the excited flavin to the fluorescent porphyrin state.


FF tF (ns)
Compound Flavin emission Porphyrin emission


toluene THF DMF toluene THF DMF


flavin 8[a] 0.20 3.4 0.13 2.8 0.16 3.3
porphyrin 7[b] 0.10 11.2 0.13 11.1 0.12 10.4
porphyrin ± flavin
dyad 1 a[b]


0.12 11.5 0.15 11.9 0.12 10.2


[a] � 0.001 ± � 0.001 ± � 0.001 ± 0.09 11.6 0.10 11.1 0.13 10.3


b (�0.02) 0.68 0.58 1.05


[a] Excitation of the flavin at 465 nm. [b] Excitation of the porphyrin at 517 nm.


Figure 6. Normalized fluorescence emission spectra of the dyad 1a for
excitation into the porphyrin at 517 nm (ÐÐ) and the flavin subunit at
465 nm (´±´±), of porphyrin 7 (excitation at 517 nm, - - - -) and flavin 8
(excitation at 465 nm, ´´ ´ ´) in tetrahydrofuran as solvent (T� 208C). The
spectra are normalized to equal height at their maxima.
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than those found for the excitation into the Q bands, but this
effect depends significantly on the solvent polarity: in
solutions in toluene and tetrahydrofuran, the values obtained
for excitation at 465 nm are indeed less than those for
excitation at 517 nm, but the effect was absent for solutions in
the highly polar solvent dimethylformamide. This indicates
that the flavin excited state does not quantitatively relax to
the porphyrin fluorescent state in toluene and tetrahydrofur-
an. This internal conversion pathway of the primarily excited
state can be characterized by a quantum efficiency, b, the
values of which are given in Table 5 for the three solvents
used. The data show that approximately 60 % of the initially
excited flavin state converts to the porphyrin fluorescent state,
40 % relaxes nonradiatively and less than 1 % decays by
fluorescence. By contrast, in the solvent dimethylformamide
flavin excitation quantitatively results in porphyrin fluores-
cence.


A value for the lifetime of the excited flavin in the dyad can
be estimated from the measured decrease of its fluorescence
quantum yield in solution (Q0


f � and in the dyad (Qf) and its
fluorescence lifetime (t0


f �. From the values given in Table 5 a
lifetime shorter than 25 ps can be estimated by means of
Equation (4). Nonradiative quenching is thus very fast, with a


knr �
1


tf


� 1


t0
f


Q0
f


Qf


ÿ 1


 !
(4)


rate constant knr� 4� 1010 sÿ1. This rate is smaller than the
normal rates for internal conversion processes due to vibronic
coupling of the excited states, and fluorescence from the
upper state is thus still visible. It is assumed that the
conversion from the flavin excited state to the S1 of porphyrin
is due to resonance energy transfer. This process should be
rather efficient as fluorescence and absorption of the two
terminating states overlap efficiently.


4.3. Nanosecond transient absorption spectroscopy: Solutions
in tetrahydrofuran of the dyad 1 a as well as of the porphyrin
and flavin model compounds 7 and 8 were subjected to laser
flash photolysis at concentrations between 5� 10ÿ6m and
10ÿ5m. The optical parametric oscillator wavelengths l1�
450 nm and l2� 517 nm were used to ensure, as far as
possible, selective excitation of the flavin and porphyrin
moieties of the dyad. Typical ground-state absorbances of the
dyad, measured in a 1 cm cell, were A (l1)� 0.058 and A
(l2)� 0.100. At l1, the contribution of the porphyrin moiety to
the total absorbance was 38 %. Excitation of the flavin 8 at l1


resulted in barely measurable transient absorbances (A<


0.001 at 1 mJ/pulse). Measurable but still very weak transients
were observed when the fourth harmonic of the Nd:YAG
laser (l� 266 nm) was chosen for excitation; at this wave-
length, the flavin 8 has an intense absorption maximum e�
36 000 mÿ1 cm1). A broad transient absorption with a maxi-
mum around 450 nm and a lifetime of the order of 100 ms
could be detected; the absorbance increased with pulse
energy in a distinctly nonlinear way. This observation is
consistent with the previously reported formation of a
flavosemiquinone radical by two-photon ionization of 1,5-
dihydroflavin mononucleotide.[30a] The efficiency of this two-


photon process is noticeably higher when excitation occurs at
266 nm rather than at 450 nm.


Excitation of the porphyrin 7 in THF at l2 resulted in the
transient difference spectrum shown in Figure 7, featuring a
prominent band in the 430 ± 460 nm range and a weaker


Figure 7. Transient spectra from laser flash photolysis of deoxygenated
THF solutions of porphyrin 7, excited at l2� 517 nm (spectrum 1, *) and of
the dyad, excited at l1� 450 nm (spectrum 2, &). Values of DA normalized
to unit absorbance at wavelength of excitation. Inset: Time course of
absorbance for dyad excited at l2 (1) and at l1 (2).


absorption tailing towards the red. The lifetime of this
transient was of the order of 50 ms in solutions that were
deoxygenated by bubbling with N2; its decay was accelerated
in the presence of O2. The decay kinetics were independent of
wavelength between 430 and 700 nm. Assignment of this
transient to the triplet-minus-singlet spectrum of 7 is straight-
forward; similar spectra have been obtained for other
porphyrins.[30b] The dependence of the transient absorbance
on laser pulse energy was found to be linear at low pulse
energies (<0.5 mJ/pulse); a value of e (lm)�f�
18 000 mÿ1 cmÿ1 was determined at lm� 445 nm.


The transient obtained by photoexcitation of the dyad was
spectrally and kinetically very similar to that resulting from
the porphyrin 7 for excitation at l1 and l2 alike: the transient
behavior of the dyad is dominated by the triplet state of the
porphyrin moiety no matter whether the porphyrin or the
flavin moiety is excited. In order to get a more detailed
picture, we measured the pulse energy dependence of the
transient absorption at three selected wavelengths, 445, 570,
and 670 nm, for both excitation conditions. The measuring
wavelengths were chosen for the following reasons: 445 and
570 nm for a high ratio of triplet absorption to ground-state
depletion, and 670 nm as a representative wavelength where
the potential formation of a porphyrin radical cation origi-
nating from long-lived charge separation in the dyad would
show up.[3] The dependence of absorbance on pulse energy
read at pulse end was in all cases linear up to 0.5 mJ/pulse,
allowing the determination of e (lm)�f (see Experimental
Section); the results are shown in Table 6. Two conclusions
can be drawn based on these data: first, excitation of the
porphyrin moiety of the dyad generates the porphyrin triplet
with the same quantum yield as from the free porphyrin;
second, the ratios of e (lm)�f values for excitation of the
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porphyrin and flavin moieties are the same, within exper-
imental error, at the three measuring wavelengths. Other
transients besides the porphyrin triplet therefore do not
contribute to the overall spectrum in a measurable way. In
particular, the formation of a sizeable amount of long-lived
radical ion species can be ruled out.


Since both the flavin and the porphyrin chromophores
contribute to absorption at l1� 450 nm, two pathways of
porphyrin triplet generation must be distinguished at this
excitation wavelength. After correction for triplet formation
by direct excitation of the porphyrin moiety, a value of
e(445)�f� 11 880 mÿ1 cmÿ1 was calculated for population of
the porphyrin triplet following excitation of the flavin moiety.
The ratio of the quantum yields of porphyrin triplet formation
upon excitation of one of the two dyad chromophores,
fT(flavin)/fT(porphyrin), was therefore determined as 0.66,
with an estimated uncertainty margin of �20 %. This value is
equal, within the error margins, to the corresponding ratio of
fluorescence quantum yields (see above).


Conclusions


A strategy for the synthesis of dyads composed of porphyrins
and various acceptor moieties using a phenylene and a
diazaphenylene spacer has been presented. This method
allows the synthesis of similar model compounds from the two
building blocks amidine and vinamidinium salt by stepwise
addition of pyrimidine rings. The ¹pyrimidine approachª in
principle is suitable for the synthesis of biomimetic model
compounds with well-defined geometry. Various acceptor
groups can be used, and the photophysical and spectroscopic
properties of the porphyrin can be changed by the incorpo-
ration of metal cations. The spacer absorbs only in the far UV
region and thus does not interfere with spectroscopic meas-
urements at longer wavelengths. Three examples are pre-
sented and the properties of a dyad composed of a porphyrin
coupled to a flavin moiety were examined in detailed
theoretical and experimental studies.


Semiempirical investigations showed that the distance
between the donor and acceptor moieties is fixed but that
their relative orientation varies within rather large margins as
the activation barrier for rotation about some of the
connecting single bonds is low. In the optimum geometry,
the orbitals of the spacer moiety are highly conjugated.
Essentially, they do not combine with the highest occupied
orbitals of the porphyrin subunit but contribute in an
important way to those of the flavin subunit. The lowest
excited orbitals are strongly centered on the donor and


acceptor subunits. Excitations correlating with those of the
porphyrin moiety are thus not greatly changed in the dyad.
The lowest flavin excited state shifts to higher energies but its
dipole moment is considerably increased and this accounts for
strong solvent stabilization of this state, which is therefore
found at lower energy and well separated from the porphyrin
Soret bands.


A charge-transfer excited state is found at high energies
with a large formal dipole moment of >70 D. It results
formally from a transfer of an electron from the highest
occupied porphyrin orbital to that of the flavin moiety after
excitation of the flavin. As the ground-state orbitals are highly
delocalized, this could facilitate excited-state charge transfer.
In a polar solvent, the energy of the charge-separated state
decreases; an estimation of solvent effects places it in the
vicinity of the fluorescent porphyrin Q bands. This is in
agreement with cyclovoltammetric results which locate this
state below the fluorescent state in energy, too. Electron
transfer induced by excitation of the flavin subgroup should
therefore have a high driving force and could thus be very
efficient; the lowest exited state of the porphyrin could also
relax to the charge-separated state.


The results of the spectroscopic and photophysical inves-
tigations are consistent with this picture. The specific excita-
tions of the subunits are recovered in the spectrum of the dyad
in the right order. The flavin moiety can be selectively excited
at wavelengths in between the porphyrin Q and Soret bands.
Excitation of the dyad always generates the typical porphyrin
fluorescence with its characteristic lifetime. The fluorescence
quantum yield is slightly higher when the porphyrin moiety is
primarily excited; no additional relaxation pathway can be
detected in this case. In low and medium polarity solvents
(toluene and tetrahydrofuran, but not dimethylformamide)
the fluorescence quantum yield depends on the excitation
wavelength: it is considerably smaller upon excitation into the
flavin moiety. In these cases, relaxation to the fluorescent
porphyrin state occurs most probably by intramolecular
energy-transfer mechanisms with a yield of the order of
60 %. This result is consistent with those of transient
absorption measurements which show a decrease of the
triplet quantum yields similar to those of the fluorescence
yields. In the latter measurements no long-lived transient in
the nanosecond time domain could be observed besides the
porphyrin triplet ± triplet absorption.


Taken together, the results of the theoretical and exper-
imental investigations on the dyad 1 a suggest that a charge-
separated state can be populated after excitation of the flavin
moiety, which relaxes to the ground state on the subnano-
second time scale. The proposed relaxation scheme is shown
in Scheme 4. The experimentally observed solvent depend-
ence is in qualitative agreement with the predictions of the
Marcus electron-transfer theory,[31] yielding a maximum rate
of electron transfer at an intermediate value of solvent
polarity. The results described in this study demonstrate the
interest of this new class of donor ± spacer ± acceptor com-
pounds for spectroscopic and photophysical investigations.
Further work involving variation of the bridge size and
structure as well as different donor/acceptor combinations is
under way.


Table 6. Values of De (lm) �f at different monitoring wavelengths (lm)
from laser flash photolysis of the dyad in THF at excitation wavelengths
l1� 450 nm and l2� 517 nm.


De (lm) �f (mÿ1 cmÿ1)
Excitation wavelength lm� 445 nm lm� 570 nm lm� 670 nm


l1 10300 1500 800
l2 18000 2800 1400
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Experimental Section


General methods : 1H NMR spectra were recorded on a Bruker ARX 300
(300 MHz) or a Bruker AMX 600 (600 MHz) with TMS as internal
standard. Infrared spectra were obtained on a Perkin ± Elmer FT-IR
Spectrum 1000. Electron ionization (EI, 70 eV), fast-atom bombardment
(FAB, 20 kV caesium, NBA matrix) and high-resolution (HRMS) mass
spectral analyses were performed by Finnigan MAT 95Q. Preparative
column chromatography was carried out on glass columns packed with
silica gel 60 (Merck, grain size 0.040 ± 0.063 mm). Air-sensitive reactions
were carried out under nitrogen in dried solvents and glassware.


6-(4-Ethoxycarbonylmethylanilino)-3-methyluracil (5): 6-Chloro-3-methyl-
uracil[32] (25.1 g, 156 mmol) and 4-aminophenylacetic acid[33] (28.0 g,
156 mmol) was added to a mixture of N,N-diethylaniline (100 mL) and
acetic acid (10 mL) and heated to 190 8C for 25 min. After cooling to room
temperature, ethanol (500 mL) was added and the colorless solid was
collected by filtration; yield: 39.3 g (83 %). M.p. 274 ± 275 8C; 1H NMR
(300 MHz, [D6]DMSO): d� 1.18 (t, 3J� 7.0 Hz, 3 H, CH2CH3), 3.06 (s, 3H,
NCH3), 3.60 (s, 2H, CH2), 4.05 (q, 3J� 7.0 Hz, 2H, CH2CH3), 4.79 (s, 1H,
uracil H5), 7.09 (d, 3J� 8.0 Hz, 2H, phenyl H2,6), 7.23 (d, 3J� 8.0 Hz, 2H,
phenyl H3,5), 8.16 (s, 1 H, NH); IR (KBr): nÄ � 3259 cmÿ1, 3099, 2982, 1732,
1625, 1610, 1580, 1299; UV/Vis (DMSO): lmax (lge)� 288 nm (4.26);
C13H13N3O4 (275.3): calcd C 56.72, H 4.76, N 15.27; found C 57.08, H 4.90, N
15.24.


10-(4-Ethoxycarbonylmethylphenyl)-3-methylflavin (6a): Compound 5
(18.8 g, 62.0 mmol) and nitrosobenzene (20.0 g, 187 mmol) were refluxed
in a mixture of acetic anhydride (100 mL) and acetic acid (25 mL) for
30 min. The solvent was removed in vacuo and the residue was triturated in
ethanol (500 mL). After filtration the solid was recrystallized from acetic
acid; yield 17.9 g (74 %), orange crystals. M.p.> 300 8C; 1H NMR
(300 MHz, [D]TFA): d� 1.46 (t, 3J� 7.0 Hz, 3 H, CH2CH3), 3.73 (s, 3H,
NCH3), 4.11 (s, 2 H, CH2), 4.53 (q, 3J� 7.1 Hz, 2H, CH2CH3), 7.50 (d, 3J�
8.1 Hz, 1H, flavinyl H9), 7.68 (d, 3J� 8.1 Hz, 2H, phenyl H3,5), 7.96 (d, 3J�
8.1 Hz, 2H, phenyl H2,6), 8.25 (t, 3J� 7.8 Hz, 1H, flavinyl H7), 8.32 (t, 3J�
7.9 Hz, 1H, flavinyl H8), 8.65 (d, 3J� 8.3 Hz, 1 H, flavinyl H6); IR (KBr):
nÄ � 3060 cmÿ1, 2981, 1660, 1616, 1556, 1485, 1318, 1172, 806, 769; UV/Vis
(DMSO): lmax (lg e)� 439 nm (3.90), 341 (4.10), 269 (4.44); C21H18N4O4


(390.4): calcd C 64.61, H 4.65, N 14.35; found C 64.40, H 4.79, N 14.41.


10-(4-Carboxylmethylphenyl)-3-methylflavin (6b): The solution of 6 a
(4.0 g, 10.2 mmol) in conc. HCl (350 mL) was stirred at room temperature
for 16 h. The solution was diluted with water (600 mL) and the precipitate
was collected by filtration. Recrystallization from acetic acid/ethanol gave
yellow microcrystals; yield: 2.6 g (72 %). M.p.> 300 8C; 1H NMR
(300 MHz, [D]TFA): d� 3.73 (s, 3H, NCH3), 4.11 (s, 2H, CH2), 7.50 (d,
3J� 8.0 Hz, 1H, flavinyl H9), 7.68 (d, 3J� 8.0 Hz, 2H, phenyl H3,5), 7.96 (d,
3J� 8.0 Hz, 2H, phenyl H2,6), 8.26 (t, 3J� 7.8 Hz, 1H, flavinyl H7), 8.32 (t,
3J� 7.9 Hz, 1H, flavinyl H8), 8.65 (d, 3J� 8.3 Hz, 1H, flavinyl H6); IR
(KBr): nÄ � 3068 cmÿ1, 2964, 1712, 1658, 1616, 1553, 1487, 1281, 1173, 986,
807, 768; UV/Vis (DMSO): lmax : 439 nm, 337, 268; C19H14N4O4 (362.3):
calcd C 62.98, H 3.89, N 15.46; found C 63.14, H 4.05, N 15.32.


3-Dimethylamino-N,N-dimethyl-2-(4-(3-methylflavin-10-yl)-phenyl)-prop-
2-eniminium perchlorate (4): A solution of 6b in DMF (0.7 mL) was added
to a solution of the Vilsmeier reagent (prepared by addition of phosphoryl
chloride (2.8 g, 18 mmol) to DMF (2.17 g, 30 mmol) at 0 8C and stirring the
mixture at room temperature for 1.5 h) and heated to 80 8C for 22 h. After
careful addition of water (1.4 mL), a 20 % aqueous solution of sodium
perchlorate (10 mL) was added. The precipitate was filtered off and washed
with water. Recrystallization from acetonitrile/ether gave yellow micro-
crystals; yield: 2.7 g (92 %). M.p.> 300 8C. 1H NMR (300 MHz, [D]TFA):
d� 2.95 (s, 6H, vinamidinium NCH3), 3.47 (s, 6 H, vinamidinium NCH3),
3.72 (s, 3 H, flavinyl NCH3), 7.25 (d, 3J� 8.0 Hz, 1 H, flavinyl H9), 7.67 (s,
2H, vinamidinium H1,3), 7.89 ± 7.92 (m, 4 H, phenyl H2,3,5,6), 8.21 ± 8.26
(m, 2 H, flavinyl H7,8), 8.65 (d, 3J� 8.3 Hz, 1 H, flavinyl H6); IR (KBr): nÄ �
3068 cmÿ1, 2935, 1710, 1662, 1616, 1591, 1556, 1487, 1400, 1291, 1274, 1122,
1109, 982, 809; UV/Vis (DMSO): lmax: 439 nm, 316, 269; C24H25ClN6O6


(529.0) calcd C 54.50, H 4.76, N 15.89; found C 54.33, H 4.89, N 15.77.


3-Methyl-10-(2''-methyl-4,5''-1'',3''-diazabiphenyl)-flavin (8): A suspension of
4 (1.85 g, 3.50) and acetamidinium chloride (0.34 g, 3.60 mmol) in pyridine
(120 mL) was heated for 22 h. After cooling to room temperature, water
(200 mL) was added and the mixture was concentrated to about 100 mL in


vacuo. The precipitate was collected by filtration and washed with hot
acetonitrile; yield: 0.97 g (70 %), yellow solid. M.p.> 300 8C. 1H NMR
(300 MHz, [D]TFA): d� 3.28 (s, 3 H, 2'-CH3), 3.77 (s, 3 H, NCH3), 7.48 (d,
3J� 8.6 Hz, 1 H, flavinyl H9), 8.04 (d, 3J� 8.5 Hz, 2H, H2,6), 8.29 (t, 3J�
7.8 Hz, 1H, flavinyl H7), 8.35 (t, 3J� 7.9 Hz, 1 H, flavinyl H8), 8.42 (d, 3J�
8.3 Hz, 2H, H3,5), 8.69 (d, 3J� 8.3 Hz, 1 H, flavinyl H6), 9.75 (s, 2H,
pyrimidinyl H); MS (EI): m/z 395 [M�]; IR (KBr): nÄ � 1715 cmÿ1, 1666,
1617, 1589, 1553, 1449, 1276, 984, 806; UV/Vis (DMSO): lmax : 266 nm, 334,
440; C22H16N6O2 0.5 H2O (405.4): calcd C 65.18, H 4.23, N 20.73; found C
65.25, H 4.27, N 21.04.


4-(10,15,20-Tris(p-tert-butylphenyl)porphyrin-5-yl)-benzonitrile (2): Pyr-
role (32 mL, 460 mmol) was added dropwise to a solution of p-cyanoben-
zaldehyde (15 g, 110 mmol) and p-tert-butylbenzaldehyde (58 mL,
350 mmol) in refluxing propionic acid (1.7 L). The mixture was refluxed
for 1 h and then concentrated to about 200 mL. After cooling to room
temperature, it was filtered to isolate the precipitate, which was washed
with methanol and chromatographed with chloroform/hexane 2:1 on silica
gel. The first fraction was 5,10,15,20-tetrakis(tert-butylphenyl)porphyrin;
the second fraction was the blue ± violet product 2 ; yield: 5.2 g (5.6 %) after
recrystallization from chloroform/methanol. M.p.> 300 8C; 1H NMR
(300 MHz, CDCl3): d � ÿ 2.73 (s, 2 H, NH), 1.61 (s, 27H, C(CH3)3), 7.76
(d, 3J� 8.2 Hz, 6H, tBu-phenyl H3,5), 8.04 (d, 3J� 7.9 Hz, 2H, phenyl
H2,6), 8.13 (d, 3J� 8.2 Hz, 6 H, tBu-phenyl H2,6), 8.34 (d, 3J� 7.9 Hz, 2H,
phenyl H3,5), 8.69 (d, 3J� 4.7 Hz, 2H, porphyrinyl H2,8), 8.88 (s, 4H,
porphyrinyl H12,13,17,18), 8.91 (d, 3J� 4.7 Hz, 2H, porphyrinyl H3,7); MS
(EI): m/z (%) 807 [M�] (100); IR (KBr): nÄ � 2962 cmÿ1, 2230, 1629, 1474,
1108, 968, 801; UV/Vis (CHCl3): lmax (lg e)� 421 nm (5.63), 518 (4.23), 554
(3.98), 592 (3.73), 648 (3.68); C57H53N5 (808.1): calcd C 84.72, H 6.61, N 8.67;
found C 84.76, H 6.50, N 8.73.


10,15,20-Tris(p-tert-butylphenyl)-5-(4''''-(3-methylflavin-10-yl)-1'',3''-diaza-
4,2'':5'',1''''-terphenyl)-porphyrin (1a): A slurry of 2 (750 mg, 0.93 mmol) and
lithium bis(trimethylsilyl)amide (790 mg, 4.7 mmol) in dry THF (65 mL)
was stirred at room temperature for 51 d. The solvent was removed in
vacuo. Toluene (65 mL) and chlorotrimethylsilane (0.67 mL, 5.3 mmol)
were added, and the mixture was refluxed for 8 h. The solvent was distilled
off and ethanol (45 mL), 4 (2.1 g, 4.0 mmol), KF (580 mg, 10 mmol) and N-
ethyldiisopropylamine (0.75 mL, 8.20 mmol) were added. The mixture was
stirred at room temperature for 2 d and then refluxed for 2 d. The solvent
was removed in vacuo and the residue was washed with water, dried, and
chromatographed on silica gel with chloroform/methanol 40:1. The second
fraction containing 1a was isolated as a violet solid; yield: 305 mg (28 %)
after recrystallization from chloroform/methanol. M.p.> 300 8C; 1H NMR
(600 MHz, CDCl3): d�ÿ2.72 (s, 2 H, NH), 1.61 (s, 27 H, C(CH3)3), 3.54 (s,
3H, N-CH3), 7.05 (d, 3J� 8.6 Hz, 1 H, flavinyl H9), 7.53 (d, 3J� 8.3 Hz, 2H,
phenyl H3'',5''), 7.63 (dd, 3J (H7, H6)� 3J (H7, H8)� 7.7 Hz, 1H, flavinyl
H7), 7.73 (dd, 3J (H8,H7)� 3J (H8, H9)� 7.7 Hz, 1 H, flavinyl H8), 7.76 (d,
3J� 8.2 Hz, 6H, tBu-phenyl H3,5), 8.01 (d, 3J� 8.3 Hz, 2 H, phenyl H2'',6''),
8.15 (d, 3J� 8.2 Hz, 6 H, tBu-phenyl H2,6), 8.39 ± 8.42 (m, 3 H, phenyl H2,6,
flavinyl H6), 8.87 ± 8.93 (m, 10H, porphyrinyl H, phenyl H3,5), 9.27 (s, 2H,
pyrimidinyl H); IR (KBr): nÄ � 2961 cmÿ1, 1671, 1556, 1432, 967, 801; UV/Vis
(CHCl3): lmax (lg e)� 272 nm (4.80), 421 (5.70), 518 (4.29), 554 (4.10), 593
(3.77), 649 (3.77); HRMS (EI): calcd for C77H66N10O2 1162.5370, found
1162.5376; C77H66N10O2 (1163.4): calcd C 79.49, H 5.72, N 12.04; found C
79.15, H 5.84, N 11.83.


[10,15,20-Tris(p-tert ± butylphenyl)-5-(4''''-(3-methylflavin-10-yl)-1'',3''-di-
aza-4,2'':5'',1''''-terphenyl)porphyrinato]zinc(iiii) (1b): Zinc acetate dihydrate
(100 mg, 0.46 mmol) was added to a suspension of 1 a (130 mg, 0.11 mmol)
in DMF (15 mL). The mixture was refluxed for 30 min and then diluted
with water (30 mL). The residue was filtered off, washed with water, and
chromatographed on silica gel with chloroform/methanol 30:1 to give a
red ± violet solid; yield: 98 mg (71 %). M.p.> 300 8C; 1H NMR (600 MHz,
CDCl3): d� 1.61 (s, 27H, C(CH3)3), 3.53 (s, 3 H, N-CH3), 7.04 (d, 3J�
8.2 Hz, 1H, flavinyl H9), 7.52 (d, 3J� 8.1 Hz, 2 H, phenyl H3'',5''), 7.63
(dd, 3J (H7,H6)� 3J (H7, H8)� 8.2 Hz, 1H, flavinyl H7), 7.73 (dd, 3J
(H8,H7)� 3J (H8, H9)� 8.2 Hz, 1 H, flavinyl H8), 7.75 (d, 3J� 8.0 Hz, 6H,
tBu-phenyl H3,5), 8.01 (d, 3J� 8.1 Hz, 2H, phenyl H2'',6''), 8.14 (d, 3J�
8.0 Hz, 6H, tBu-phenyl H2,6), 8.38 (d, 3J� 8.2 Hz, 1H, flavinyl H6), 8.41 (d,
3J� 8.0 Hz, 2 H, phenyl H2,6), 8.90 (d, 3J� 8.0 Hz, 2H, phenyl H3,5), 8.96 ±
9.00 (m, 8H, porphyrinyl H), 9.26 (s, 2 H, pyrimidinyl H); IR (KBr): nÄ �
2961 cmÿ1, 1673, 1556, 1432, 999, 798; UV/Vis (CHCl3): lmax (lg e)� 272 nm
(4.79), 422 (5.75), 550 (4.38), 589 (3.86); HRMS (EI): calcd for
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C77H64N10O2Zn 1224.4505, found 1224.4615; C77H64N10O2Zn ´ 1.5H2O
(1253.8): calcd C 73.76, H 5.39, N 11.17; found C 74.03, H 5.59, N 10.96.


10,15,20-tris(p-tert-butylphenyl)porphyrin-5-(4-(5-Cyanopyrimidin-2-yl)-
phenyl) (10): A slurry of 2 (600 mg, 0.74 mmol) and lithium bis(trimethyl-
silyl)amide (1.12 mg, 6.7 mmol) in dry THF (25 mL) was stirred at room
temperature for 5 d. The solvent was removed in vacuo. Toluene (25 mL)
and chlorotrimethylsilane (0.88 mL, 6.9 mmol) were added, and the
mixture was refluxed for 8 h. The solvent was distilled off and 9[24]


(1.71 g, 6.80 mmol), KF (1.4 mg, 24 mmol), and pyridine (20 mL) were
added. The mixture was heated under reflux for 2 d. The solvent was
removed in vacuo and the residue was washed with water, dried, and
chromatographed on silica gel with chloroform. The second fraction
containing 10 was isolated as a violet solid; yield: 480 mg (73 %). M.p.>
300 8C. 1H NMR (300 MHz, CDCl3): d � ÿ 2.73 (s, 2H, NH), 1.60 (s, 27H,
C(CH3)3), 7.75 (d, 3J� 7.9 Hz, 6 H, tBu-phenyl H3,5), 8.14 (d, 3J� 7.9 Hz,
6H, tBu-phenyl H2,6), 8.40 (d, 3J� 8.2 Hz, 2H, phenyl H2,6), 8.84 ± 8.93
(m, 10 H, porphyrinyl H, phenyl H3,5), 9.17 (s, 2 H, pyrimidinyl H); MS
(EI): m/z (%) 885 [M�] (100); IR (KBr): nÄ � 2961 cmÿ1, 2231, 1577, 1429,
967, 801; UV/Vis (CHCl3): lmax (lg e)� 293 nm (4.46), 422 (5.55), 520 (4.25),
556 (4.09), 593 (3.80), 649 (3.79); C61H55N7 (886.2): calcd C 82.68, H 6.26, N
11.07; found C 82.68, H 6.43, N 10.90.


10,15,20-Tris(p-tert-butylphenyl)-5-(4''''''-(3-methylflavin-10-yl)-1'',1'''',3'',3''''-
tetraaza-4,2'':5'',1'''':5'''',1''''''-quaterphenyl)porphyrin (1 c): A slurry of 10
(350 mg, 0.40 mmol) and lithium bis(trimethylsilyl)amide (330 mg,
1.97 mmol) in dry THF (25 mL) was stirred at room temperature for 5 d.
The solvent was removed in vacuo. Toluene (25 mL) and chlorotrimethyl-
silane (0.30 mL, 2.4 mmol) were added, and the mixture was refluxed for
8 h. The solvent was distilled off and ethanol (20 mL), 4 (850 mg,
1.6 mmol), KF (230 mg, 4.0 mmol), and N-ethyldiisopropylamine
(0.60 mL, 3.4 mmol) were added. The mixture was stirred at room
temperature for 2 d and then refluxed for 2 d. The solvent was removed
in vacuo and the residue was filtered off, washed with water, dried, and
chromatographed on silica gel with chloroform/methanol 20:1 (2nd
fraction). The fraction was concentrated and 1c was covered with a
threefold amount of methanol to give a violet solid; yield: 38 mg (7.8%).
M.p.> 300 8C; 1H NMR (600 MHz, CDCl3): d� ÿ 2.72 (s, 2H, NH), 1.61 (s,
27H, C(CH3)3), 3.53 (s, 3H, N-CH3), 7.02 (d, 3J� 7.6 Hz, 1 H, flavinyl H9),
7.52 (d, 3J� 8.6 Hz, 2 H, phenyl H3''', 5'''), 7.63 (dd, 3J (H7,H6)� 3J (H7,
H8)� 7.6 Hz, 1 H, flavinyl H7), 7.73 (dd, 3J (H8,H7)� 3J (H8, H9)� 7.6 Hz,
1H, flavinyl H8), 7.76 (d, 3J� 8.1 Hz, 6 H, tBu-phenyl H3,5), 7.97 (d, 3J�
8.2 Hz, 2 H, phenyl H2''',6'''), 8.15 (d, 3J� 8.1 Hz, 6 H, tBu-phenyl H2,6),
8.38 ± 8.42 (m, 3H, phenyl H2,6, flavinyl H6), 8.87 ± 8.90 (m, 8 H,
porphyrinyl H), 8.96 (d, 3J� 8.0 Hz, 2H, phenyl H3,5), 9.22 (s, 2H,
pyrimidinyl'' H), 10.00 (s, 2H, pyrimidinyl' H); IR (KBr): nÄ � 2961 cmÿ1,
1674, 1556, 1413, 967, 802; UV/Vis (CHCl3): lmax (lge)� 272 nm (4.66), 421
(5.62), 518 (4.08), 554 (3.77), 592 (3.51), 648 (3.50); MS (EI): m/z 1240 [M�];
HRMS (EI): calcd for C81H68N12O2 1240.5588, found 1240.5702;
C81H68N12O2 1 H2O (1258.2): calcd C 77.24, H 5.60, N 13.34; found C
77.08, H 5.81, N 12.92.


Computational methods : Quantum mechanical calculations of the elec-
tronic properties of the dyad in the ground and excited states were carried
out with version 6.1 of the program package VAMP[34] using the AM1
Hamiltonian.[35] A detailed study of the ground-state structure has been
published previously.[25] Excited states were obtained from a configuration
interaction scheme including all single and pairwise double excitations
(AM1/PECI)[36] within an active space of 12 orbitals, that is, including all
molecular orbitals in between HOMOÿ 5 and LUMO� 5. This yields
109 configurations. All calculations were performed for the geometry of the
electronic ground state as given in ref. [25]. No electron correlation is taken
into account for the ground-state optimizations. The molecular properties
were visualized by the program TRAMP, version 1.1.[37] All calculations
were performed on SGI INDY workstations (MIPS R4400).


Optical spectroscopy: Infrared spectra were obtained on a Perkin ± Elmer
FT-IR Spectrometer 1000. Electronic absorption spectra were recorded on
a Hitachi U-3300 UV/Vis spectrometer; corrected fluorescence spectra
were obtained with a luminescence spectrometer LS 50 B (Perkin ± Elmer).
The fluorescence quantum yields were determined relative to meso-
tetraphenylporphyrin (QF� 0.09 in n-propanol) and acridinium yellow
(QF� 0.5 in ethanol). Time-correlated single photon counting was used to
obtain fluorescence decay profiles with a Model 5000 W fluorescence
lifetime spectrometer with the SAFE option from IBH Consultants,


Edinburgh (Scotland). For determination of the porphyrin fluorescence
lifetime the apparatus was equipped with a special red-sensitive photo-
multiplier tube (type 3237, Hamamatsu, Japan). The deconvolution
procedure was described elsewhere.[38±40]


The solvents toluene, tetrahydrofuran, and N,N-dimethylformamide were
of the highest available purity and were checked for impurities by
absorption and fluorescence spectroscopy.


Laser flash photolysis : A broadband optical parametric oscillator (Lamd-
ba-Physik OPPO) pumped by the third harmonic of a Nd:YAG laser
(Coherent Infinity) was used as the excitation source in transient
absorption spectroscopy. This setup delivered pulses with a duration
(FWHM) of about 3 ns and a spectral bandwidth of the order of 10 cmÿ1 in
the wavelength region of interest (450 ± 520 nm); pulse-to-pulse reprodu-
cibility was of the order of 20 %. Time-resolved absorbance was measured
in a right-angle geometry as described earlier.[41] In this setup, both exciting
and analysing light beams are delimited by rectangular apertures which
define a reaction volume of dimensions 0.17 cm (height) and 0.32 cm by
0.13 cm (width and depth, respectively, as seen from the laser beam) at the
entrance of the sample cell. The pulse energy delivered to the sample was
varied between 0.02 and 1 mJ/pulse by adjusting the pumping level and
measured at the sample cell location using a ballistic calorimeter (Raycon-
WEC 730). Transient absorption data, each measurement representing the
average of 30 ± 100 individual pulses, were taken as a function of exciting
pulse energy; values of De(lm)�f, where De(lm) is the laser-induced
change of extinction coefficient at the measuring wavelength and f the
photoprocess quantum yield, are extracted from these data provided the
plot of transient absorbance vs. pulse energy is linear, representing a one-
photon process.
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Dendritic TADDOLs: Synthesis, Characterization and Use in the Catalytic
Enantioselective Addition of Et2Zn to Benzaldehyde


P. Beat Rheiner and Dieter Seebach*[a]


Abstract: The versatile chiral ligand for
polar metal centers, TADDOL ((R,R)-
a,a,a',a'-tetraaryl-1,3-dioxolane-4,5-di-
methanol), has been incorporated as
core building block into dendrimers by
way of benzylation of a fourfold phe-
nolic derivative (hexol 2) with FreÂchet-
type branches of up to fourth genera-
tion. These carry either benzyl (3 ± 7) or
octyl groups (33 ± 35) at the periphery, or
they contain chiral branching units (18 ±
20, 36), derived from (R)- or (S)-3-
hydroxybutanoic acid. The dendritic
compounds of molecular weight up to
13 626 have been fully characterized,
including by MALDI-TOF mass spec-
trometry, NMR spectroscopy, and opti-


cal activity measurements; one of the
branch precursors with four octyl groups
crystallized in an intriguing packing
pattern. From the spectra and from the
specific and molar optical rotations,
there was no indication for the forma-
tion of chiral secondary structures of up
to the third generation. The new TAD-
DOLs were converted to Ti
TADDOLates, which were employed
as catalysts for the addition of Et2Zn to
PhCHO. The stereoselectivities and the


reaction rates observed with the novel
catalysts were compared with those of
the simple Ti TADDOLate: up to the
second generation there was no detect-
able decrease of selectivity (�98:2), and
the rates hardly decreased up to the
third generation; also, enantiomeric
branches caused no change of stereo-
selectivity within experimental error.
Thus, there may be applications for the
special properties (such as high molec-
ular weight, good solubility, spacing of
central site from cross-linked polymer
matrix) of dendritically modified chiral
catalyst ligands.


Keywords: alkylations ´ asymmetric
catalysis ´ catalysts ´ dendrimers ´
TADDOLs


Introduction


A variety of chiral dendritic catalysts has been described.[1] In
most cases, chiral, catalytically active units have been attached
as end groups to the periphery of achiral dendrimers,[2±4]


providing high molecular weight catalysts which should be
easily removed from a reaction mixture.[5] A second type of
chiral dendritic catalysts employs chiral branches, which are
attached to an achiral catalytically active core unit,[6] an
approach which has, so far, not been very successful.


It is known that only dendrimers of lower generations
(below the critical mass) can be suitable carriers for catalyti-
cally active sites: if the catalytic sites are at the periphery of
high-generation dendrimers (with a densely packed surface)
they interfere with each other; this may result in decreased
selectivity.[7] If the catalytic site is located inside a high-
generation dendrimer, the branches prevent access of sub-
strates.[8] Furthermore, catalytically active sites must not


interact with each other or with the dendritic branches,[2, 7]


and it is advisable to use inert apolar dendritic branches
around the (polar, functionalized) catalytically active site(s).[9]


Finally, it is not to be expected that remote chiral units in a
dendrimer have a strong influence on the stereoselectivity
with which a catalytic site performs.[10]


In view of possible applications of derivatives of TADDOL
((R,R)-a,a,a',a'-tetraaryl-1,3-dioxolane-4,5-dimethanol, Fig-
ure 1)[11] in membrane reactors and in dendritically cross-
linked polymer particles,[12] we have now prepared com-
pounds with the propeller-type[13] TADDOL moiety in the
center[14] carrying four dendritic arms. These, in turn, were of
three different types: ¹classicalª achiral FreÂchet dendrimer


Figure 1. Formula of TADDOL[11] and overlay of 19 X-ray structures of
various C1- and C2-symmetrical TADDOL derivatives.[13]
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branches,[15] arms with chiral
branching units (derived from
3-hydroxybutanoic acid[16]),
and branches with peripheral
octyl groups (mimicking mi-
celles,[17±19] increasing the mo-
lecular weight and the solubility
in hydrocarbons). The synthesis
and characterization of these
compounds, as well as their
use as ligands in titanates for
the enantioselective catalysis of Et2Zn addition to benzalde-
hyde[20] (as a test reaction) are subject of the present paper.


Results and Discussion


Preparation of the hexol 2 for the TADDOL core units : For
the preparation of the new dendritic derivatives, the para
positions of the four phenyl groups in TADDOL, which point
away from the metal-bonding site, were considered ideal for


the attachment of dendritic branches. The relatively large
distance between the coupling sites should also allow for
coupling with sterically demanding branches. The synthesis of
the TADDOL core started from the acetal of (R,R)-dimethyl
tartrate,[21] to which was added an excess of the Grignard
reagent prepared from 4-tert-butyldimethylsilyloxyphenyl
bromide. The resulting TADDOL derivative 1 was isolated
by crystallization as a 1:1 complex with methanol. Cleavage of
the four protecting groups with Bu4NF gave the hexol 2 in
good yield (Scheme 1).
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OH
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OMe
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OTBDMS


OTBDMS


OTBDMS


MgBr


TBDMSO
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1 2


THF THF


(79%) (87%)


Scheme 1. Synthesis of the TADDOL core building block 2 from (R,R)-tartrate acetonide.


Figure 2. Formulae of TADDOL dendrimers 3 ± 5 of 0th, first, and second generation. MALDI-TOF spectra of dendrimers 4 and 5, demonstrating the
monodispersity of the compounds.
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Synthesis and characterization of dendrimers with a TAD-
DOL core and achiral branches : For the first series of
dendrimers, FreÂchet�s[15] achiral poly(benzyl ether) branches,
up to the fourth generation, were used. For the coupling of the
branches with the core hexol 2, reaction conditions were
similar to those for the branch syntheses; etherification of 2
with benzylic bromide gave ¹dendrimerª 3 of 0th generation
(DMF/K2CO3); the coupling reactions of the dendritic branch
bromides with the TADDOL unit to give dendrimers 4 ± 7 of


first to fourth generation were carried out in acetone (50 8C/
K2CO3). Dendrimers 3 ± 7 were all purified by column
chromatography and were isolated in yields of up to 87 %.
They have been fully characterized by 1H and 13C NMR and
IR spectroscopy, MALDI-TOF MS, and elemental analysis
(Figures 2, 3).


Besides the major products (dendrimers 4 ± 6), C1-sym-
metrical minor products (10 ± 20 %) were formed (higher Rf


value). It follows from 1H NMR and MALDI-TOF spectra


Figure 3. Formulae and MALDI-TOF spectra of TADDOL dendrimers 6 and 7 of third and fourth generation. The signals besides the molecule peaks might
stem from molecules which are produced during evaporation and ionization of the molecules from the matrix (ªin-source decayº[22]).
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that these are TADDOLs with
five branches; see Figure 4 for
an example. It is surprising that
a tertiary OH group of the
TADDOL 2 competes success-
fully with the four phenolic OH
groups in these etherifications.


Figure 5 shows the 1H NMR
spectrum of third-generation
dendrimer 6. Specific signals
from branch and core hydro-
gens can be recognized: the
TADDOL unit at d� 1.0
(2 CH3 groups, H), 4.15 (2
tertiary OH groups, G, identi-
fied by H/D exchange) and at
4.4 (2 CH groups, F); two dou-
blets (D, E) each from the two
diastereotopic para-substituted
benzene rings. A set of signals
at d� 6.5 (A, B, C) belongs to
the aromatic hydrogens be-
tween the oxygens in the
branches; the three signals be-
long to the three generations,
and they appear at higher fields
as we approach the core unit.


For the characterization of
chiral dendrimers, optical rota-
tion values are relevant,[1] be-
cause they may indicate con-
formational changes which oc-
cur in the dendritic structures.
Normally, the (molar) optical
rotation value of each chiral


Figure 4. Formula and MALDI-TOF spectrum of the impurity in the desired dendrimer 5, formed by fivefold coupling of the hexol 2 with the corresponding
benzylic branch bromide.


Figure 5. 1H NMR spectrum (500 MHz) of third-generation dendrimer 6. The individual hydrogens and the
signals assigned to them are labelled A ± H.
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building block in a dendrimer is constant,[23, 24] and the
corresponding contributions of different chiral building
blocks can be added up to give the value for the whole
molecule.[16, 24] Only serious steric hindrance or interaction
with other building blocks (e.g. H bonds in peptide structures)
can lead to exceptions to this rule. The dendrimers 3 ± 7 of 0th
to fourth generation, which contain only one chiral unit in the
center, were thus expected to show a decreasing specific
rotation value [a]D with increasing molecular weight, but a
constant molar rotation value [f]D. This is in fact the case, as
can be seen from Table 1.


Catalysis with the Ti complexes of dendrimers 3 ± 7 containing
achiral branches : To measure the influence of the dendritic
branches on the catalytic activity and stereoselectivity of the
TADDOL, we tested dendrimers 3 ± 7 in the enantioselective
addition of Et2Zn to PhCHO. In order for a comparison of the
results with those obtained for the TADDOL to be possible,
20 mol % of the high molecular weight dendritic catalyst had
to be employed. The titanium complex of the simple
TADDOL catalyzes the reaction with very high enantiose-
lectivity (S :R 99:1[20]). Table 2 shows that there is a decrease
of enantioselectivity with increasing generation number of the
dendritic catalyst. While the dendrimers 3 ± 5 (up to the
second generation) catalyze the reaction with almost the same
selectivity as the simple TADDOL, there is a clear-cut
decrease from the second to the third generation.


We have also compared the reaction rates (Figure 6) to find
that even though all dendritic TADDOLs catalyze the
addition at a similarly high rate, the reactions become steadily
slower with the generation number. The reactions with the Ti
complexes of the dendrimers 3 ± 6 were run under the same
conditions, while a smaller amount of PhCHO and Et2Zn and
also a lower concentration of the substrate were used for the
catalysis with fourth-generation dendrimer 7 (so that the
curve for 7 in Figure 6 is not really comparable).


Both the rate and the stereoselectivity of the addition of
Et2Zn to PhCHO catalyzed by Ti TADDOLate are hardly
changed when the catalyst is replaced by dendritic analogues
3 ± 5 (up to second-generation). The performance decreases


when we go from the third- (6) to the fourth-generation (7)
derivatives.[25]


Figure 6. Comparison of the reaction rates of the Et2Zn addition to
PhCHO catalyzed by TADDOL and the dendritic TADDOL derivatives
3 ± 7. Higher dilution was used with the dendritic ligand 7 (see accompany-
ing text and experimental section).


Synthesis and characterization of dendrimers with a TAD-
DOL core and chiral branches. We next investigated whether
additional stereogenic centers in the dendritic branches would
influence the selectivity of the catalyzed reaction. In our
previous work on chiral dendrimers, we reported the synthesis
of doubly[16] and triply[26] branching chiral building blocks,
which are obtained in a few steps from 3-hydroxybutanoic


Table 1. Comparison of the specific ([a]) and molar ([f]) optical rotations
of TADDOL dendrimers 3 ± 7.


Mr [a]RT
D [f]RT


D


dendrimer G0 3 891 ÿ 49.24 ÿ 439
dendrimer G1 4 1740 ÿ 26.55 ÿ 462
dendrimer G2 5 3438 ÿ 13.23 ÿ 455
dendrimer G3 6 6834 ÿ 6.40 ÿ 437
dendrimer G4 7 13626 ÿ 3.36 ÿ 458


Table 2. Comparison of the selectivity of the TADDOL dendrimers 3 ± 7
when employed as ligands on titanium for catalysis of the enantioselective
addition of Et2Zn to PhCHO. Although the difference is not dramatic,
there is clearly a sudden decrease (from above 98 to below 96% of S
enantiomer) from TADDOL and the lower generation dendrimers 3 ± 5, on
the one hand, to the higher generation dendrimers 6 and 7, on the other
hand.


H


O


1.8 equiv  Et2Zn


OH


(S)
1.2 equiv Ti(OiPr)4


0.2 equiv Ti TADDOLate


toluene, -20°C
major enantiomer


+


PhCHO
[mmol]


Cat*
[mg][a]


Conc
[mmol mLÿ1][b]


Conversion
[%][c]


S/R


TADDOL 5.0 447 0.25 quant. 99:1
dendrimer G0 3 1.0 178 0.25 98.7 98.5:1.5
dendrimer G1 4 1.0 348 0.25 96.8 98:2
dendrimer G2 5 1.0 688 0.25 96.5 98:2
dendrimer G3 6 1.0 1367 0.25 94.4 95.5:4.5
dendrimer G4 7 0.2 545 0.13 46.8 94.5:5.5


[a] Amount of free auxiliary before loading with titanate. [b] Concentra-
tion in mmol PhCHO per mL toluene. [c] After 2 h reaction time.
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acid, both enantiomers of which
are readily available: the R enan-
tiomer by depolymerization of the
commercial biopolymer PHB,[27]


the S enantiomer by yeast reduc-
tion of b-keto esters,[28] either one
of the two by Noyori hydrogena-
tion.[29] From hydroxybutanoic acid
the dioxanones 8 and ent-8 were
prepared[16] and stereoselectively
alkylated with bromide 9 to give
derivatives 10 and ent-10, reduction
of which furnished the chiral diols
11 and ent-11 (Scheme 2), and
these, in turn, were converted to
the chiral branch units 12 ± 17 of
the first and second generation
(Scheme 3).


Coupling of the chiral benzylic
branch bromides 14 of first and 17
of second generation with the
TADDOL core 2 was achieved as
for the achiral branches (acetone/
K2CO3). First-generation dendrim-
er 18 (Figure 7) and the two dia-


O


O OH
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O


O


O


O
O


O
O
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18


C135H142O16


Mr : 2020.56


Figure 7. Formula of first-generation den-
drimer 18 with chiral branches.


stereomeric dendrimers 19 and 20
were thus obtained in yields of up
to 80 %. Figure 8 shows the formu-
lae and MALDI-TOF mass spectra
of 19 and 20. Again, the dendrimers
were purified by column chroma-
tography and fully characterized.[30]


Due to the chiral branching units,
the 1H NMR spectra of the den-
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Scheme 2. Preparation of the enantiomerically pure diols 11 and ent-11 from the corresponding (R)- and (S)-3-
hydroxybutanoic acids.
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Scheme 3. Preparation of the chiral branches of first and second generation from the diols 11 and ent-11.
Conditions: a) TBAF, THF (84 ± 89 %); b) CBr4, PPh3, THF (43 ± 47%).
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drimers 19 and 20 are more
complex, but also easier to
interpret. In the 1H NMR spec-
trum of second-generation den-
drimer 19 (Figure 9), the typical
TADDOL signals (A, B, H, O)
can again be easily recognized.
In addition, the signals of the
protons close to the stereogenic
centers in the branches (F, J ±
N) all display unique shifts.


The comparison of the opti-
cal rotation values of these
dendrimers is especially inter-
esting, because, according to
the rule mentioned above, the
contributions to the molar opti-
cal rotation values by the build-
ing blocks should add up to the
molar optical rotation value of
the entire dendrimer (in the
absence of contributing chiral
conformations). Since the val-
ues of the branches of opposite
configuration are of opposite
sign, the molar optical rotation
value of the dendrimers with
achiral branches (such as 5)
should lie in the middle of the
values for dendrimers 19 and
20. The numbers in Table 3
show that these expectations
are met when we use a [f]D


contribution of ca. 20 from each
chiral branching unit (the alco-
hol 16 has a [f]D of 28). We
should keep in mind that in the
case of the dendrimers 19 and
20, a difference of �1 in the
measured specific rotation
leads to a difference of �37 in
the molar rotation value.


Catalysis with the titanium complexes of dendrimers 19 and
20 containing enantiomeric chiral branches : To compare the
catalytic activity of the dendrimers with and without chiral


branches, the enantioselective addition of Et2Zn to PhCHO
was used as a test. It was especially interesting and informa-
tive to see whether the two (R,R)-TADDOL units in 19 and 20
with enantiomeric branch units would give different results. It
was found that neither of the two enantiomeric branches of
the dendrimers influenced the selectivity of the reaction
significantly (Table 4).


Also, the titanates of the second-generation dendrimer 5
and of TADDOLs 19 and 20 all catalyzed the reaction at
almost exactly the same rate. Obviously, the distance of
thirteen bonds from the nearest stereogenic center of the
branches to the tertiary OH group of the TADDOL unit is too
large to influence the stereochemical outcome of the cata-
lyzed reaction.


In summary we have found that, under the conditions
applied, dendritic branches of up to the second generation,


Figure 8. Formulae and MALDI-TOF mass spectra of the diastereomeric second-generation dendrimers 19 and
20.


Table 3. Comparison of the specific ([a]) and molar ([f]) optical rotations
of the TADDOL dendrimers 18 ± 20 with chiral branches. To test the
addition rule (see accompanying text) the values for the chiral branch unit
16 and for the dendrimer 5 with achiral branches are also included.


Mr [a] [f]


dendrimer G1* 18[a] 2021 ÿ 29.10 ÿ 588
dendrimer G1F ± G1*(A) 19[a] 3719 ÿ 14.43 ÿ 537
dendrimer G1F ± G1*(B) 20[a] 3719 ÿ 10.85 ÿ 404
dendrimer G2F 5[a] 3438 ÿ 13.23 ÿ 455
branch alcohol 16[a] 815 ÿ 3.50 ÿ 28


[a] *� chiral; (A) and (B) represent the two enantiomeric diols, F�po-
ly(benzyl ether) branches after FreÂchet et al.
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regardless of whether they contain additional stereogenic
centers, do not really influence the catalytic performance of
the dendritic Ti TADDOLates compared to the simple Ti
TADDOLate.


Synthesis and characterization of dendrimers with a TAD-
DOL core and octyl end groupsÐmodel for an inverse
micelle : In 1985 dendrimers were described as ªunimolecular
micellesº [17] because of their spherical shape and their large
number of aliphatic end groups, which can determine the
solubility of the entire molecule. Meijer et al. were the first to
describe dendrimers using the model of an inverse micelle.[18]


Using the same strategy, we
have now attached alkyl chains
at the periphery of dendritic
TADDOLs, making the TAD-
DOL unit soluble for catalysis
in apolar solvents such as hex-
ane.


Achiral branches were again
synthesized following the meth-
od of FreÂchet et al.:[15] starting
from octyl bromide and the
branching unit 3,5-dihydroxy
methyl benzoate, the achiral
branches 21 ± 23 (first genera-
tion) and 24 ± 26 (second gen-
eration) were prepared (Fig-
ure 10). Compared with those
for the branches carrying ben-
zylic end groups, the coupling
yields were lower and the puri-
fication of the oily products by
column chromatography was
more difficult.


To our surprise, single crys-
tals of the second-generation
alcohol 25 were obtained by
crystallization from CH2Cl2;
these were analyzed by X-ray
diffraction. Like lipids in mem-
branes, the octyl chains pack in
the crystalline state in a highly
regular manner. The molecules
seem to be held together mainly
by hydrophobic interactions
rather than by H bonds: there
are crystal structures that con-
tain CÿH ´´´ O distances of up
to 3.5 �,[31] which is clearly
shorter than the closest neigh-
bourhoods of any carbon and
oxygen atoms, as outlined in
Figure 11a (an average OÿH ´´´
O hydrogen bond is ca. 2.4 �
long[32]). In the crystal packing
the alcohol 25 forms layers as
shown in Figure 11b.[33]


Figure 9. 1H NMR spectrum (500 MHz) of second-generation dendrimer 19. The signals are well separated, so
that more hydrogens (A ± O) can be assigned than for the dendrimer 6 (having no chiral branching units).


Table 4. Comparison of the selectivities of TADDOL dendrimers 5 (with achiral branching units) and 19 and 20
(with chiral branching units) when employed as ligands on titanium in the catalytic enantioselective Et2Zn
addition to PhCHO.


H


O


1.8 equiv Et2Zn


OH


(S)
1.2 equiv  Ti(OiPr)4


Ti TADDOLate


toluene, -20°C
major enantiomer


+


Cat*
[mol %]


PhCHO
[mmol]


Cat*
[mg][a]


Conc
[mmol mLÿ1][b]


Conversion
[%][c]


S/R


monomeric TADDOL 20 5 447 0.25 quant. 98:2
dendrimer G1F ± G1*(A) 19[d] 20 0.7 521 0.18 n.d. 98:2
dendrimer G1F ± G1*(B) 20[d] 20 0.7 521 0.18 93.8 98.5:1.5
dendrimer G2F 5[d] 20 0.7 688 0.18 96.5 98:2


[a] Amount of free auxiliary before loading with titanate. [b] Concentration in mmol PhCHO per mL toluene.
[c] After 2 h reaction time. [d] The abbreviations are as in Table 3.
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Figure 10. Achiral dendritic branches 21 ± 26 bearing octyl groups at the
periphery.
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Figure 11. ORTEP plots from the crystal structure of compound 25
showing: a) two molecules and the distances between the atoms which
could form weak H bonds, and b) a plane out of the crystal lattice with a
highly regular pattern of molecules held together by hydrophobic
interaction.


Besides the achiral branch precursors 21 ± 26, we have also
prepared the chiral branch derivatives 27 ± 29 of the second
and 30 ± 32 of the third generation (Figure 12); while the
coupling of chiral diol 11 with first-generation bromide 23 was
almost quantitative, the same reaction with the second-
generation bromide 26 gave
much poorer yields. The subse-
quent deprotection and bromi-
nation steps gave consistent
yields of over 80 %. The achiral
branches were coupled with the
core hexol 2 under the usual
conditions to give dendrimers
33 ± 35 of 0th, first, and second
generation (Figure 13), and the
chiral-branch bromide 32 was
used for the preparation of the
third-generation dendrimer 36
(Figure 14). The latter com-
pound contains 32 peripheral
octyl groups (ªinverse mi-
celleº[18]). The coupling yields
were mostly moderate, and the


dendrimers 33 ± 36 were isolated as oils which were difficult to
purify; only small amounts of these hexane- and pentane-
soluble compounds were synthesized, so that no further
experiments have, as yet, been carried out with them.


Conclusion


We have shown that dendritic branches attached to a
conformationally rigid chiral catalyst moiety, such as the
TADDOLate, influence the performance only when the
branches become sterically too demanding and access of
substrates is therefore hindered. For the TADDOL ligand, we
have defined the limiting generation size 2 of FreÂchet
branches, four of which may be attached without influencing
the activity of a catalytic titanium center; we have also shown
that additional chiral building blocks in the dendritic structure
may not interfere at all with the performance of a TADDO-
Late site, if placed far enough away from the catalytic center.
This knowledge is most important in view of possible
applications involving this kind of catalyst. Of course, a
dendritically modified catalyst is only of interest if there are
advantages, such as the large molecular weight (cf. membrane
reactor), better solubility (cf. inverse or unimolecular mi-
celle), simpler recovery and separation from products, or
better performance when incorporated in polymers.[12] Ex-
periments along these lines are currently being performed in
our laboratory.


Experimental Section


For more details see P. B. Rheiner, Dissertation No. 12773, ETH Zürich,
1998.


General : Starting materials and reagents: (R,R)-dimethyl tartrate (Chemi-
sche Fabrik, Uetikon) and Et2Zn (Schering, Bergkamen) were used as
received without further purification. A 2m stock solution of Et2Zn was
prepared from Et2Zn (20.5 mL) and toluene (79.5 mL). (iPrO)4Ti (Hüls,
Troisdorf) and PhCHO were distilled. The solvents used in the reactions
were of p.a. quality or purified and dried according to standard methods.
All other chemicals were used as commercially available.


Equipment: TLC: precoated silica gel 25 Durasil UV254 plates (Macherey-
Nagel); visualization by UV254 light, development using phosphomolybdic
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Figure 12. Chiral first- and second-generation branches 27 ± 32 with octyl groups at the periphery obtained by
benzylation of the diol 11 with the halides 23 and 26, respectively.
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Figure 14. Formula of third-generation dendrimer 36 with chiral branches
and octyl groups at the periphery (cf. the term unimolecular micelle[17]).


acid solution (phosphomolybdic acid (25 g), Ce(SO4)2 ´ 4H2O (10 g), H2SO4


(60 mL), H2O (940 mL)). Flash column chromatography (FC): SiO2 60
(0.040 ± 0.063 mm, Fluka), pressure 0.2 ± 0.6 bar. M.p.: open glass capilla-
ries, Büchi 510 (Tottoli apparatus), 50 8C range Anschütz thermometers,
uncorrected. [a]D at RT (ca. 20 8C) Perkin ± Elmer 241 polarimeter (p.a.
solvents, Fluka). Capillary gas chromatography (GC): Carlo Erba Fracto-
vap 4160 with Carlo Erba DP 700 CE integrator or Hewlett Packard 5890
Series II with HP 6890 Series Injector; column: FS-Hydrodex b-PM
(50 m� 0.25 mm) (Macherey ± Nagel); injector temp. 220 8C, detector
temp. 220 8C (FID), heating rate: 80 8, 1 8minÿ1; pressure: 1.3 bar H2. 1H
and 13C NMR spectra: Bruker AMX-300, AMX-400, AMX-II-500, Varian-
XL-300, Gemini-200 or Gemini-300; d downfield of TMS (d� 0), J in Hz;


CDCl3 solutions (unless stated otherwise). IR: CHCl3 solutions; Perkin ±
Elmer FT-IR 1600 (s� strong, m�medium, w�weak). MS: Hitachi ±
Perkin ± Elmer RMU-6M (EI), VG ZAB2-SEQ (FAB); MALDI-TOF
spectra: Bruker Reflex� Spectrometer (N2 laser, 337 nm), matrices: a-
cyano-4-hydroxycinnamic acid (CCA), 2,5-dihydroxybenzoic acid (2,5-
DHB), 2-(4-hydroxyphenylazo)benzoic acid (HABA), 2,4,6-trihydroxya-
cetophenone (THA), fragment ions in m/z with relative intensities (%) in
parentheses. Elemental analyses were performed by the Microanalytical
Laboratory of the Laboratorium für Organische Chemie (ETH Zürich).
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-116051.
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). Nomenclature of dendrimers and den-
dritic branches is used according to our published convention.[34]


Cleavage of the alcohol protecting groups TBDMS and TBDPS


General procedure I (GP I): A solution of the protected alcohol (1 equiv)
in THF was cooled to ice-bath temperature. After addition of 1 ± 2 equiv of
tetrabutylammonium fluoride (TBAF) for each protecting group the
reaction mixture was stirred for at least 20 h (TLC control). To work the
reaction up, H2O was added under ice-bath cooling and the aqueous layer
was extracted (3�Et2O, 3�CH2Cl2). The combined organic layers were
dried over MgSO4 and the solvents were removed under vacuum.


Coupling of benzylic branch bromides to the TADDOL core


General procedure II (GP II): To a solution of TADDOL in acetone were
added bromide (4 equiv) in acetone and K2CO3 (4 equiv), and the reaction
mixture was stirred at ca. 50 8C for about 60 h (TLC monitoring). After
being cooled to RT, the salt was filtered off and most of the acetone was
evaporated under vacuum. The remaining solution was diluted with CH2Cl2


and washed with H2O. The organic layer was washed again with H2O and
the combined aqueous layers were extracted (2�CH2Cl2). The combined
organic layers were dried over MgSO4 and the solvent evaporated under
vacuum. The crude product can be purified by flash column chromatog-
raphy (20 weight equiv SiO2, CH2Cl2). All by-products are eluted faster
than the desired product, which can be obtained from the column by adding
a few drops of acetone to the solvent.


Coupling of benzylic branch bromides to the chiral building blocks


General procedure III (GP III): THF was added to NaH (6 equiv) and the
mixture was cooled to ice-bath temperature. After addition of a solution of
the chiral diol in THF, the suspension was stirred for 1.5 h at RT. A solution
of the benzylic bromide (2.5 equiv) in THF was added slowly and the
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Figure 13. TADDOL dendrimers 33 ± 35 of 0th to second generation with achiral branches bearing octyl chains on the periphery.
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reaction mixture was stirred for 3 h at RT and then heated under reflux for
15 h. After cooling of the mixture to ice-bath temperature, H2O was added
and the layers were separated. The aqueous layer was extracted (3�Et2O),
saturated with NaCl, and extracted again with CH2Cl2. The combined
organic layers were dried over MgSO4 and the solvents were evaporated
under vacuum.


Bromination of the benzylic branch alcohols


General procedure IV (GP IV): PPh3 (1.5 equiv) and CBr4 (1.5 equiv) were
added in this order to a solution of benzylic alcohol (1 equiv), which was
cooled in an ice bath, and the reaction mixture was stirred for 45 min at
0 8C. Aluminum foil was then wrapped around the flask to prevent
exposure to light and the mixture was stirred for an additional 20 h at RT to
give a milky white suspension. After addition of H2O, the layers were
separated; the aqueous layer was saturated with NaCl and extracted (2�
CH2Cl2). The combined organic layers were dried over MgSO4 and the
solvents were evaporated under vacuum.


(4R,5R)-2,2-Dimethyl-a,a,a'',a''-tetra(4-tert-butyldimethylsiloxyphenyl)-
1,3-dioxolane-4,5-dimethanol (1): Following the usual procedure,[21] a
solution of 4-tert-butyldimethylsilyloxy phenyl bromide (11.5 g, 40 mmol)
in THF (15 mL) was added over 20 min to Mg (1.0 g, 40 mmol) and a few
iodine crystals. This mixture was heated under reflux for 1 h before a
solution of (R,R)-dimethyl-O,O-methylidene tartrate (2.0 g, 8 mmol) in
THF (15 mL) was added over 20 min. After heating under reflux for 3 h
and stirring overnight at RT, the milky brown reaction mixture was
neutralized with saturated NH4Cl solution (40 mL). Et2O was added,
washed with saturated NaCl solution (3� ) and the combined aqueous
layers were extracted (3�Et2O). After drying of the combined organic
layers over MgSO4 and evaporation of the solvent, the crude product was
dried under high vacuum to yield an orange foam (10.0 g). FC (CH2Cl2)
yielded the product (6.23 g, 79 %) as a yellowish foam. This was dissolved in
Et2O (60 mL) and MeOH (30 mL), then most of the Et2O was evaporated,
and the flask was put in the refrigerator overnight to give MeOH-
containing colorless crystals, which, after drying under high vacuum (24 h,
70 8C), yielded solvent-free 1 (4.82 g, 61%) as a white solid. M.p. 182.8 ±
183.4 8C; Rf (acetone/hexane 1:4): 0.46; [a]RT


D �ÿ34.6 (c� 1.1, CHCl3);
1H NMR (400 MHz): d� 0.17 (s, 12 H, 4 CH3Si), 0.21 (s, 12H, 4 CH3Si),
0.96 (s, 18H, 2 tBu), 0.99 (s, 18 H, 2 tBu), 3.91 ± 3.94 (m, 2H, 2 OH), 4.44 (s,
2H, 2 CH), 6.71 (d, J� 8.8, 4H, 4 arom. H), 6.79 (d, J� 8.8, 4 H, 4 arom. H),
7.18 (d, J� 8.7, 4H, 4 arom. H), 7.36 (d, J� 8.7, 4H, 4 arom. H); 13C NMR
(100 MHz): d�ÿ4.4, ÿ4.3, 18.2, 18.3, 25.7, 27.1, 77.7, 81.1, 109.2, 118.8,
119.4, 128.8, 129.8, 135.6, 139.0, 154.7, 154.9; IR (CHCl3): nÄ � 3352 w,
2957 m, 2931 m, 2859 m, 1711 w, 1606 m, 1507 s, 1472 w, 1362 w, 1257 s, 1054 w,
914 s, 842 s cmÿ1; MALDI-TOF MS (2,5-DHB): m/z : 1011.3 ([M�Na]�);
C55H86O8Si4 (987.62): calcd C 66.89, H 8.78; found C 66.95, H 8.78.


(4R,5R)-2,2-Dimethyl-a,a,a'',a''-tetra(4-hydroxyphenyl)-1,3-dioxolane-4,5-
dimethanol (2): As described in GP I, TBAF (6.39 g, 20 mmol) was added
to a solution of 1 (5.0 g, 5 mmol) in THF (90 mL). In the brownish-red
suspension a red lump formed after a few minutes, which slowly dissolved
again after stirring for 40 h at RT. Workup as in GP I yielded an orange
foam (3.60 g) as crude product. FC (acetone/CH2Cl2 1:2) yielded 2 (2.32 g,
87%) as a slightly yellow solid. M.p.> 180 8C (decomp), 214.2 ± 215.0 (liq);
Rf (acetone/hexane 1:1): 0.32; 1H NMR (400 MHz): d� 1.01 (s, 6 H, 2 CH3),
4.33 (s, 2 H, 2 CH), 6.65 (d, J� 8.9, 2H, 2 arom. H), 6.75 (d, J� 8.9, 2 H, 2
arom. H), 7.09 (d, J� 8.9, 2H, 2 arom. H), 7.33 (d, J� 8.9, 2 H, 2 arom. H);
13C NMR (100 MHz): d� 27.4, 78.3, 82.5, 109.6, 114.6, 115.3, 130.4, 131.2,
135.0, 138.7, 157.4, 157.5. Because of its polar nature, the product could not
be isolated entirely from the solvent and was used directly for the next
reaction steps.


(Bn)4ÿ{[G0]}4ÿ[Phe-TADDOL] (3): Benzyl bromide (0.645 g, 3.77 mmol)
was added to a solution of TADDOL 2 (0.503 g, 0.95 mmol) in DMF
(10 mL). To this solution was added dried and finely powdered K2CO3


(0.52 g, 3.77 mmol), and the resulting suspension was stirred for 18 h at RT,
then heated under reflux for 1 h. After cooling to RT, H2O (20 mL) and
CH2Cl2 (40 mL) were added, and the solids were filtered off and rinsed with
CH2Cl2. The two layers of the filtrate were separated, and the aqueous
layer was extracted twice with CH2Cl2. The combined organic layers were
washed with H2O, then dried over MgSO4, and the solvent was evaporated
to yield the crude product as a yellow oil. FC (CH2Cl2) yielded 3 (0.50 g,
59%) as a white solid. M.p. 176.6 ± 177.8 8C; Rf (acetone/hexane 1:2): 0.31;
[a]RT


D �ÿ49.24 (c� 1.1, CHCl3); 1H NMR (500 MHz): d� 1.05 (s, 6H,


2 CH3), 4.00 (s, 2H, 2 OH), 4.48 (s, 2 H, 2 CH), 5.01 (s, 4 H, 2 CH2(P)), 5.06
(s, 4H, 2 CH2(P)), 6.84 (d, J� 9.0, 4 H, 4 arom. H(c)), 6.93 (d, J� 9.0, 4H, 4
arom. H(c)), 7.22 ± 7.47 (m, 28H, 8 arom. H(c), 20 arom. H(P)); 13C NMR
(125 MHz): d� 27.2, 69.9, 70.0, 77.6, 81.1, 109.2, 113.5, 114.3, 127.4, 127.6,
127.9, 128.0, 128.6, 128.9, 129.7, 135.3, 137.0, 138.6, 157.9, 158.0; IR (CHCl3):
nÄ � 3357 w, 3008 w, 1671 w, 1608 m, 1582 w, 1509 s, 1454 w, 1380 w, 1295 w,
1081 w, 1055 w, 1026 m, 885 w, 834 w cmÿ1; MALDI-TOF MS (CCA): m/z :
914.3 ([M�Na]�); C59H54O8 (891.07): calcd C 79.53, H 6.11; found C 79.51,
H 6.01.


(Bn)8ÿ{[G1]F}4ÿ[Phe-TADDOL] (4): As described in GP II, a solution of
first-generation FreÂchet-type branch bromide[15] (3.07 g, 8 mmol) in ace-
tone (10 mL) was added to a solution of TADDOL 2 (1.06 g, 2 mmol) in
acetone (50 mL). To this solution was added K2CO3 (1.11 g, 8 mmol) and
the reaction mixture was heated under reflux for 20 h. Workup as described
in GP II yielded a brownish foam (3.85 g). FC (CH2Cl2) yielded 4 (2.11 g,
61%) as white foam. M.p. 72.3 ± 73.4 8C; Rf (acetone/hexane 1:1): 0.62;
[a]RT


D �ÿ26.55 (c� 1.0, CHCl3); 1H NMR (400 MHz): d� 1.06 (s, 6H,
2 CH3), 3.98 ± 4.02 (m, 2H, 2 OH), 4.49 (s, 2H, 2 CH), 4.92 (s, 4H,
2 CH2(G1)), 4.99 (s, 12 H, 2 CH2(G1), 4 CH2(P)), 5.02 (s, 8H, 4 CH2(P)),
6.54 (t, J� 2.3, 2 H, 2 arom. H(G1)), 6.57 (t, J� 2.3, 2H, 2 arom. H(G1)),
6.63 (d, J� 2.3, 4H, 4 arom. H(G1)), 6.70 (d, J� 2.3, 4 H, 4 arom. H(G1)),
6.80 (d, J� 9.0, 4 H, 4 arom. H(c)), 6.91 (d, J� 9.0, 4 H, 4 arom. H(c)), 7.20 ±
7.47 (m, 44H, 4 arom. H(c), 40 arom. H(P)); 13C NMR (100 MHz): d� 27.2,
69.8, 69.9, 70.1, 77.6, 81.1, 101.5, 101.6, 106.3, 106.4, 109.2, 113.5, 114.3, 127.6,
128.0, 128.6, 128.9, 129.7, 135.4, 136.8, 138.7, 139.5, 157.8, 157.9, 160.1, 160.2;
IR (CHCl3): nÄ � 3008 w, 1597 s, 1508 s, 1454 m, 1374 m, 1294 w, 1160 s,
1056 m, 1028 m, 836 w cmÿ1; MALDI-TOF MS (CCA): m/z : 1763.7
([M�Na]�); C115H102O16 (1740.06): calcd C 79.38, H 5.91; found C 79.31,
H 5.90.


(Bn)16ÿ{[G2]F}4ÿ[Phe-TADDOL] (5): As described in GP II, a solution of
second-generation FreÂchet-type branch bromide[15] (6.46 g, 8 mmol) in
acetone (20 mL) was added to a solution of TADDOL 2 (1.06 g, 2 mmol) in
acetone (20 mL). To this solution was added K2CO3 (1.11 g, 8 mmol) and
the reaction mixture was heated to 40 8C for 30 h. Workup as in GP II
yielded a brownish foam (7.51 g). Two FC (CH2Cl2) yielded 5 (5.95 g, 87%)
as a white foam. M.p. 71.4 ± 75.6 (glass CH2(G2)), 4.97 (s, 16H, 8 CH2), 4.98
(s, 16H, 8 CH2(P)), 6.49 ± 6.56 (m, 12 H, 4 arom. H(G1), 8 arom. H(G2)),
6.59 (d, J� 2.2, 4H, 4 arom. H(G1)), 6.63 (d, J� 2.3, 8 H, 8 arom. H(G2)),
6.66 (d, J� 2.3, 8H, 8 arom. H(G2)), 6.66 (d, J� 2.2, 4 H, 4 arom. H(G1)),
6.78 (d, J� 9.0, 4H, 4 arom. H(c)), 6.88 (d, J� 9.0, 4H, 4 arom. H(c)), 7.19
(d, J� 9.0, 4H, 4 arom. H(c)), 7.22 ± 7.39 (m, 80 H, 80 arom. H(P)), 7.41 (d,
J� 9.0, 4 H, 4 arom. H(c)); 13C NMR (125 MHz): d� 27.2, 69.8, 69.9, 70.0,
70.1, 77.5, 101.5, 101.6, 101.7, 106.2, 106.3, 106.4, 106.5, 109.1, 113.5, 114.3,
127.5, 127.6, 127.9, 128.0, 128.5, 128.6, 128.9, 129.7, 135.3, 136.8, 138.6, 139.2,
139.5, 157.8, 157.9, 160.0, 160.1, 160.2; IR (CHCl3): nÄ � 3374 w, 3009 w, 1596 s,
1508 w, 1453 m, 1374 m, 1295 m, 1158 s, 1054 m, 835.2 w cmÿ1; MALDI-TOF
MS (THA): m/z : 3461.6 ([M�Na]�); C227H198O32 (3438.04): calcd C 79.30,
H 5.80; found C 79.04, H 5.85.


(Bn)32ÿ{[G3]F}4ÿ[Phe-TADDOL] (6): As described in GP II, a solution of
third-generation FreÂchet-type branch bromide[15] (4.64 g, 2.8 mmol) in
acetone (15 mL) was added to a solution of TADDOL 2 (0.37 g, 0.7 mmol)
in acetone (15 mL). K2CO3 (0.39 g, 2.8 mmol) was added to this solution
and the reaction mixture was heated to 50 8C for 3 d. Workup as described
in GP II yielded a brownish foam (5.56 g). FC (2�CH2Cl2) yielded 6
(4.00 g, 84%) as a white foam. M.p. 76.4 ± 78.0 8C (glass), from ca. 90 8C
liquid; Rf (acetone/hexane 1:1): 0.42; [a]RT


D �ÿ6.40 (c� 1.00, CHCl3);
1H NMR (500 MHz): d� 0.99 (s, 6 H, 2 CH3), 4.15 (s, 2 H, 2 OH), 4.42 (s,
2H, 2 CH), 4.79 ± 4.94 (m, 120 H, 60 CH2), 6.46 ± 6.54 (m, 28 H, 4 arom.
H(G1), 8 arom. H(G2), 16 arom. H(G3)), 6.57 ± 6.63 (m, 56H, 8 arom.
H(G1), 16 arom. H(G2), 32 arom. H(G3)), 6.73 (d, J� 9.0, 4H, 4 arom.
H(c)), 6.84 (d, J� 9.0, 4H, 4 arom. H(c)), 7.19 (d, J� 9.0, 4 H, 4 arom. H(c)),
7.21 ± 7.35 (m, 160 H, 160 arom. H(P)), 7.38 (d, J� 9.0, 4H, 4 arom. H(c));
13C NMR (125 MHz): d� 27.2, 69.7, 69.9, 70.0, 101.6, 106.3, 106.4, 106.5,
114.2, 127.5, 127.6, 127.7, 127.9, 128.0, 128.3, 128.4, 128.5, 128.9, 136.8, 139.2,
139.5, 160.0, 160.1; IR (CHCl3): nÄ � 3008 w, 2875 w, 1596 s, 1498 w, 1453 m,
1374 m, 1296 m, 1158 s, 1056 m, 836 w cmÿ1; MALDI-TOF MS (IAA): m/z :
3390.4, 6857.6 ([M�Na]�), 7159.1, 7584.5, 8434.1; C451H390O64 (6834.00):
calcd C 79.26, H 5.75; found C 79.20, H 5.78.


(Bn)64ÿ{[G4]F}4ÿ[Phe-TADDOL] (7): As described in GP II, a solution of
fourth-generation FreÂchet-type branch bromide[15] (5.42 g, 1.62 mmol) in
acetone (15 mL) was added to a solution of TADDOL 2 (0.214 g,
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0.404 mmol) in acetone (10 mL). To this solution was added K2CO3


(0.223 g, 1.62 mmol) and the reaction mixture was heated to 50 8C for 4 d.
Workup as described in GP II yielded a brownish foam (5.79 g). Two FC
(CH2Cl2) yielded 7 (1.21 g, 22 %) as a white foam (the difficult identi-
fication of the product led to a big loss of product after the first column
chromatography). M.p. 77.3 ± 78.1 8C (glass), from ca. 90 8C liquid. Rf


(acetone/hexane 1:1): 0.41; [a]RT
D �ÿ3.36 (c� 1.00, CHCl3); 1H NMR


(500 MHz): d� 0.94 (s, 6H, 2 CH3), 4.26 (br s, 2 H, 2 OH), 4.38 (s, 2H,
2 CH), 4.74 ± 4.82 (m, 120 H, 4 CH2(G1), 8 CH2(G2), 16 CH2(G3),
32 CH2(G4)), 4.82 ± 4.88 (m, 128 H, 64 CH2(P)), 6.43 ± 6.48 (m, 60 H, 4
arom. H(G1), 8 arom. H(G2), 16 arom. H(G3), 32 arom. H(G4)), 6.53 ±
6.60 (m, 120 H, 8 arom. H(G1), 16 arom. H(G2), 32 arom. H(G3), 64 arom.
H(G4)), 6.68 (d, J� 8.2, 4 H, 4 arom. H(c)), 6.79 (d, J� 8.2, 4 H, 4 arom
H(c)), 7.14 (d, J� 7.7, 4H, 4 arom. H(c)), 7.17 ± 7.30 (m, 320 H, 320 arom.
H(P)), 7.36 (d, J� 7.7, 4H, 4 arom. H(c)); 13C NMR (125 MHz): d� 27.2,
69.9, 70.0, 101.6, 106.4, 127.3, 127.5, 127.6, 127.7, 127.9, 128.0, 128.3, 128.4,
128.5, 136.8, 139.2, 139.4, 160.0, 160.1; IR (CHCl3): nÄ � 3008 w, 2876 w,
1596 s, 1498 w, 1452 m, 1373 m, 1296 m, 1158 s, 1055 m, 834 w cmÿ1; MALDI-
TOF MS (IAA): m/z : 6856.4, 13647.6 ([M�Na]�), 13950.4; C899H774O128


(13625.93): calcd C 79.25, H 5.73; found C 79.03, H 5.76.


The preparation of compounds 8[35] and 9 ± 11[16] is described in previous
publications. The compounds ent-8, ent-10 and ent-11 were synthesized
following the same procedures as for their enantiomers. Analytical data
correspond with the literature.


(Bn)2ÿ[G1]*(A)ÿOTBDPS (12): As described in GP III, NaH (1.28 g,
53.4 mmol) was added to THF (20 mL). After cooling to ice-bath temper-
ature, a solution of diol 11 (4.0 g, 8.9 mmol) in THF (20 mL) was added and
the reaction mixture was stirred at 0 8C for 1 h before a solution of benzyl
bromide (3.66 g, 21.4 mmol) in THF (20 mL) was added slowly. After
stirring at RT for 30 min, the reaction mixture was heated under reflux for
15 h. Workup as described in GP III yielded a slightly yellow oil (9.1 g). FC
(acetone/hexane 1:3) yielded 12 (5.31 g, 95%) as a clear viscous oil. Rf


(acetone/hexane 1:3): 0.46; [a]RT
D �ÿ2.1 (c� 1.05, CHCl3); 1H NMR


(400 MHz): d� 1.10 (s, 9 H, tBu), 1.23 (d, J� 6.3, 3H, CH3-C(3)), 2.09 ± 2.16
(m, 1H, H-C(2)), 2.63 (ªddº, ABX, J� 13.5, 8.9, 1H, PhCH2-C(2)), 2.82
(ªddº, ABX, J� 13.5, 5.9, 1H, PhCH2-C(2)), 3.44 (ªddº, ABX, J� 9.4, 5.1,
1H, H-C(1)), 3.70 ± 3.76 (m, 1H, H-C(3)), 4.41 ± 4.45, 4.57 ± 4.60 (m, 4H,
2 OCH2Ph), 4.75 (s, 2H, CH2OSi), 7.09 (d, J� 8.0, 2H, 2 arom. H), 7.20 ±
7.44 (m, 18H, 18 arom. H), 7.69 ± 7.71 (m, 4 H, 4 arom. H); 13C NMR
(100 MHz): d� 16.7, 19.3, 26.9, 33.2, 46.3, 65.4, 69.2, 70.8, 73.0, 74.7, 125.9,
127.4, 127.6, 127.7, 128.3, 129.0, 129.7, 133.6, 135.6, 138.5, 138.7, 139.2, 139.7;
IR (CHCl3): nÄ � 3007 w, 2932 w, 2859 w, 1711 s, 1454 w, 1428 w, 1363 m,
1112 m, 1090 m, 1020 w, 824 w cmÿ1; MS (EI): m/z : 627 (5, [Mÿ 1]�), 479 (6),
404 (8), 403 (23), 373 (14), 301 (7), 297 (16), 295 (7), 269 (8), 265 (18), 247
(19), 241 (5), 237 (6), 236 (20), 235 (100), 199 (25), 181 (9), 157 (8), 91 (31).


(Bn)2ÿ[G1]*(A)ÿOH (13): As described in GP I, TBAF (6.65 g,
21.1 mmol) was added to a solution of 12 (5.31 g, 8.44 mmol) in THF
(90 mL). Workup as described in GP I yielded a brown oil (5.4 g). FC
(acetone/hexane 1:3) yielded 13 (2.92 g, 89 %) as a slightly yellow oil. Rf


(acetone/hexane 1:3): 0.28; [a]RT
D �ÿ6.90 (c� 1.12, CHCl3); 1H NMR


(400 MHz): d� 1.22 (d, J� 6.4, 3H, CH3-C(3)), 1.68 (t, J� 5.7, 1 H, OH),
2.07 ± 2.14 (m, 1H, H-C(2)), 2.64 (ªddº, ABX, J� 13.5, 8.9, 1 H, PhCH2-
C(2)), 2.81 (ªddº, ABX, J� 13.5, 5.9, 1H, PhCH2-C(2)), 3.42 (ªddº, ABX,
J� 9.4, 5.6, 1H, H-C(1)), 3.49 (ªddº, ABX, J� 9.4, 5.2, 1H, H-C(1)), 3.68 ±
3.74 (m, 1H, H-C(3)), 4.40 ± 4.44, 4.56 ± 4.59 (m, 4H, 2 OCH2Ph), 4.63 (d,
J� 5.3, 2 H, CH2OH), 7.11 (d, J� 8.1, 2H, 2 arom. H), 7.22 ± 7.34 (m, 12H,
12 arom. H); 13C NMR (100 MHz): d� 16.7, 33.2, 46.3, 65.3, 69.2, 70.8, 73.0,
74.6, 127.1, 127.4, 127.6, 128.3, 129.4, 138.3, 138.7, 139.1, 140.7; IR (CHCl3):
nÄ � 3605 w, 3457 br, 3008 m, 2870 m, 1810 w, 1722 w, 1602 w, 1513 w, 1496 m,
1454 s, 1378 m, 1090 s, 1028 m, 1012 m, 913 w, 820 w cmÿ1; MS (EI): m/z :
391.2 (0.3, [M�1]�), 299 (6), 282 (14), 252 (6), 227 (22), 191 (15), 176 (46),
175 (21), 161 (19), 148 (12), 147 (18), 145 (22), 144 (23), 135 (16), 134 (11),
131 (30), 121 (18), 117 (24), 92 (11), 91 (100); C26H30O3 (390.52): calcd C
79.97, H 7.74; found C 80.10, H 7.54.


(Bn)2ÿ[G1]*(A)ÿBr (14): As described in GP IV, PPh3 (2.9 g, 11 mmol)
and CBr4 (3.7 g, 11 mmol) were added to a solution of alcohol 13 (2.92 g,
7.47 mmol) in THF (40 mL). Workup as described in GP IV yielded a
slightly yellow oil (8.84 g). FC (acetone/hexane 1:19) yielded 14 (1.56 g,
28%) as a colorless oil. Rf (acetone/hexane 1:9): 0.64; [a]RT


D ��16.91 (c�
1.20, CHCl3); 1H NMR (400 MHz): d� 1.22 (d, J� 6.4, 3H, CH3-C(3)),
2.08 ± 2.13 (m, 1H, H-C(2)), 2.63 (ªddº, ABX, J� 13.5, 8.9, 1 H, PhCH2-


C(2)), 2.80 (ªddº, ABX, J� 13.5, 5.9, 1H, PhCH2-C(2)), 3.42 (ªddº, ABX,
J� 9.4, 5.6, 1H, H-C(1)), 3.48 (ªddº, ABX, J� 9.4, 5.2, 1H, H-C(1)), 3.67 ±
3.72 (m, 1 H, H-C(3)), 4.40 ± 4.44, 4.55 ± 4.59 (m, 4H, 2 OCH2Ph), 4.47 (s,
2H, CH2Br), 7.08 (d, J� 8.1, 2 H, 2 arom. H), 7.22 ± 7.34 (m, 12H, 12 arom.
H); 13C NMR (100 MHz): d� 16.6, 33.3, 33.7, 46.2, 69.1, 70.8, 73.0, 74.6,
127.4, 127.5, 127.6, 128.3, 128.5, 129.0, 129.6, 135.2, 138.6, 139.1, 141.6; IR
(CHCl3): nÄ � 3002 w, 1714 s, 1603 w, 1452 m, 1316 m, 1277 s, 1115 m, 1070 m,
1026 w, 910 w cmÿ1; MS (EI): m/z : 453 (0.4, [M]�), 265 (18), 175 (10), 159
(12), 158 (6), 147 (7), 145 (8), 144 (8), 131 (10), 117 (11), 105 (13), 104 (17),
92 (12), 91 (100); C26H29O2Br (453.42): calcd C 68.87, H 6.45; found C 68.93,
H 6.45.


(Bn)4ÿ[G1]Fÿ[G1]*(A)ÿOTBDPS (15): As described in GP III, NaH
(1.28 g, 53.4 mmol) was added to THF (20 mL). After cooling to ice-bath
temperature, a solution of diol 11 (4.0 g, 8.9 mmol) in THF (20 mL) was
added and the reaction mixture was stirred at RT for 1 h, before a solution
of first-generation FreÂchet-type branch bromide[15] (8.2 g, 21.4 mmol) in
THF (20 mL) was added slowly. After stirring at RT for 3 h, the reaction
mixture was heated under reflux for 15 h. Workup as described in GP III
yielded a brownish oil (10.6 g). FC (acetone/hexane 1:1000) yielded 15
(7.8 g, 83 %) as a clear viscous oil. Rf (acetone/hexane 1:3): 0.35; [a]RT


D �
ÿ1.46 (c� 1.01, CHCl3); 1H NMR (400 MHz): d� 1.09 (s, 9H, tBu), 1.21 (d,
J� 6.3, 3H, CH3-C(3)), 2.04 ± 2.14 (m, 1 H, H-C(2)), 2.58 ± 2.67 (m, 2H,
PhCH2-C(2)), 2.74 ± 2.83 (m, 2 H, PhCH2-C(2)), 3.38 ± 3.53 (m, 1H,
H-C(1)), 3.64 ± 3.72 (m, 1H, H-C(3)), 4.31 ± 4.53 (m, 4H, 2 OCH2Ph
(G2)), 4.73 (s, 2 H, CH2OSi), 4.98 (d, J� 5.6, 8 H, 4 OCH2Ph (P)), 6.50 ± 6.54
(m, 2 H, 2 arom. H (G2)), 6.57 (d, J� 2.3, 2H, 2 arom. H (G2)), 6.61 (d, J�
2.3, 2H, 2 arom. H (G2)), 7.10 (d, J� 8.1, 2H, 2 arom. H (G1)), 7.22 (d, J�
7.6, 2 H, 2 arom. H (G1)), 7.24 ± 7.43 (m, 26H, 26 arom. H (P)), 7.67 ± 7.72 (m,
4H, 4 arom. H (P)); 13C NMR (100 MHz): d� 16.8, 19.3, 26.9, 33.1, 46.3,
65.4, 69.3, 70.0, 70.7, 72.9, 74.7, 101.1, 106.3, 126.0, 127.5, 127.7, 127.9, 128.5,
129.0, 129.6, 133.6, 135.6, 136.9, 138.5, 139.6, 141.2, 141.7, 160.0; IR (CHCl3):
nÄ � 3007 w, 2932 w, 2860 w, 1596 s, 1453 w, 1376 m, 1293 w, 1157 s, 1060 m,
832 w cmÿ1; MALDI-TOF MS (Dithranol): m/z : 1076.5 ([M�Na]�);
C70H72O7Si (1053.42): calcd C 79.81, H 6.89; found C 79.59, H 6.88.


(Bn)4ÿ[G1]Fÿ[G1]*(A)ÿOH (16): As described in GP I, TBAF (6.3 g,
20 mmol) was added to a solution of 15 (6.0 g, 5.7 mmol) in THF (75 mL).
Workup as described in GP I yielded 16 as a slightly yellow oil (6.0 g). A
small amount thereof was purified for analytical data by FC, the rest was
used for further reaction steps. Rf (Et2O/pentane 1:3): 0.43; [a]RT


D �ÿ3.5
(c� 1.50, CHCl3); 1H NMR (400 MHz): d� 1.20 (d, J� 6.4, 3 H, CH3-C(3)),
1.62 ± 1.70 (m, 1 H, OH), 2.04 ± 2.13 (m, 1H, H-C(2)), 2.61 (ªddº, ABX, J�
13.5, 8.9, 1 H, PhCH2-C(2)), 2.79 (ªddº, ABX, J� 13.5, 5.9, 1 H, PhCH2-
C(2)), 3.40 (ªddº, ABX, J� 9.4, 5.6, 1H, H-C(1)), 3.46 (ªddº, ABX, J� 9.4,
5.1, 1H, H-C(1)), 3.63 ± 3.71 (m, 1H, H-C(3)), 4.29 ± 4.53 (m, 4H,
2 OCH2Ph (G2)), 4.59 (d, J� 3.4, 2 H, CH2OH), 6.50 ± 6.55 (m, 4H, 4
arom. H (G2)), 6.59 (d, J� 2.3, 2 H, 2 arom. H (G2)), 7.22 (d, J� 8.4, 2H, 2
arom. H (G1)), 7.26 ± 7.41 (m, 20 H, 20 arom. H (P)); 13C NMR (100 MHz):
d� 16.7, 33.2, 46.1, 65.2, 69.2, 70.0, 70.7, 72.8, 74.8, 101.0, 101.1, 106.4, 106.5,
127.1, 127.5, 127.9, 128.5, 129.3, 136.9, 138.3, 140.5, 141.1, 141.6, 159.9; IR
(CHCl3): nÄ � 3008 w, 1710 s, 1596 s, 1453 m, 1364 s, 1292 w, 1156 s, 1055 m,
835 w cmÿ1; MS (FAB): m/z : 816 (11), 815 (33, [M]�), 814 (54), 607 (11), 606
(41), 605 (94), 604 (12), 603 (24), 515 (14), 514 (10), 513 (24), 495 (12), 423
(12), 393 (22), 304 (44), 303 (100), 213 (19), 181 (31), 121 (19), 105 (21);
C54H54O7 (815.02): calcd C 79.58, H 6.68; found C 79.69, H 6.94.


(Bn)4ÿ[G1]Fÿ[G1]*(A)ÿBr (17): As described in GP IV, PPh3 (2.82 g,
10.7 mmol) and CBr4 (3.57 g, 10.7 mmol) were added to a solution of
alcohol 16 (5.8 g, 7.12 mmol) in THF (75 mL). Workup as described in
GP IV yielded a slightly yellow oil (5.7 g). FC (Et2O/pentane 1:5) yielded
17 (2.95 g, 47 % over two steps) as a colorless oil. Rf (acetone/hexane 1:3):
0.34; [a]RT


D �ÿ1.33 (c� 1.50, CHCl3); 1H NMR (400 MHz): d� 1.20 (d, J�
6.3, 3 H, CH3-C(3)), 2.02 ± 2.12 (m, 1 H, H-C(2)), 2.56 ± 2.66 (m, 1H, PhCH2-
C(2)), 2.72 ± 2.81 (m, 1 H, PhCH2-C(2)), 3.36 ± 3.50 (m, 1H, H-C(1)), 3.62 ±
3.70 (m, 1H, H-C(3)), 4.28 ± 4.53 (m, 6H, 2 OCH2Ph(G2) and CH2Br), 4.99
(d, J� 5.0, 8H, 4 OCH2Ph(P)), 6.50 ± 6.53 (m, 2H, 2 arom. H(G2)), 6.55 (d,
J� 2.2, 2H, 2 arom. H(G2)), 6.59 (d, J� 2.3, 2H, 2 arom. H(G2)), 7.05 ± 7.12
(m, 2 H, 2 arom. H(G1)), 7.21 ± 7.25 (m, 2 H, 2 arom. H(G1)), 7.26 ± 7.41 (m,
20H, 20 arom. H(P)); 13C NMR (100 MHz): d� 16.7, 33.2, 33.7, 46.1, 46.2,
69.2, 70.0, 70.7, 72.9, 74.6, 101.0, 101.1, 106.4, 106.5, 127.5, 127.9, 128.5, 129.0,
129.5, 129.6, 134.9, 135.2, 136.9, 141.1, 141.5, 160.0; IR (CHCl3): nÄ � 3008 m,
2870 w, 1597 s, 1498 w, 1453 m, 1375 m, 1292 w, 1157 s, 1048 m, 833 w cmÿ1;
MS (FAB): m/z : 878 (15, [M]�), 877 (10), 876 (12), 832 (11), 606 (24), 605
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(49), 393 (14), 319 (15), 305 (14), 304 (63), 303 (100), 213 (36), 212 (12), 211
(25), 183 (15), 182 (13), 181 (61), 175 (15), 167 (14), 165 (17), 155 (20), 154
(49), 152 (13), 141 (14), 139 (23), 138 (20), 137 (28), 136 (45), 131 (18), 129
(16), 117 (15), 115 (17), 107 (29), 105 (40), 104 (24); C54H53O6Br (877.91):
calcd C 73.88, H 6.08; found C 75.43, H 6.27.


The compounds ent-15, ent-16 and ent-17 were synthesized following the
same procedures as for their enantiomers, and the analytical data
correspond.


(Bn)8ÿ{[G1]Fÿ[G1]*(A)}4ÿ[Phe-TADDOL] (18): As described in GP II, a
solution of 14 (1.10 g, 2.43 mmol) in acetone (15 mL) was added to a
solution of TADDOL 2 (0.292 g, 0.55 mmol) in acetone (15 mL). To this
solution was added K2CO3 (0.336 g, 2.43 mmol), and the reaction mixture
was heated under reflux for 12 h. Workup as described in GP II yielded a
slightly yellow oil (1.15 g). FC (acetone/hexane 1:4) yielded 18 (0.45 g,
41%) as a colorless oil. Rf (acetone/hexane 1:4): 0.21; [a]RT


D �ÿ29.10 (c�
1.10, CHCl3); 1H NMR (300 MHz): d� 1.08 (s, 6 H, (CH3)2-C(2)(c)), 1.22 ±
1.26 (m, 12 H, 4 CH3-C(3)(G1)), 2.10 ± 2.19 (m, 4 H, 4 H-C(2)(G1)), 2.61 ±
2.72 (m, 4H, 4 PhCH2-C(2)(G1)), 2.79 ± 2.89 (m, 4H, 4 PhCH2-C(2)(G1)),
3.42 ± 3.58 (m, 8 H, 8 H-C(2)(G1)), 3.69 ± 3.77 (m, 4H, 4 H-C(3)(G1)), 4.02
(br s, 2H, 2 OH), 4.37 ± 4.61 (m, 18 H, 8 CH2(P) and H-C(4), H-C(5)(c)),
4.98 (s, 4H, 2 CH2O(G1)), 5.03 (s, 4 H, 2 CH2O(G1)), 6.88 (d, J� 8.7, 4H, 4
arom. H(c)), 6.96 (d, J� 8.7, 4 H, 4 arom. H(c)), 7.13 (d, J� 8.1, 4 H, 4 arom.
H(c)), 7.21 ± 7.41 (m, 56 H, 16 arom. H(G1) and 40 arom. H(P)), 7.42 (d, J�
8.1, 4 H, 4 arom. H(c)); 13C NMR (75 MHz): d� 16.7, 27.2, 33.3, 46.2, 69.1,
69.9, 70.8, 73.0, 74.6, 75.7, 113.4, 114.2, 127.4, 127.5, 127.6, 127.8, 128.3, 128.9,
129.4, 129.7, 134.3, 138.6, 139.1, 141.1, 158.1, 168.6; IR (CHCl3): nÄ � 3374 br,
3007 m, 2864 w, 1607 m, 1508 s, 1454 m, 1379 m, 1090 s, 1017 m, 909 s,
836 m cmÿ1; MALDI-TOF MS (HABA): m/z : 2043.9 ([M�Na]�);
C135H142O16 (2020.60): calcd C 80.25, H 7.08; found C 79.33, H 6.92.


(Bn)16ÿ{[G1]Fÿ[G1]*(A)}4ÿ[Phe-TADDOL] (19): As described in GP II, a
solution of 17 (2.20 g, 2.51 mmol) in acetone (5 mL) was added to a solution
of TADDOL 2 (0.302 g, 0.57 mmol) in acetone (20 mL). To that was added
K2CO3 (0.32 g, 2.28 mmol), and the reaction mixture was heated under
reflux for 45 h. Workup as described in GP II yielded a brownish foam
(2.73 g). FC (acetone/hexane 1:2) yielded 19 (1.70 g, 80 %) as a slightly
yellow foam. Rf (acetone/hexane 2:3): 0.27; [a]RT


D �ÿ14.43 (c� 0.98,
CHCl3); 1H NMR (500 MHz): d� 1.06 (s, 6H, (CH3)2-C(2)(c)), 1.17 ± 1.22
(m, 12H, 4 CH3-C(3)(G1)), 2.03 ± 2.14 (m, 4H, 4 H-C(2)(G1)), 2.59 ± 2.68
(m, 4 H, 4 PhCH2-C(2)(G1)), 2.75 ± 2.84 (m, 4H, 4 PhCH2-C(2)(G1)),
3.38 ± 3.51 (m, 8H, 8 H-C(2)(G1)), 3.62 ± 3.72 (m, 4 H, 4 H-C(3)(G1)),
4.01 (br s, 2H, 2 OH), 4.28 ± 4.40 (m, 12 H, 8 CH2(G2)), 4.46 ± 4.52 (m, 6H,
8 CH2(G2) and C(4), C(5)(c)), 4.88 ± 5.03 (m, 40H, 16 CH2(P) und 4
CH2O(G1)), 6.49 ± 6.53 (m, 8H, 8 arom. H(G2)), 6.53 ± 6.58 (m, 8 H, 8
arom. H(G2)), 6.58 ± 6.61 (m, 8 H, 8 arom. H(G2)), 6.84 (d, J� 9.0, 4H, 4
arom. H(c)), 6.92 (d, J� 9.0, 4H, 4 arom. H(c)), 7.11 (d, J� 8.1, 4H, 4 arom.
H(c)), 7.14 (d, J� 8.1, 4H, 4 arom. H(c)), 7.21 ± 7.41 (m, 96H, 16 arom.
H(G1) and 80 arom. H(P)); 13C NMR (125 MHz): d� 16.8, 23.5, 26.9, 27.2,
33.3, 46.2, 69.2, 69.9, 69.9, 70.0, 70.7, 72.9, 74.7, 76.8, 77.0, 77.3, 77.6, 101.1,
101.1, 106.4, 106.5, 113.4, 114.2, 126.5, 126.7, 126.9, 127.5, 127.7, 127.8, 127.9,
128.6, 128.9, 129.4, 129.7, 134.3, 134.4, 135.6, 136.9, 138.7, 141.0, 141.2, 141.6,
158.0, 158.1, 160.0; IR (CHCl3): nÄ � 3008 w, 2870 w, 1596 s, 1509 w, 1454 m,
1376 m, 1293 w, 1157 s, 1058 m, 833 w cmÿ1; MALDI-TOF MS (CCA): m/z :
3741.7 ([M�Na]�); C247H238O32 (3718.58): calcd C 79.78, H 6.45; found C
79.87, H 6.58.


(Bn)16ÿ{[G1]Fÿ[G1]*(B)}4ÿ[Phe-TADDOL] (20): As described in GP II, a
solution of ent-17 (1.89 g, 2.16 mmol) in acetone (5 mL) is added to a
solution of TADDOL 2 (0.29 g, 0.54 mmol) in acetone (15 mL). To this
solution was added K2CO3 (0.30 g, 2.16 mmol), and the reaction mixture
was heated under reflux for 45 h. Workup as described in GP II yielded a
brownish foam (2.3 g). FC (acetone/hexane 1:2) yielded 20 (1.53 g, 76%) as
a slightly yellow foam. Rf (acetone/hexane 2:3): 0.25; [a]RT


D �ÿ10.85 (c�
1.10, CHCl3); 1H NMR (400 MHz): d� 1.06 (s, 6 H, (CH3)2-C(2)(c)), 1.19 ±
1.22 (m, 12 H, 4 CH3-C(3)(G1)), 2.05 ± 2.12 (m, 4 H, 4 H-C(2)(G1)), 2.59 ±
2.67 (m, 4H, 4 PhCH2-C(2)(G1)), 2.77 ± 2.82 (m, 4H, 4 PhCH2-C(2)(G1)),
3.38 ± 3.50 (m, 8 H, 8 H-C(2)(G1)), 3.64 ± 3.71 (m, 4H, 4 H-C(3)(G1)), 3.99
(br s, 2H, 2 OH), 4.30 ± 4.38 (m, 12H, 8 CH2(G2)), 4.48 ± 4.52 (m, 6H,
8 CH2(G2) and C(4), C(5)(c)), 4.91 ± 4.99 (m, 40H, 16 CH2(P) and
4 CH2O(G1)), 6.50 ± 6.53 (m, 8 H, 8 arom. H(G2)), 6.53 ± 6.56 (m, 8H, 8
arom. H(G2)), 6.59 ± 6.61 (m, 8 H, 8 arom. H(G2)), 6.84 (d, J� 9.0, 4H, 4
arom. H(c)), 6.92 (d, J� 9.0, 4H, 4 arom. H(c)), 7.11 (d, J� 8.1, 4H, 4 arom.
H(c)), 7.14 (d, J� 8.1, 4H, 4 arom. H(c)), 7.22 ± 7.40 (m, 96H, 16 arom.


H(G1) and 80 arom. H(P)); 13C NMR (100 MHz): d� 16.8, 27.2, 33.3, 46.2,
69.2, 69.9, 70.0, 70.7, 72.9, 74.7, 77.6, 101.1, 106.4, 106.5, 113.4, 114.2, 127.5,
127.7, 127.8, 127.9, 128.6, 129.4, 129.8, 134.3, 134.4, 136.9, 141.0, 141.2, 141.6,
160.0; IR (CHCl3): nÄ � 3008 w, 2869 w, 1596 s, 1508 m, 1453 m, 1375 m,
1293 m, 1157 s, 1055 m, 834 w cmÿ1; MALDI-TOF MS (HABA): m/z : 3741.3
([M�Na]�); C247H238O32 (3718.58): calcd C 79.78, H 6.45; found C 79.51, H
6.40.


(Octyl)2ÿ[G1]FÿCOOMe (21): n-Octyl bromide (96 mL, 550 mmol), 18-C-
6 (11.6 g, 44 mmol), and K2CO3 (76.0 g, 550 mmol) were added to a solution
of methyl a-resorcylate (37.0 g, 220 mmol) in acetone (1 L), and the
reaction mixture was heated under reflux for 60 h. After cooling to RT the
solids were filtered off, and the solvent of the filtrate was evaporated. After
addition of CH2Cl2 (400 mL) the product was washed with H2O (200 mL)
and the aqueous layer was extracted again with CH2Cl2 (2� 400 mL). The
combined organic layers were dried over MgSO4 and the solvent removed
to yield a yellow oil. This was placed in the refrigerator overnight, where a
white product cristallized. The solid was redissolved in Et2O and the
insoluble parts were filtered off. The solvent of the filtrate was again
evaporated to give 21 as a white solid in quantitative yield. M.p. 40.8 ±
41.4 8C; Rf (CH2Cl2): 0.64; 1H NMR (300 MHz): d� 0.89 (t, J� 6.80, 6H,
2 CH3), 1.28 ± 1.48 (m, 20 H, 10 CH2), 1.72 ± 1.82 (m, 4 H, 2 CH2CH2O), 3.90
(s, 3H, OCH3), 3.97 (t, J� 6.55, 4H, 2 CH2O), 6.63 (t, J� 2.34, 1 H, 1 arom.
H), 7.16 (d, J� 2.34, 2 H, 2 arom. H); 13C NMR (75 MHz): d� 14.2, 22.7,
26.1, 29.3, 29.4, 31.8, 52.2, 68.4, 106.7, 107.7, 131.9, 160.2, 167.0; IR (CHCl3):
nÄ � 2927 s, 2858 m, 1718 m, 1596 m, 1447 m, 1352 m, 1301 m, 1167 m, 1112 s,
1056 w, 963 m cmÿ1; MS (EI): m/z : 392 (34.7, [M]�), 364 (6), 361 (4), 280
(10), 248 (4), 221 (4), 181 (4), 168 (100), 137 (16), 111 (5), 83 (5), 69 (18), 57
(20), 43 (27), 28 (7); C24H40O4 (392.57): calcd C 73.43, H 10.27; found C
73.54, H 10.16.


(Octyl)2ÿ[G1]FÿOH (22): A solution of 21 (102.0 g, 0.26 mol) in Et2O
(450 mL) was added to a suspension of LiAlH4 (11.0 g, 0.29 mol) in Et2O
(350 mL) over 30 min. The grey mixture was heated under reflux for 4 h
and stirred overnight at RT. Hydrolysis by dropwise addition of H2O
(11 mL) followed by 15% NaOH solution (11 mL) and then once more by
H2O (33 mL) gave a clear supernatant solution, which was separated from
the salt. The organic layer was washed (2�H2O) and the combined
aqueous layers extracted (2�Et2O). The combined organic layers were
dried over MgSO4 and the solvent was evaporated to give a crude product
containing 22 as a colorless oil (107.1 g). A small amount thereof was
purified by FC (CH2Cl2) for analytical purposes, the rest was used directly
for the next reaction steps. Rf (CH2Cl2): 0.18; 1H NMR (300 MHz): d� 0.89
(t, J� 6.8, 6H, 2 CH3), 1.21 ± 1.49 (m, 20 H, 10 CH2), 1.71 ± 1.80 (m, 4H,
2 CH2CH2O), 1.98 (t, J� 6.0, 1 H, OH), 3.92 (t, J� 6.6, 4 H, 2 CH2O), 4.59
(d, J� 5.8, 2 H, CH2OH), 6.36 (t, J� 2.3, 1H, 1 arom. H), 6.48 (d, J� 2.2,
2H, 2 arom. H); 13C NMR (75 MHz): d� 14.1, 22.7, 26.1, 29.3, 29.4, 31.8,
65.4, 68.1, 100.6, 105.1, 143.2, 160.5; IR (CHCl3): nÄ � 3604 w, 2926 s, 2856 s,
1596 s, 1454 s, 1384 m, 1293 m, 1165 s, 1061 m, 836 w cmÿ1; MS (EI): m/z : 364
(28.8, [M]�), 252 (7), 221 (6), 141 (46), 140 (100), 138 (10), 123 (15), 111
(21), 71 (14), 69 (24), 57 (26), 55 (23), 43 (28); C23H40O3 (364.56): calcd C
75.78, H 11.06; found C 75.88, H 10.94.


(Octyl)2ÿ[G1]FÿBr (23): As described in GP IV, PPh3 (78.7 g, 0.3 mol), and
CBr4 (99.5 g, 0.3 mol) were added to a solution of alcohol 22 (88.0 g,
0.24 mol) in THF (650 mL). Workup as described in GP IV yielded a
yellow oil as crude product containing 23 (149 g). A small amount thereof
was purified by FC (CH2Cl2) for analytical purposes, the rest was used
directly for the next reaction steps. Rf (CH2Cl2): 0.85; 1H NMR (300 MHz):
d� 0.89 (t, J� 6.8, 6 H, 2 CH3), 1.21 ± 1.50 (m, 20 H, 10 CH2), 1.71 ± 1.83 (m,
4H, 2 CH2CH2O), 3.92 (t, J� 6.6, 4 H, 2 CH2O), 4.41 (s, 2 H, CH2Br), 6.38
(t, J� 2.2, 1H, 1 arom. H), 6.51 (d, J� 2.2, 2H, 2 arom. H), 13C NMR
(75 MHz): d� 14.1, 22.7, 26.1, 29.3, 29.4, 31.9, 33.8, 68.2, 101.5, 107.5, 139.6,
160.5; IR (CHCl3): nÄ � 2928 s, 2853 s, 1595 s, 1461 s, 1384 m, 1347 m, 1167 s,
1056 m cmÿ1; MS (EI): m/z : 428 (52.7 [M�1]�), 426 (54), 348 (24), 347 (43),
235 (58), 204 (36), 202 (34), 123 (100), 69 (80), 55 (66), 43 (66); C23H39O2Br
(427.46): calcd C 64.63, H 9.20; found C 64.81, H 9.39.


(Octyl)4ÿ[G2]FÿCOOMe (24): K2CO3 (5.2 g, 37.5 mmol) was added to a
mixture of acetonitrile (100 mL) and acetone (50 mL), and the reaction
mixture was cooled to ice-bath temperature before bromide 23 (8.0 g,
15 mmol, ca. 80% pure), methyl a-resorcylate (1.3 g, 7.5 mmol), and 18-C-6
(0.5 g, 1.9 mmol) were added. After stirring for 20 h at RT the salt was
filtered off and most of the solvent of the filtrate was evaporated. After
addition of CH2Cl2 (50 mL) and H2O (50 mL) and after separation of the
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layers, the aqueous layer was extracted (3�CH2Cl2). The combined
organic layers were dried over MgSO4 and the solvent evaporated under
vacuum. FC (cyclohexane/CH2Cl2 1:1) yielded 24 (4.7 g, 73 %) as a slightly
yellow oil. Rf (cyclohexane/CH2Cl2 1:1): 0.29; 1H NMR (200 MHz): d�
0.8 ± 1.0 (m, 12 H, 4 CH3), 1.2 ± 1.5 (m, 40H, 20 CH2), 1.7 ± 1.9 (m, 8H,
4 OCH2CH2), 3.93 (s, 3 H, OCH3), 3.96 (t, J� 7.06, 2 H, OCH2), 5.01 (s, 2H,
C(arom.)-CH2O), 6.4 (m, 2H, 2 arom. H), 6.6 (m, 4H, 4 arom. H), 6.8 (m,
1H, 1 arom. H), 7.3 (m, 2H, 2 arom. H).


(Octyl)4ÿ[G2]FÿOH (25): A solution of ca. 80 % of compound 23 (148 g,
346 mmol) in THF (250 mL) was added at ice-bath temperature to a
solution of 3,5-dihydroxybenzylic alcohol (13.0 g, 93 mmol) in THF
(250 mL). Compound 18-C-6 (4.9 g, 18.6 mmol) and K2CO3 (32.1 g,
232 mmol) were added to this solution, and the reaction mixture was
heated under reflux for 30 h. After cooling to RT the salt was filtered off
and most of the solvent of the filtrate was evaporated under vacuum. Et2O
(400 mL) was added to the residue and the solution was washed with H2O
(200 mL). The aqueous layer was extracted (2� 600 mL), the combined
organic layers were dried over MgSO4, and the solvent was evaporated
under vacuum to give a brown crude product. FC (CH2Cl2) yielded 25
(42.0 g, 54%) as a slightly yellow oil. A small amount was purified by FC
(CH2Cl2) for analytical purposes. M.p. 38.0 ± 38.1 8C; Rf (CH2Cl2): 0.28;
1H NMR (400 MHz): d� 0.88 (t, J� 6.9, 12 H, 4 CH3), 1.22 ± 1.49 (m, 40H,
20 CH2), 1.65 (t, J� 6.0, 1H, OH), 1.71 ± 1.80 (m, 8 H, 4 CH2CH2O), 3.93 (t,
J� 6.6, 8 H, 4 CH2O), 4.62 (d, J� 5.8, 2H, CH2OH), 4.95 (s, 4H, 2 benzyl.
CH2), 6.40 (t, J� 2.3, 2 H, 2 arom. H), 6.52 ± 6.56 (m, 5H, 5 arom. H), 6.61
(d, J� 2.3, 2 H, 2 arom. H); 13C NMR (100 MHz): d� 14.1, 22.7, 26.1, 29.2,
29.3, 29.4, 31.8, 65.4, 68.1, 70.1, 100.8, 101.4, 105.7, 139.0, 143.4, 160.2, 160.5;
IR (CHCl3): nÄ � 3601 w, 2928 s, 2856 m, 1595 s, 1456 m, 1378 w, 1295 w, 1166 s,
1058 m, 835 w cmÿ1; MS (FAB): m/z : 834 (36.5, [M]�), 833 (50), 832 (26),
816 (13), 696 (14), 695 (49), 694 (100), 693 (35), 692 (36), 58 (11), 467 (13),
457 (11), 349 (11), 348 (32), 347 (38), 163 (12), 149 (11), 137 (19), 125 (57),
124 (33), 123 (30); C53H84O7 (833.23): calcd C 76.40, H 10.16; found C 76.56,
H 9.93.


X-ray crystal structure analysis of 25 (C53H84O7): Determination of the cell
parameters and collection of the reflection intensities were performed on
an Enraf ± Nonius CAD4 four-circle diffractometer (graphite monochro-
mated MoKa radiation, l� 0.7107 �). Colorless cube, 0.3� 0.3� 0.5 mm,
triclinic, space group P1, a� 10.578(4) �, b� 16.045(6) �, c� 16.688(6) �,
a� 101.67(3)8, b� 105.96(3)8, g� 100.98(3)8, V� 2574(2) �3, Z� 2,
1calcd� 1.075 g cmÿ3, m� 0.069 mmÿ1, F(000)� 916. Number of reflections
measured 5585 (w scan, 2.6< 2q< 448, T� 293 K); 5585 unique reflections,
which were used for the determination (direct methods, SHELXS-86).
SHELXL-93 was used for structure refinement (full-matrix least-squares).
The temperature factors of the non-H atoms were refined anisotropically,
the H atoms were added to the molecule with constant isotropic temper-
ature factors on idealized positions and refined according to the riding
model (afix 3). The refinement converged at R� 0.0872 (wR2� 0.229), min
and max residual electron density 0.438 and ÿ0.215 e�ÿ3, number of
variables 541.


(Octyl)4ÿ[G2]FÿBr (26): As described in GP IV, PPh3 (19.8 g, 76 mmol)
and CBr4 (25.2 g, 76 mmol) were added to a solution of alcohol 25 (42.0 g,
50 mmol) in THF (400 mL). Workup as described in GP IV yielded a
brown crude product. This was stirred in petroleum ether (500 mL) for
15 min and the insoluble parts were filtered off to give, after evaporation of
the solvent, a brownish oil. This was purified of polar by-products by a short
FC (350 g SiO2, CH2Cl2) to yield a yellow oil as 26-containing product
(45.8 g). A small amount was purified again by FC (hexane/Et2O 19:1) for
analytical purposes, the rest was used directly for the next reaction steps. Rf


(CH2Cl2): 0.86; 1H NMR (400 MHz): d� 0.89 (t, J� 6.9, 12H, 4 CH3),
1.22 ± 1.49 (m, 40 H, 20 CH2), 1.71 ± 1.81 (m, 8 H, 4 CH2CH2O), 3.93 (t, J�
6.6, 8H, 4 CH2O), 4.41 (s, 2 H, CH2Br), 4.94 (s, 4H, 2 benzyl. CH2), 6.40 (t,
J� 2.3, 2 H, 2 arom. H), 6.52 ± 6.56 (m, 5 H, 5 arom. H), 6.62 (d, J� 2.2, 2H,
2 arom. H); 13C NMR (100 MHz): d� 14.1, 22.7, 26.1, 29.2, 29.3, 29.4, 31.8,
33.6, 68.1, 70.2, 100.9, 102.2, 105.8, 108.2, 138.8, 139.8, 160.1, 160.6; IR
(CHCl3): nÄ � 2927 s, 2856 m, 1595 s, 1454 m, 1378 w, 1296 w, 1166 s, 1055 m,
836 w cmÿ1; MS (FAB): m/z : 896 (21.1), 817 (12), 816 (19), 815 (10), 814
(13), 696 (16), 695 (55), 694 (100), 693 (40), 692 (51), 666 (13), 581 (22), 579
(20), 469 (20), 468 (18), 467 (32), 466 (14), 457 (29), 361 (27), 355 (16), 349
(18), 348 (51), 347 (84), 345 (22), 163 (28), 149 (25), 137 (40), 125 (79), 123


(61), 107 (22); C53H63O6Br (896.13): calcd C 71.04, H 9.34; found C 70.94, H
9.45.


(Octyl)4ÿ[G1]Fÿ[G1]*(A)ÿOTBDPS (27): As described in GP III, NaH
(0.24 g, 10 mmol) was added to THF (20 mL). After cooling to ice-bath
temperature a solution of diol 11 (1.12 g, 2.5 mmol) in THF (15 mL) was
added and the reaction mixture was stirred at RT for 1 h, before a solution
of 23 (3.18 g, 7.5 mmol) in THF (15 mL) was added slowly. After stirring at
RT for 3 h the reaction mixture was heated under reflux for 15 h. Workup
as described in GP III yielded a slightly yellow oil as crude product. FC
(CH2Cl2/hexane 1:3) yielded 27 (2.83 g, 99 %) as a clear viscous oil. Rf


(acetone/hexane 1:9): 0.54; 1H NMR (400 MHz): d� 0.88 (t, J� 6.8, 12H,
4 CH3(P)), 1.09 (s, 9H, tBu), 1.23 (d, J� 6.4, 3 H, CH3-C(3)), 1.23 ± 1.48 (m,
40H, 20 CH2(P)), 1.70 ± 1.79 (m, 8 H, 4 CH2CH2O(P)), 2.08 ± 2.17 (m, 1H,
H-C(2)), 2.64 (ªddº, ABX, J� 13.5, 8.9, 1 H, PhCH2-C(2)), 2.83 (ªddº,
ABX, J� 13.5, 5.8, 1 H, PhCH2-C(2)), 3.44 (ªddº, ABX, J� 9.4, 5.7, 1H,
H-C(1)), 3.50 (ªddº, ABX, J� 9.4, 5.1, 1H, H-C(1)), 3.68 ± 3.76 (m, 1H,
H-C(3)), 3.86 ± 3.95 (m, 8 H, 4 CH2CH2O(P)), 4.29 ± 4.52 (m, 4H,
2 OCH2Ph(G2)), 4.74 (s, 2H, CH2OSi), 6.34 ± 6.37 (m, 2H, 2 arom.
H(G2)), 6.45 (d, J� 2.3, 2H, 2 arom. H(G2)), 6.50 (d, J� 2.3, 2 H, 2 arom.
H(G2)), 7.11 (d, J� 8.1, 2H, 2 arom. H(G1)), 7.23 (d, J� 8.2, 2 H, 2 arom.
H(G1)), 7.33 ± 7.44 (m, 6H, 6 arom. H), 7.67 ± 7.72 (m, 4 H, 4 arom. H);
13C NMR (100 MHz): d� 14.1, 16.7, 19.3, 22.6, 26.1, 26.8, 29.2, 29.3, 29.4,
31.6, 31.8, 33.1, 46.2, 65.4, 68.0, 69.3, 70.9, 73.0, 74.7, 100.3, 100.4, 105.7,
125.9, 127.7, 129.0, 129.6, 133.6, 135.6, 138.5, 139.7, 141.0, 141.4, 160.3;
MALDI-TOF MS (CCA): m/z : 1136.6, 1164.3 ([M�Na]�); C74H112O7Si
(1141.78): calcd C 77.84, H 9.89; found C 77.63, H 9.91.


(Octyl)4ÿ[G1]Fÿ[G1]*(A)ÿOH (28): As described in GP I, TBAF (2.04 g,
6.46 mmol) was added to a solution of 27 (2.46 g, 2.15 mmol) in THF
(25 mL). Workup as described in GP I yielded a yellow oil (6.7 g). This was
purified by FC (acetone/hexane 1:4) to yield a slightly yellow oil containing
product 28 (2.34 g). A small amount thereof was purified for analytical data
by FC, the rest was used for further reaction steps. Rf (acetone/hexane 1:3):
0.32; 1H NMR (400 MHz): d� 0.88 (t, J� 6.8, 12 H, 4 CH3(P)), 1.23 (d, J�
6.3, 3 H, CH3-C(3)), 1.23 ± 1.49 (m, 40H, 20 CH2(P)), 1.68 ± 1.80 (m, 8H,
4 CH2CH2O(P)), 2.07 ± 2.18 (m, 1H, H-C(2)), 2.63 (ªddº, ABX, J� 13.5,
8.9, 1H, PhCH2-C(2)), 2.82 (ªddº, ABX, J� 13.5, 5.9, 1 H, PhCH2-C(2)),
3.38 ± 3.49 (m, 1H, H-C(1)), 3.66 ± 3.73 (m, 1H, H-C(3)), 3.84 ± 3.94 (m, 8H,
4 CH2CH2O(P)), 4.28 ± 4.52 (m, 4 H, 2 OCH2Ph(G2)), 4.64 (d, J� 3.2, 2H,
CH2OH), 6.34 ± 6.37 (m, 2 H, 2 arom. H(G2)), 6.41 (d, J� 2.3, 2 H, 2 arom.
H(G2)), 6.47 (d, J� 2.3, 2H, 2 arom. H(G2)), 7.12 (d, J� 8.1, 2H, 2 arom.
H(G1)), 7.23 (d, J� 8.2, 2H, 2 arom. H(G1)); 13C NMR (100 MHz): d�
14.1, 16.7, 22.7, 26.1, 29.2, 29.3, 29.4, 31.6, 31.8, 33.1, 46.1, 65.3, 68.0, 69.3,
70.9, 73.0, 74.8, 100.3, 100.4, 105.8, 127.7, 129.4, 129.7, 134.8, 140.7, 140.9,
141.3, 160.3.


(Octyl)4ÿ[G1]Fÿ[G1]*(A)ÿBr (29): As described in GP IV, PPh3 (0.79 g,
3 mmol) and CBr4 (1.0 g, 3 mmol) were added to a solution of alcohol 28
(1.94 g, 2.15 mmol) in THF (15 mL). Workup as described in GP IV yielded
a yellow oil (2.86 g). FC (acetone/hexane 1:8) yielded 29 (1.89 g, 91 %) as a
colorless oil. Rf (acetone/hexane 1:5): 0.56; 1H NMR (400 MHz): d� 0.88
(t, J� 6.5, 12H, 4 CH3(P)), 1.21 (d, J� 6.4, 3 H, CH3-C(3)), 1.22 ± 1.49 (m,
40H, 20 CH2(P)), 1.70 ± 1.80 (m, 8 H, 4 CH2CH2O(P)), 2.05 ± 2.13 (m, 1H,
H-C(2)), 2.63 (ªddº, ABX, J� 13.5, 8.8, 1 H, PhCH2-C(2)), 2.80 (ªddº,
ABX, J� 13.5, 6.0, 1H, PhCH2-C(2)), 3.39 ± 3.49 (m, 1 H, H-C(1)), 3.65 ±
3.72 (m, 1 H, H-C(3)), 3.87 ± 3.94 (m, 8H, 4 CH2CH2O(P)), 4.28 ± 4.52 (m,
4H, 2 OCH2Ph(G2)), 4.48 (d, J� 3.2, 2 H, CH2Br), 6.34 ± 6.38 (m, 2H, 2
arom. H(G2)), 6.43 (d, J� 2.3, 2 H, 2 arom. H(G2)), 6.48 (d, J� 2.3, 2H, 2
arom. H(G2)), 7.09 (d, J� 8.1, 2 H, 2 arom. H(G1)), 7.23 (d, J� 8.2, 2H, 2
arom. H(G1)); 13C NMR (100 MHz): d� 14.1, 16.7, 22.6, 26.1, 29.2, 29.3,
29.4, 31.8, 33.2, 33.7, 46.1, 68.0, 69.2, 70.8, 73.1, 74.6, 100.3, 100.4, 105.7,
105.8, 128.9, 129.6, 135.1, 140.8, 141.3, 141.7, 160.0.


(Octyl)8ÿ[G2]Fÿ[G1]*(A)ÿOTBDPS (30): As described in GP III, NaH
(0.55 g, 23 mmol) was added to THF (25 mL). After cooling to ice-bath
temperature, a solution of diol 11 (1.70 g, 3.8 mmol) in THF (25 mL) was
added and the reaction mixture was stirred at RT for 1 h, before a solution
of 26 (8.14 g, 9.1 mmol) in THF (50 mL) was added slowly. After stirring at
RT for 3 h the reaction mixture was heated under reflux for 30 h. Workup
as described in GP III gave a brownish oil (10.2 g) as crude product. FC
(CH2Cl2/hexane 1:2) yielded 30 (6.20 g, 79 %) as a clear viscous oil. Rf


(CH2Cl2/hexane 3:2): 0.38; [a]RT
D �ÿ1.39 (c� 1.15, CHCl3); 1H NMR


(400 MHz): d� 0.88 (t, J� 6.8, 24 H, 8 CH3(P)), 1.08 (s, 9H, tBu), 1.23 (d,
J� 6.3, 3 H, CH3-C(3)), 1.23 ± 1.48 (m, 80 H, 40 CH2(P)), 1.68 ± 1.79 (m,
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16H, 8 CH2CH2O(P)), 2.07 ± 2.14 (m, 1H, H-C(2)), 2.63 (ªddº, ABX, J�
13.5, 9.0, 1 H, PhCH2-C(2)), 2.80 (ªddº, ABX, J� 13.5, 5.9, 1 H, PhCH2-
C(2)), 3.44 (ªddº, ABX, J� 9.4, 5.6, 1H, H-C(1)), 3.52 (ªddº, ABX, J� 9.4,
4.9, 1 H, H-C(1)), 3.66 ± 3.74 (m, 1 H, H-C(3)), 3.86 ± 3.94 (m, 16 H,
8 CH2CH2O(P)), 4.30 ± 4.53 (m, 4 H, 2 OCH2Ph(G2)), 4.73 (s, 2H, CH2O-
Si), 4.90 (d, J� 4.0, 8H, 4 OCH2Ph(G3)), 6.37 ± 6.40 (m, 4H, 4 arom.
H(G3)), 6.48 ± 6.55 (m, 10H, 2 arom. H(G2) and 8 arom. H(G3)), 6.57 (d,
J� 2.3, 2H, 2 arom. H(G2)), 6.60 (d, J� 2.3, 2 H, 2 arom. H(G2)), 7.10 (d,
J� 8.1, 2 H, 2 arom. H(G1)), 7.22 (d, J� 8.2, 2 H, 2 arom. H(G1)), 7.32 ± 7.43
(m, 6H, 6 arom. H), 7.66 ± 7.71 (m, 4H, 4 arom. H); 13C NMR (100 MHz):
d� 14.5, 17.3, 19.7, 23.1, 26.5, 27.3, 29.6, 29.7, 29.8, 32.2, 46.7, 65.8, 68.5, 70.5,
101.2, 101.5, 106.1, 106.7, 106.8, 126.4, 128.1, 129.5, 130.0, 134.0, 136.0, 138.9,
139.5, 140.0, 141.6, 142.0, 160.4, 160.9; IR (CHCl3): nÄ � 3008 w, 2929 s,
2857 m, 1596 s, 1455 m, 1377 w, 1343 w, 1295 w, 1166 s, 1112 w, 1047 m,
834 w cmÿ1; MALDI-TOF MS (CCA): m/z : 2074.9, 2102.7 ([M�Na]�),
2118.6 ([M�K]�), 2143.3; C134H200O15Si (2079.14): calcd C 77.41, H 9.70;
found C 77.56, H 9.55.


(Octyl)8ÿ[G2]Fÿ[G1]*(A)ÿOH (31): As described in GP I, TBAF (1.20 g,
3.84 mmol) was added to a solution of 30 (4.00 g, 1.92 mmol) in THF
(40 mL). Workup as described in GP I yielded a brownish oil (4.4 g). FC
(Et2O/hexane 1:2) yielded 31 (2.88 g, 81 %) as a slightly yellow oil. A small
amount thereof was purified again for analytical data by FC, the rest was
used for further reaction steps. Rf (Et2O/hexane 1:2): 0.18; 1H NMR
(500 MHz): d� 0.88 (t, J� 6.9, 24 H, 8 CH3(P)), 1.27 (d, J� 1.8, 3H, CH3-
C(3)), 1.27 ± 1.38 (m, 64 H, 32 CH2(P)), 1.38 ± 1.47 (m, 16 H,
8 CH2CH2CH2O(P)), 1.69 ± 1.78 (m, 16H, 8 CH2CH2O(P)), 2.06 ± 2.13 (m,
1H, H-C(2)), 2.61 (ªddº, ABX, J� 13.6, 8.8, 1 H, PhCH2-C(2)), 2.79 (ªddº,
ABX, J� 13.5, 5.8, 1 H, PhCH2-C(2)), 3.42 (ªddº, ABX, J� 9.4, 5.6, 1H,
H-C(1)), 3.47 (ªddº, ABX, J� 9.4, 5.1, 1H, H-C(1)), 3.66 ± 3.72 (m, 1H,
H-C(3)), 3.86 ± 3.94 (m, 16H, 8 CH2CH2O(P)), 4.30 ± 4.52 (m, 4H, 2
OCH2Ph(G2)), 4.61 (d, J� 5.8, 2H, CH2OH), 4.90 (d, J� 6.9, 8 H,
4 OCH2Ph(G3)), 6.35 ± 6.40 (m, 4 H, 4 arom. H(G3)), 6.49 ± 6.56 (m, 12H,
4 arom. H(G2) and 8 arom. H(G3)), 6.58 (d, J� 2.3, 2 H, 2 arom. H(G2)),
7.10 (d, J� 8.1, 2 H, 2 arom. H(G1)), 7.22 (d, J� 8.2, 2H, 2 arom. H(G1));
13C NMR (125 MHz): d� 14.1, 16.8, 22.7, 26.1, 29.3, 29.4, 31.8, 46.2, 65.3,
68.1, 69.4, 70.1, 72.9, 74.9, 100.8, 101.1, 105.7, 106.4, 106.5, 127.1, 129.4, 138.4,
139.0, 139.1, 140.6, 141.1, 141.6, 160.0, 160.5; MALDI-TOF MS (CCA):
m/z : 1836.0, 1864.2 ([M�Na]�), 1879.9 ([M�K]�), 1904.3; C118H182O15


(1840.73): calcd C 77.00, H 9.97; found C 77.02, H 10.04.


(Octyl)8ÿ[G2]Fÿ[G1]*(A)ÿBr (32): As described in GP IV, PPh3 (0.56 g,
2.12 mmol) and CBr4 (0.7 g, 2.12 mmol) were added to a solution of alcohol
31 (2.60 g, 1.41 mmol) in THF (15 mL). Workup as described in GP IV
yielded a yellow oil (4.02 g). FC (CH2Cl2/hexane 8:1) yielded 32 (1.13 g,
42%) as a colorless oil. Rf (CH2Cl2/hexane 8:1): 0.74; 1H NMR (500 MHz):
d� 0.88 (t, J� 6.9, 24 H, 8 CH3(P)), 1.21 (d, J� 6.3, 3H, CH3-C(3)), 1.27 ±
1.38 (m, 64H, 32 CH2(P)), 1.38 ± 1.46 (m, 16 H, 8 CH2CH2CH2O(P)), 1.71 ±
1.77 (m, 16H, 8 CH2CH2O(P)), 2.04 ± 2.09 (m, 1H, H-C(2)), 2.61 (ªddº,
ABX, J� 13.6, 8.7, 1H, PhCH2-C(2)), 2.77 (ªddº, ABX, J� 13.5, 5.9, 1H,
PhCH2-C(2)), 3.42 (ªddº, ABX, J� 9.4, 4.0, 1H, H-C(1)), 3.47 (ªddº, ABX,
J� 9.4, 5.0, 1H, H-C(1)), 3.64 ± 3.69 (m, 1 H, H-C(3)), 3.88 ± 3.98 (m, 16H,
8 CH2CH2O(P)), 4.30 ± 4.51 (m, 6H, 2 OCH2Ph(G2) and CH2Br), 4.90 (d,
J� 6.9, 8H, 4 OCH2Ph(G3)), 6.37 ± 6.39 (m, 4H, 4 arom. H(G3)), 6.50 ±
6.56 (m, 4H, 4 arom. H(G2) and 8 arom. H(G3)), 6.58 (d, J� 2.3, 2 H, 2
arom. H(G2)), 7.07 (d, J� 8.2, 2H, 2 arom. H(G1)), 7.24 (d, J� 8.2, 2 H, 2
arom. H(G1)); 13C NMR (125 MHz): d� 14.1, 16.8, 22.7, 26.1, 29.3, 29.4,
31.8, 33.3, 33.7, 46.2, 68.1, 69.3, 70.1, 70.8, 73.0, 74.7, 100.8, 101.1, 105.7, 106.4,
106.5, 127.7, 129.0, 129.6, 135.2, 139.1, 140.6, 141.1, 141.5, 141.6, 160.0, 160.5;
MALDI-TOF MS (HABA): m/z : 1846.8, 1927.9 ([M�Na]�), 2102.8;
C118H181O14Br (1903.62): calcd C 74.45, H 9.58; found C 75.10, H 9.52.


(Octyl)4ÿ{[G0]}4ÿ[Phe-TADDOL] (33): n-Octyl bromide (1.45 g,
7.53 mmol) was added to a solution of TADDOL 2 (1.00 g, 1.88 mmol) in
DMF (5 mL). To this solution was added previously dried, finely powdered
K2CO3 (1.04 g, 7.53 mmol), and the resulting suspension was heated under
reflux for 2 h. After cooling to RT, H2O (30 mL) and CH2Cl2 (100 mL) were
added, and the solids were filtered off and rinsed with CH2Cl2. The two
layers of the filtrate were separated; the aqueous layer was extracted (2�
Et2O). The combined organic layers were washed with H2O. The combined
organic layers were dried over MgSO4 and the solvent was evaporated to
yield a yellow oil (1.70 g). FC (acetone/hexane 1:19) yielded 33 (0.477 g,
26%) as a clear viscous oil. Rf (acetone/hexane 1:2): 0.44; 1H NMR
(400 MHz): d� 0.85 ± 0.91 (m, 12H, 4 CH3(P)), 1.06 (s, 6H, (CH3)2-


C(2)(c)), 1.22 ± 1.51 (m, 40 H, 20 CH2(P)), 1.71 ± 1.83 (m, 8H,
4 CH2CH2O(P)), 3.89 (t, J� 6.6, 4H, 2 CH2O(P)), 3.96 (t, J� 6.6, 4H,
2 CH2O(P)), 4.02 (s, 2H, 2 OH), 4.47 (s, 2H, 2 CH), 6.75 (d, J� 9.0, 4H, 4
arom. H(c)), 6.84 (d, J� 9.0, 4H, 4 arom. H(c)), 7.21 (d, J� 9.0, 4 H, 4 arom.
H(c)), 7.41 (d, J� 9.0, 4H, 4 arom. H(c)); 13C NMR (125 MHz): d� 14.1,
22.6, 26.0, 26.1, 27.2, 29.2, 29.3, 29.4, 31.8, 67.9, 77.6, 81.1, 109.1, 113.0, 113.8,
128.8, 129.7, 134.8, 138.2, 158.2, 158.3; MS (FAB): m/z : 944 (0.7), 493 (13),
451 (9), 441 (8), 440 (36), 439 (100), 437 (17), 436 (13), 435 (36), 424 (15),
423 (47), 327 (13), 311 (10), 233 (33), 211 (16), 199 (19), 121 (77); C63H94O8


(979.43): calcd C 77.26, H 9.67; found C 77.10, H 9.47.


(Octyl)8ÿ{[G1]F}4ÿ[Phe-TADDOL] (34): As described in GP II, a solution
of 23 (1.61 g, 3.77 mmol) in acetone (5 mL) was added to a solution of
TADDOL 2 (0.5 g, 0.94 mmol) in acetone (10 mL). To this solution was
added K2CO3 (0.52 g, 3.77 mmol) and the reaction mixture was heated
under reflux for 30 h. Workup as described in GP II yielded a yellow oil
(2.6 g). FC (acetone/hexane 1:1) yielded 34 (1.73 g, 95%) as a slightly
yellow oil. Rf (acetone/hexane 1:2): 0.44; [a]RT


D �ÿ26.0 (c� 1.21, CHCl3);
1H NMR (500 MHz): d� 0.86 ± 0.91 (m, 24H, 8 CH3(P)), 1.05 (s, 6H,
(CH3)2-C(2)(c)), 1.23 ± 1.40 (m, 128 H, 64 CH2(P)), 1.40 ± 1.48 (m, 16H,
8 CH2CH2CH2O(P)), 1.72 ± 1.83 (m, 16H, 8 CH2CH2O(P)), 3.88 ± 3.96 (m,
16H, 8 CH2O(P)), 4.49 (s, 2 H, 2 CH(c)), 4.93 (s, 4H, 2 PhCH2O(G1)), 4.99
(s, 4H, 2 PhCH2O(G1)), 6.38 (t, J� 2.2, 2H, 2 arom. H(G1)), 6.41 (t, J�
2.2, 2H, 2 arom. H(G1)), 6.52 (s, 4H, 4 arom. H(G1)), 6.58 (s, 2H, 2 arom.
H(G1)), 6.84 (d, J� 9.1, 4H, 4 arom. H(c)), 6.92 (d, J� 9.1, 4H, 4 arom.
H(c)), 7.24 (d, J� 9.0, 4H, 4 arom. H(c)), 7.43 (d, J� 9.0, 4 H, 4 arom. H(c));
13C NMR (125 MHz): d� 14.1, 22.7, 26.1, 27.2, 29.2, 29.3, 29.4, 31.8, 68.1,
70.0, 77.6, 81.1, 100.8, 100.9, 105.7, 105.8, 109.2, 113.5, 114.3, 128.9, 129.7,
135.3, 138.7, 139.2, 157.9, 158.0, 160.5; IR (CHCl3): nÄ � 3364 w, 2933 s, 2872 s,
1718 w, 1600 s, 1508 m, 1456 s, 1380 m, 1297 m, 1169 s, 1107 s, 1062 s, 907 m,
836 m cmÿ1; MALDI-TOF MS (CCA): m/z : 1940.2 ([M�Na]�);
C123H182O16 (1916.78): calcd C 77.07, H 9.57; found C 77.11, H 9.40.


(Octyl)16ÿ{[G2]F}4ÿ[Phe-TADDOL] (35): As described in GP II, a solution
of 26 (2.95 g, 3.3 mmol) in acetone (20 mL) was added to a solution of
TADDOL 2 (0.4 g, 0.75 mmol) in acetone (20 mL). To this solution was
added K2CO3 (0.42 g, 3 mmol) and the reaction mixture was heated under
reflux for 30 h. Workup as described in GP II yielded a yellow oil (2.46 g).
FC (acetone/hexane 1:19) yielded 35 (0.80 g, 28 %) as a colorless oil. Rf


(acetone/hexane 1:2): 0.61; [a]RT
D �ÿ16.4 (c� 1.21, CHCl3); 1H NMR


(400 MHz): d� 0.66 ± 0.82 (m, 48H, 16 CH3(P)), 1.06 (s, 6 H, (CH3)2-
C(2)(c)), 1.24 ± 1.48 (m, 320 H, 160 CH2(P)), 1.40 ± 1.65 (m, 32 H,
16 CH2CH2O(P)), 3.77 ± 3.96 (m, 32 H, 16 CH2O(P)), 4.46 (s, 2H,
2 CH(c)), 4.80 ± 4.96 (m, 8 H, 4 PhCH2O(G1)), 6.35 ± 6.41 (m, 12H, 4 arom.
H(G1) and 8 arom. H(G2)), 6.55 ± 6.59 (m, 20 H, 4 arom. H(G1) and 16
arom. H(G2)), 6.81 (d, J� 8.2, 4 H, 4 arom. H(c)), 6.93 (d, J� 8.2, 4H, 4
arom. H(c)), 7.23 (d, J� 9.0, 4 H, 4 arom. H(c)), 7.46 (d, J� 9.0, 4 H, 4 arom.
H(c)); 13C NMR (125 MHz): d� 14.1, 22.7, 26.1, 27.2, 29.2, 29.4, 30.9, 31.8,
68.1, 70.2, 100.9, 105.7, 105.8, 128.9, 129.8, 138.9, 160.1, 160.2, 160.5; IR
(CHCl3): nÄ � 2928 s, 2857 m, 1596 s, 1508 w, 1456 m, 1372 m, 1296 m, 1167 s,
1057 m, 836 w cmÿ1; MALDI-TOF MS (HABA): m/z : 3346.8, 3580.3,
3814.9 ([M�Na]�); C243H358O32 (3791.48): calcd C 76.98, H 9.52; found C
76.96, H 9.37.


(Octyl)32ÿ{[G2]Fÿ[G1]*(A)}4ÿ[Phe-TADDOL] (36): As described in
GP II, a solution of 32 (1.21 g, 0.636 mmol) in acetone (10 mL) was added
to a solution of TADDOL 2 (76.6 mg, 0.145 mmol) in acetone (30 mL). To
this solution was added K2CO3 (0.1 g, 0.722 mmol), and the reaction
mixture was heated under reflux for 110 h. Workup as described in GP II
yielded a brownish oil (0.70 g) as crude product. Three FC runs (acetone/
hexane 1:4, acetone/hexane 1:99, hexane) yielded 36 (54 mg, 5 %) as a
colorless oil (the difficulty in identification of the product led to a big loss of
product after the first column chromatographies). Rf (acetone/hexane 1:3):
0.75; 1H NMR (500 MHz): d� 0.85 ± 0.88 (m, 96H, 32 CH3(P)), 1.07 (s, 6H,
(CH3)2-C(2)(c)), 1.20 ± 1.38 (m, 259 H, 128 CH2(P) and CH3-C(3)), 1.38 ±
1.46 (m, 64 H, 32 CH2CH2CH2O(P)), 1.70 ± 1.75 (m, 64H,
32 CH2CH2O(P)), 2.06 ± 2.13 (m, 1 H, H-C(2)), 2.62 ± 2.67 (m, 1 H,
PhCH2-C(2)), 2.76 ± 2.83 (m, 1 H, PhCH2-C(2)), 3.42 ± 3.46 (m, 1H,
H-C(1)), 3.46 ± 3.53 (m, 1 H, H-C(1)), 3.67 ± 3.72 (m, 1H, H-C(3)), 3.87 ±
3.91 (m, 64 H, 32 CH2CH2O(P)), 4.30 ± 4.53 (m, 24 H, 8 OCH2Ph(G2) and
4 OCH2Ph(G1)), 4.87 ± 5.00 (m, 32H, 16 OCH2Ph(G3)), 6.36 ± 6.38 (m, 16
arom. H(G3)), 6.49 ± 6.56 (m, 48 H, 16 arom. H(G2) and 32 arom. H(G3)),
6.58 ± 6.59 (m, 8H, 8 arom. H(G2)), 6.83 (d, J� 8.7, 4H, 4 arom. H(c)), 6.92
(d, J� 9.0, 4H, 4 arom. H(c)), 7.13 ± 7.18 (m, 8H, 8 arom. H(G1)), 7.22 ± 7.28
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(m, 8H, 8 arom. H(G1)), 7.31 ± 7.46 (2d, J� 8.7, 8H, 8 arom. H(c));
13C NMR (125 MHz): d� 14.1, 16.9, 19.0, 22.7, 26.1, 29.2, 29.3, 29.4, 31.8,
68.1, 69.3, 69.9, 70.1, 70.8, 73.0, 74.8, 100.8, 101.1, 105.7, 106.3, 106.4, 127.7,
128.9, 129.4, 129.7, 134.8, 135.2, 139.1, 141.1, 141.6, 160.0, 160.5.


The general procedure for carrying out TADDOL-catalyzed Et2Zn
additions to PhCHO has been previously published.[13]
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Abstract: Density functional calcula-
tions and Raman spectroscopic data
were correlated with the unique cata-
lytic epoxidation activity of peroxomo-
lybdenum complexes [MoO(O2)2(O-
ER3)] (E�N, P, As; R� n-dodecyl) in
a biphasic chloroform ± 1-octene/aque-
ous hydrogen peroxide system. Crystal
structure determinations on
[MoO(O2)2(OPtBu3)(OCMe2)] and two
complexes containing chelating hemila-
bile ether ± phosphane oxide and ether ±


arsane oxide ligands [MoO(O2)2-
{iPr2E(O)CH2CH2OCH3}] (E�P, As)
are reported. A mechanistic study with
these model complexes reveals the im-
portance of free coordination sites for
peroxide activation. Calculations and


Raman spectroscopic data indicate the
tendency of coordinatively unsaturated
species [MoO(O2)2(L)] to dimerize in
noncoordinating solvents. The catalytic
activity in the presence of water as
competing ligand could be correlated
with the calculated proton affinity of the
ligands OER3 (R�N, P, As). Elucida-
tion of the vibrational behavior of the
structurally characterized peroxo com-
plexes was supported by normal-coordi-
nate analyses.


Keywords: density functional calcu-
lations ´ epoxidation ´ molybdenum
´ peroxo complexes ´ Raman spec-
troscopy


Introduction


Mimoun-type peroxo complexes [MO(O2)2Lx] (M�Mo, W;
L� hmpa, dmf, and so on; x� 1, 2) have been investigated
extensively as stoichiometric reagents for the epoxidation of
olefins.[1±3] Attempts to make these neutral molybdenum
complexes catalytically active in hydrogen peroxide activation
had limited success. The best oxidant system reported to date
involves molybdenum and tungsten complexes with alkyl-
substituted pyridine N-oxides or phosphoric acid amides as


ligands in the presence of sulfuric acid as cocatalyst. However,
mixtures of epoxide and diol were obtained in only moderate
yields even when the oxidant was hydrogen peroxide at up to
100 %.[4] This may have been why the concept of using neutral
peroxo complexes for epoxidations with hydrogen peroxide
was dropped in favor of the Venturello ± Ishii strategy of using
heteropolyoxo metalates of molybdenum and tungsten under
phase-transfer conditions,[5] which is still the focus of interest-
ing new developments.[6]


To economize on active metal, mononuclear and neutral
(and thus electron-poorer) catalysts would be preferable in
electrophilic oxidations. A perfect example of metal economy
is Herrmann�s discovery, the isoelectronically related meth-
ylrhenium trioxide (MTO)/hydrogen peroxide oxidant sys-
tem, which does not tend to oligomerize to polynuclear
anionic complex species.[7] However, MTO is expensive
compared with molybdenum trioxide, the precursor to
Mimoun-type complexes. Other problems are catalyst deac-
tivation by cleavage of the ReÿC bond during prolonged use,
and inefficient recycling of the catalyst. Our motivation to
find suitable process conditions and ligand design for efficient
catalytic hydrogen peroxide activation by mononuclear mo-
lybdenum and tungsten peroxides was stimulated by the clear
structural and isoelectronic relationship between peroxo
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complexes of Group 5 ± 7 metals, for example [Q]�[VO-
(O2)2L2]ÿ ,[8] [MO(O2)2L2] (M�Cr, Mo, W),[9] and [ReO-
(O2)2(CH3)L][7] (Figure 1).


Figure 1. Isoelectronic peroxo complexes of Group 5 ± 7 metals.


The catalytic ability of peroxo complexes of molybdenum
can be tuned to activate alkyl hydroperoxides by introducing
electron-withdrawing substituents at the chelating pyrazolyl-
pyridine ligand system,[10] but these complexes seem to be
poor catalysts in aqueous hydrogen peroxide activation. Here
we disclose details of a catalytic biphasic oxidant system,
based on neutral molybdenum peroxo complexes
[MoO(O2)2L(H2O)], that is the first reported to exhibit a
catalytic performance in aqueous hydrogen peroxide activa-
tion which is competitive with the homogeneous [ReO(O2)2-


R(H2O)] system.[11]


Results and Discussion


We found that the ligand L in complexes [MoO(O2)2L(H2O)]
has a pronounced impact on their catalytic performance in
hydrogen peroxide activation.
When L belongs to the exten-
sively studied ligand classes of
pyridines, pyridine N-oxides,
pyrazoles, OPPh3, DMF,
HMPA, or derivatives thereof,
the complexes show poor activ-
ity in epoxidations. The activity
is even lower if L is a strongly
bonded chelating ligand or if
the coordinated water is substi-
tuted by a second ligand L.
However, we observed a dra-
matic increase in activity if the
ligand L was a long-chain tri-
alkylamine oxide, trialkylphos-
phane oxide or trialkylarsane
oxide. The greatest ligand ac-
celeration compared with the
catalytically inactive bis(aqua)
complexes is observed when
exactly one coordinated water
molecule in [MoO(O2)2(H2O)2]
is replaced by an arsane oxide
with three n-alkyl chains, pre-
ferably longer than C10.


Catalytic studies : The catalysts
are easily prepared from solu-
tions of peroxomolybdic acid


[MoO(O2)2(H2O)2] in aqueous hydrogen peroxide, which are
formed upon dissolving MoO3 in aqueous 10 ± 30 % hydrogen
peroxide at pH 2 ± 4.[1] In the hydrophilic environment of the
aqueous phase the bis(aqua) complex is catalytically inactive
in epoxidation reactions, as are complexes [MoO(O2)2-
(H2O)L] (L�OEnBu3, E�N, P, As, hmpt), which are formed
when the short-chain Group 5 element oxides are added in
THF.[1, 2a] In contrast, addition of tris(n-dodecyl)amine oxides,
phosphane oxides, or arsane oxides in a solvent immiscible
with water, preferably chloroform, leads to a highly active
catalytic system, which involves the formation of catalysts
[MoO(O2)2(OEnDodec3)] (E�N, P, As).


The free ligands OEnDodec3 are white solids that are
insoluble in water but soluble in hydrocarbons, whereas the
aqueous peroxomolybdic acid is completely insoluble in
chloroform. It is plausible that at the interface of the organic
and aqueous phases the better-coordinating Group 5 tri-
alkyl ± element oxide donors substitute water as a ligand, thus
extracting the inorganic peroxide into the organic phase. The
extraction of the yellow peroxomolybdic acid can be observed
through the fading of the yellow color of the aqueous phase
while the yellow color of the organic phase increases when the
biphasic system is stirred. Scheme 1 depicts the biphasic
reaction medium.


To estimate the rate-limiting factors of this catalytic process
is a very complex problem, because many parameters have a
strong influence on the overall catalytic performance. The
most important parameter is probably the concentration of
the catalytically active species in the organic phase, where the


Scheme 1. Schematic view of the biphasic oxidation system applying non-ionic, surfactant-type ligands as phase-
transfer agents.
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O-transfer step takes place. This concentration is dependent
on the lipophilicity of L. We find, for example, that the amine
oxide ONnDodec3 is a better-extracting ligand than the
commercial surfactant ONMe2(stearyl). The nature of the
ligand L�OEnDodec3 (E�N, P, As) seems to have similar
importance. Its affinity for the metal Lewis acid compared
with the competing aqua ligand determines how much of the
active species is extracted into the organic phase. We find that
in their extraction ability arsane oxides are superior to amine
oxides, which are highly superior to phosphane oxides of the
same alkyl chain length. The concentration of the active
species [MoO(O2)2(OEnDodec3)] in the organic phase also
depends on the equilibrium constants of reactions such as the
binding of a second ligand L (deactivating, L�OEnDodec3 or
water; or activating, L�H2O2). Our mechanistic studies
described below reveal that the best catalytic performance is
observed when the coordination of even only one mono-
dentate Group 5 element oxide ligand leads to quantitative
extraction of the peroxomolybdic acid into the organic phase.
The other coordination site at the more labile axial position
trans to the oxo functionality is probably required for the
coordination and activation of hydrogen peroxide to give an
even more reactive oxenoid than the bis(peroxo) complex
(see below).


The overall reaction rate also depends on the rates of four
individual steps: the rate of oxygen transfer, the rate of
diffusion to the interphase, the rate of perhydrolysis regen-
erating the catalytically active species, and the rate of
dissociation into the active species and water. Finally it
depends on the rate of diffusion back into the organic phase.
Our stoichiometric epoxidation experiments (see below)
show that the rate of O transfer is determined by the
electrophilicity of the oxenoid[12] which is extracted into the
organic phase. In this respect the situation becomes complex
because the better-extracting ligand L (with the higher donor
strength) will at the same time reduce the electrophilicity (O-
transfer ability) of the oxenoid to a greater extent. Similarly
the better donor quality of an oxo ligand compared with a
peroxo ligand may be the reason why the active bis(peroxo)
species may transfer only one oxygen atom and not two. The
metal species remaining after oxygen transfer (a conceivable
intermediate would be the molybdyl monoperoxide
[MoO2(O2)(OEnDodec3)(H2O)n]) seems to lack sufficient


electrophilicity at the remaining peroxo group to transfer the
other oxygen to the olefinic substrate. The rate of regenerat-
ing the catalytically active species is dependent on the rate of
diffusion to the interphase and the rate of perhydrolysis of one
of its [M�O] functionalities in contact with aqueous hydrogen
peroxide. Therefore the variation of such parameters as
stirring speed and reactor design (diffusion control versus
reaction control), the pH[13] of the aqueous hydrogen per-
oxide, and the identity of the water-immiscible organic solvent
and the central atom (molybdenum or tungsten) have an
influence on the turnover frequency (TOF) of the catalytic
process.[14] Facing such a complex situation, we have evaluated
only three complexes under identical conditions in the
epoxidation of cyclooctene and 1-octene using magnetically
stirred reaction tubes. The results are summarized in
Table 1.


With our catalytic system even nonactivated a-olefins such
as 1-octene, which are known to be oxidized 100 ± 1000 times
more slowly than cycloolefins, are converted with high
selectivities to the corresponding epoxides. In experi-
ments 1 ± 3 a 1-octene/30 % H2O2/catalyst mixture (molar
proportions 1/4/0.04) was chosen to achieve high conversions
of the olefin. In these experiments, which resembled typical
laboratory preparations, the epoxide yields based on con-
verted olefin (epoxide selectivities) were above 90 %. How-
ever, due to unproductive decay of excess hydrogen peroxide
in the presence of the active oxenoid, the yields of epoxide
based on hydrogen peroxide consumed (hydrogen peroxide
selectivities) were found to be much lower. The hydrogen
peroxide content before and after epoxidation was deter-
mined cerimetrically to provide a measure of the productive
O transfer from the oxidant. This shows clearly that con-
versions approach a limit mainly due to decay of hydrogen
peroxide and not to decay of the very robust catalyst (at least
for OPR3 and OAsR3 ligands). For preparative laboratory
procedures addition of 3 ± 5 equiv hydrogen peroxide in small
portions is more desirable if high conversions of a-olefins as
well as high yields of isolated epoxide yields are required (see
Experimental Section).


Much better yields of epoxide, based on hydrogen peroxide
consumed as well as on olefin consumed, can be obtained by
using excess olefin relative to hydrogen peroxide (experi-
ments 4 ± 6, 7 ± 9). Therefore lower concentrations of the


Table 1. Catalytic epoxidation of 1-octene (entries 1 ± 6) and cyclooctene (entries 7 ± 9) with H2O2 and [MoO5L(H2O)] as catalyst under biphasic conditions
CHCl3/30% H2O2 (60 8C).[a]


Entry Catalyst[b] Molar ratio Reaction time Olefin conversion Epoxide yield[c] Epoxide yield[d]


[MoO5L(H2O)] L olefin:H2O2:cat [h] [%] [%] [%]


1 ONnDodec3 1:4:0.04 24 75 95 19
2 OPnDodec3 1:4:0.04 24 14 93 11
3 OAsnDodec3 1:4:0.04 24 83 96 25
4 ONnDodec3 4:1:0.01 24 8 > 98 53
5 OPnDodec3 4:1:0.01 24 1 > 98 67
6 OAsnDodec3 4:1:0.01 24 24 > 98 92
7 ONnDodec3 4:1:0.005 2 25 99 92
8 OPnDodec3 4:1:0.005 2 1 99 93
9 OAsnDodec3 4:1:0.005 2 25 > 99 > 99


[a] Conversions and selectivities were determined by quantitative GC with di-n-butyl ether as internal standard. [b] Catalysts were formed in situ by adding
one equivalent of the ligand L in CHCl3 to a solution of [MoO5(H2O)2] in 30% hydrogen peroxide (pH 2.6� 0.2). [c] Based on consumed olefin. [d] Based
on consumed hydrogen peroxide.
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catalyst and olefin/30 % H2O2 in an inverse molar ratio (4:1)
were employed to measure the selectivity of productive O
transfer from hydrogen peroxide, which is 100 % when the
selective olefin conversion approaches 25 %. Under these
conditions there is always enough olefin present to quench the
active oxenoid before (in the presence of hydrogen peroxide)
it is decomposed unproductively to oxygen and water. As
expected, cyclooctene (experiments 7 ± 9) is much more read-
ily oxidized than 1-octene (experiments 4 ± 6). Epoxide yields
based on olefin consumed exceeded 98 %, as ring opening to
diols was suppressed efficiently under these biphasic condi-
tions. A high concentration of cyclooctene (the best quencher
for the active oxenoid; experiments 7 ± 9) or of 1-octene
(experiment 6) guarantees high yields even of epoxides
(>90 %) based on hydrogen peroxide consumed. For cyclo-
octene, TONs exceeding 200 and turnover frequencies
(TOFs) of 100 hÿ1 are obtained (experiments 7, 9).


Our procedure has many advantages. The olefin is epoxi-
dized in the organic phase and the epoxide is kept separate
from the highly acidic aqueous phase. Thus the acid-catalyzed
ring opening of the epoxides to the synthetically less desirable
diols is suppressed efficiently and the epoxides can be
recovered easily from the organic phase (for instance by
distillation or flash chromatography). The concentration of
the active oxenoid in the organic phase is almost independent
of the hydrogen peroxide concentration, which may range
from 5 to 50 %. This observation could be interpreted in terms
of the rate of perhydrolysis at the interphase being high, even
at low hydrogen peroxide concentrations, while the O-transfer
step in the organic phase is rate determining. The extraction of
the active oxenoid is an important advantage since water,
which is formed as a by-product, is continuously diluting the
oxidant.


Preparation of catalysts and their model complexes : To prove
that the catalysts are Mimoun-type mononuclear complexes
we endeavored to isolate and characterize dodecyl derivatives
[MoO(O2)2(OER3)(H2O)]. However, only complexes [MoO-
(O2)2(OER3)] (E�N (1), P (2),
As (3) ; R� n-dodecyl) without
any coordinated aqua ligand
were isolated after the solvent
was stripped at room temper-
ature and reduced pressure. El-
emental analyses, and IR, Ra-
man, and proton NMR specta
gave no indication of the pres-
ence of any water molecule
within the highly hydrophobic
coordination sphere, so the
question arose of how such
coordinatively unsaturated spe-
cies might be stabilized in apro-
tic media. In accord with the
assumption that they would
show a tendency to dimerize
(Scheme 2), the molecular
weight of 2 in cyclohexane de-
termined cryoscopically was


1397; the calculated molecular weight of the dimer of 2 is
1461.8.


Tris(tert-butyl)phosphane oxide was used to increase the
solubility and to test whether the steric demand of the ligands
had any effect on the catalytic activity of the dehydrated
model complex [MoO(O2)2(OPtBu3)].[15] We found, however,
that only an increase in the solubility of the complex in
organic solvents, but not an increase in the phosphane oxide
cone angle, had any catalytic acceleration effect. Complexes
of the commercially available surfactant OPnOct3 have
proven to be more active than OPtBu3 derivatives. Although
we were not able to isolate a bis(phosphane) adduct with
OPtBu3, its steric demands could not prevent smaller
ligands such as water or acetone from tending to coordinate.
From an acetone-containing solution single crystals of
[Mo(O)(O2)2(OPtBu3)(OCMe2)] (4) were grown. The ace-
tone is weakly bonded and is readily lost in vacuo at room
temperature.


For a mechanistic study we designed two model complexes
5 and 6 with a new chelating hemilabile ether ± phosphane
oxide or ether ± arsane oxide ligand system. These complexes
are formed in good yields when the respective ligands
iPr2E(O)CH2CH2OMe (E�P, As) are added to solutions of
peroxomolybdic acid. It was expected that the weakly
coordinating ether chelate would allow investigation of the
reactions of these soluble model complexes under absolute
aprotic conditions. The ether oxygen atom occupies a
coordination site that under catalytic conditions is occupied
by water, hydrogen peroxide, or the oxygen atom of a bridging
h2-peroxo group in a dinuclear species (Scheme 2).


Furthermore, a peroxo complex 7 containing two n-
dodecylphosphane oxide ligands was isolated and character-
ized to discover whether catalysts with two long-chain
element oxide ligands may be generated under catalytic
conditions and whether there may be a catalytic inhibition
effect when all the coordination sites at molybdenum are
occupied by strong donors. The existence of 7 was proven
unambiguously by its elemental analysis and its dynamic


Scheme 2. Catalysts 1 ± 3 and model complexes 4 ± 8.
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behavior observed in a variable-temperature 31P NMR
experiment. At room temperature two resonances, d(31P)�
77.4 and 57.4, are observed, with the free ligand at d(31P)�
44.3. We assign the more deshielded resonance to the more
strongly bonded equatorial phosphane oxide, and the less
deshielded resonance to the more weakly bonded axial
phosphane oxide. When the temperature is raised the signals
broaden, and coalescence is observed at d(31P)� 66.5 (TC�
363 K, 81.0 MHz). From this NMR experiment, for the first
time to the best of our knowledge, it is possible to estimate the
Gibbs energy of dynamic ligand exchange in pseudo trigonal-
bipyramidal Mimoun-type peroxo species: DG= (TC�
363 K)� 87.0� 0.3 kJ molÿ1. This dynamic ligand exchange
with or without M ± L bond cleavage (Berry pseudo-rotation)
has to be considered if stereorigid chiral ligands for asym-
metric catalysis are incorporated in this type of peroxo
complex.


We selected the collidine N-oxide complex 8 for our set of
catalyst models. The bis-adduct 8 is precipitated from a
solution of peroxomolybdic acid, even when collidine N-oxide
is added in substoichiometric amounts (L/M< 1). The coor-
dinatively saturated complex 8 is a very poor oxidant in
stoichiometric epoxidations and it is catalytically inactive in
the hydrogen peroxide activation.


Crystal structures of model complexes : Single crystals of the
three model peroxides 4 ± 6 were obtained by cooling
saturated solutions in chloroform/acetone. Their crystal
structures and selected bond lengths and angles are shown
in Figures 2 ± 4.


Figure 2. Molecular structure of 4 (H atoms omitted for clarity). Selected
bond lengths [pm] and angles [8]: MoÿO1 166.8(4), MoÿO2 193.6(4),
MoÿO3 192.0(4), MoÿO4 191.8(4), MoÿO5 193.0(4), MoÿO6 244.8(4),
MoÿO7 203.0(4), O2ÿO3 147.5(6), O4ÿO5 146.6(6), PÿO7 151.9(4), PÿC1
187.4(6), PÿC4 186.6(6), PÿC7 188.2(6), O6ÿC13 121.5(7), O1-Mo-O2
102.8(2), O1-Mo-O3 102.4(2), O1-Mo-O4 102.1(2), O1-Mo-O5 103.5(2),
O2-Mo-O3 45.0(2), O4-Mo-O5 44.8(2), O2-Mo-O7 87.5(2), O5-Mo-O7
86.9(2), O1-Mo-O6 173.2(2), O1-Mo-O7 96.8(2), O6-Mo-O7 76.48(13),
Mo-O7-P 175.7(2), Mo-O6-C13 138.6(4).


The three molecular structures reveal the characteristic
distorted trigonal-bipyramidal coordination geometry if the
two h2-peroxo groups coplanar with the equatorial plane are
considered to occupy one coordination site. The metal center
is located slightly above the equatorial plane defined by the


Figure 3. Molecular structure of 5 (H atoms omitted for clarity). Selected
bond lengths [pm] and angles [8]: MoÿO7 204.9(2), MoÿO6 242.4(2),
MoÿO1 167.2(2), MoÿO4 192.1(2), MoÿO2 193.3(2), MoÿO5 194.1(2),
MoÿO3 192.1(2), O2ÿO3 147.5(2), O4ÿO5 147.3(3), PÿO7 152.7(2), PÿC4
180.7(3), PÿC1 180.9(2), PÿC7 180.9(3), O6ÿC8 142.3(3), O6ÿC9 143.2(3),
O6-Mo-O7 78.15(6), O1-Mo-O7 94.36(8), O1-Mo-O3 102.68(9), O1-Mo-
O2 102.72(10), O1-Mo-O5 101.91(10), O1-Mo-O4 102.25(10), O1-Mo-O6
172.48(8), O2-Mo-O3 45.01(7), O4-Mo-O5 44.84(8), O2-Mo-O7 87.07(7),
O7-Mo-O5 88.63(7), O2-Mo-O6 76.44(7), O6-Mo-O5 78.82(8), O7-P-C7
111.10(11), O7-P-C4 108.74(10), O7-P-C1 108.21(10), Mo-O6-C8
121.31(14), P-O7-Mo 146.45(9).


Figure 4. Molecular structure of 6 (H atoms omitted for clarity). Selected
bond lengths [pm] and angles [8]: MoÿO7 199.0(5), MoÿO6 244.9(5),
MoÿO1 165.8(5), MoÿO2 193.5(5), MoÿO5 192.9(5), MoÿO4 193.5(5),
MoÿO3 191.2(6), O4ÿO5 147.0(8), O2ÿO3 144.0(8), AsÿO7 170.3(5),
AsÿC1 193.2(8), AsÿC4 191.6(8), AsÿC7 194.3(7), O6ÿC9 142.8(9), O6ÿC8
142.8(10), O7-Mo-O6 79.9(2), O1-Mo-O7 95.5(2), O3-Mo-O1 102.0(3), O5-
Mo-O1 102.7(3), O1-Mo-O2 102.6(3), O1-Mo-O3 101.7(3), O1-Mo-O6
175.4(2), O4-Mo-O5 44.7(2), O2-Mo-O3 44.0(2), O7-Mo-O5 87.3(2), O7-
Mo-O2 88.9(2), O5-Mo-O6 76.7(2), O2-Mo-O6 77.9(2), O7-As-C7 109.8(3),
O7-As-C1 106.4(3), O7-As-C4 106.7(3), Mo-O6-C8 123.9(5), As-O7-Mo
143.7(3).


five oxygen atoms, which is typical for this structural
class.[16±19] The MoÿO bond lengths and angles within the
[Mo(O)(O2)2] fragments seem to be only slightly influenced
by the donor strength and steric demands of the neutral
ligands attached to this structural moiety. In all three
structures we find the most weakly bonded ligand with the
longest MoÿO distance in an axial position trans to the oxo
ligand. The oxo ligand is the stongest p-donor within the
ligand regime, thus showing the strongest trans influence. The
weaker p-donor ligands [O2]2ÿ and OER3 are cis, and the
weakest donor is trans, to the oxo ligand. The bond lengths
and angles within the peroxo groups are not influenced
significantly by the coligands. A selection of more deviant
structural features is shown in Table 2. The differences in the
MoÿO bond lengths of the oxo ligand should have an impact
on the vibrational behavior of these compounds. The MoÿO7
distances reveal that the arsane oxide is more strongly bonded
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to the metal center than the two phosphane oxide ligands. This
can be explained by the short EÿO7 distance in the phosphane
oxide, which allows a much better stabilization of the negative
charge at oxygen by negative hyperconjugation than in the
arsane oxide. As a consequence of the better donor capability
of the arsane oxide, the corresponding ether donor is more
weakly bonded than in the hemilabile etherÿphosphane
oxide. The p-donor capability of a monodentate phosphane
oxide may also be seen in the nearly linear bonding (Mo-O7-P
175.7(2)8 in 4). The bond angles Mo-O7-E within the
corresponding constrained-geometry chelate structures 5
and 6 are the largest found so far for six-membered ring
structures of this type.[16]


Mechanistic studies : Stoichiometric epoxidation experiments
were carried out to gain insight into the nature of the active
oxenoid and to demonstrate the effect of catalyst inhibition by
strongly chelating ligands or even by two strongly nonchelat-
ing donors. The yields of epoxide after 16 h of reaction at
60 8C of coordinatively unsaturated complex 1 with equimolar
amounts of 1-octene (Figure 5, run B) were determined, and


Figure 5. Stoichiometric epoxidation of 1-octene by 1 equiv 1 or
[MoO(O2)2(ONnDodec3)2]; conversion after 16 h, 60 8C, CHCl3.


also after addition of 8 equiv water (run C) or 4 equiv aqueous
30 % hydrogen peroxide (run A). A similar series of three
runs was monitored in the presence of 2 equiv ligand
ONndodec3 per mol molybdenum (Figure 5).


In general the O-transfer ability of mono(amine oxide)
complexes is higher that that of bis(amine oxide) adducts. The
O transfer is strongly inhibited in the presence of water or of a
second amine oxide blocking the reactive coordination site
(runs C and B). However, an oxenoid more reactive than an


[M(h2-O2)] function was gen-
erated in the presence of 30 %
hydrogen peroxide (4 equiv).
Under these conditions even
the bis(amine oxide) complex
yielded 47 % epoxide, com-
pared with 93 % for the
mono-substituted complex.
Therefore it is conceivable
that hydrogen peroxide is con-


verted by reaction with either an oxo function (cycle A,
Scheme 3) or a peroxo function (cycle B) into a highly
reactive oxenoid.


Scheme 3. Plausible intermediates of the perhydrolysis of an oxo function
(cycle A) and of a peroxo function (cycle B).


The most reactive oxenoids are expected to be metal
peracids that contain an [M(h2-OOH)] functionality. Proto-
nation of an h2-peroxo functionality should minimize the
barrier of irreversible [O] transfer (where [O] is most reactive
site in the oxenoid), as the OÿO bond is already polarized (its
LUMO should be lower in energy) for a nucleophilic attack of
the olefin HOMO at the [O] atom to be transferred. Similar
observations have been discussed by Thiel et al. for the
activation of alkyl hydroperoxides with peroxo com-
plexes.[16, 19] However, even a h2-peroxo function may act as
an oxenoid, but at a lower rate than any [M(h2-OOE)] (E�H,
SiMe3, CMe3, d0-[M] and suchlike) functionality. This is
clearly demonstrated in a stoichiometric epoxidation experi-
ment under strictly aprotic conditions with our hemilabile
ether ± oxide complexes 5 and 6 (Figure 6).


Both complexes transferred only one [O] atom to cyclo-
octene, so 1 equiv of the olefin remained unreacted. It is
interesting that under homogeneous conditions (in the
absence of water) the phosphane oxide complex approaches
the limit of about 50 % epoxide formation much faster than
the corresponding arsane oxide. This is probably due to the
more electrophilic character of the oxenoid 5 with the weaker
donor ligand phosphane oxide. The plausible intermediate
molybdyl peroxide has never yet been observed or isolated;
we are continuing our efforts to characterize this species,
which is not able to transfer any oxygen to olefins. A similar
trend in the nonreactivity of plausible mono(peroxo) species
was observed for isoelectronically related alkylrhenium
catalysts[7] as well as for anionic dinuclear peroxomolyb-


Table 2. Comparison of selected bond lengths [pm] and angles [8] in the molecular structures of 4, 5, and 6.


Structural feature OPtBu3/OCMe2 iPr2P(O)CH2CH2OCH3 iPr2As(O)CH2CH2OCH3


4 (E�P) 5 (E�P) 6 (E�As)


MoÿO(1) 166.8(4) 167.2(2) 165.8(5)
MoÿO(7) 203.0(4) 204.9(2) 199.0(5)
MoÿO(6) 244.8(4) 242.4(2) 244.9(5)
EÿO(7) 151.9(4) 152.7(2) 170.3(5)
E-O(7)-Mo 175.7(2) 146.45(9) 143.7(3)
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dates.[26, 27] After 270 min, 2 equiv bis(trimethylsilyl) peroxide,
which can be regarded as a nonprotic substitute for 100 %
H2O2, was added. An enormous acceleration in the epoxida-
tion was observed, similar to that described above. After
15 min the conversion was complete in the case of the
phosphane oxide complex. We conclude that again an oxenoid
that is much more reactive than a h2-peroxo function is
formed by its reaction with hydroperoxides or silyl peroxides.
Furthermore this experiment clearly demonstrates that it is
only the better extracting ability of more basic arsane oxides
in the phase-transfer step of the biphasic catalysis that makes
these ligands superior to the less basic phosphane oxides.
Under homogeneous aprotic conditions, however, the weaker
donors OPR3 generate the more electrophilic, and thus more
active, oxenoids.


Which is the best ligand for catalysis? The commercially
available tris(dodecyl)amine (Merck) is the preferred ligand
precursor when epoxides have to be prepared on a laboratory
scale. As expected, when the amine is added to hydrogen
peroxide containing the catalyst it is converted in situ to the
amine oxide. For small-scale preparations a catalyst/olefin/
H2O2 molar ratio of 4:100:400 (Table 1) may be employed. In
such experiments epoxides are produced in good yields from
cycloolefins and a-olefins. Typical preparations of 1-octene
oxide and cyclooctene oxide from cheap, commercially
available catalyst precursors are described in the Experimen-
tal Section. Tris(n-dodecyl)amine N-oxide is quite stable


under reaction conditions be-
low 60 8C but eventually de-
composes at higher tempera-
tures: Bis(n-dodecyl)amine and
undecanal have been identified
by GC/MS among the decom-
position products. Therefore, if
long catalyst lifetimes (high
TONs) and high yields based
on hydrogen peroxide are de-
sired, then the arsane oxides are
the ligands of choice. An in-
verse olefin/oxidant molar ratio
as well as lower concentrations
of the catalyst (for example,
catalyst/olefin/H2O2� 0.5:400:
100) may be employed because
arsane oxide complexes have a
higher catalyst lifetime and a
lower trend toward unproduc-
tive hydrogen peroxide decom-
position than their amine oxide
counterparts. The stoichiomet-
ric experiment in homogeneous
solution reveals that phosphane
oxides are the ligands of choice
in a homogeneous nonaqueous
solution. Due to their poorer
donor strength, phosphane ox-
ides generate more electrophil-
ic oxenoids. However, in a two-


phase system they are not sufficiently competitive against the
aqua ligand in their extracting ability. Therefore long-chain
amine oxides, and especially arsane oxides, are the best ligands
in this combination of phase-transfer and O-transfer catalysis.
Phosphane oxides are not the preferred ligands as too much of
the peroxomolybdic acid remains in the aqueous phase.


Raman spectroscopy: Since no crystal structure determina-
tions have been available for coordinatively unsaturated
neutral species [MoO(O2)2(OER3)],[20] we present a com-
bined study of Raman spectroscopic data of coordinatively
saturated [MoO(O2)2LL'] and unsaturated complexes
ª[MoO(O2)2L]º, a normal-coordinate analysis and density
functional (DF) calculations based on structurally character-
ized precursor complexes, to elucidate the influence of the
ligands L or L' on the bonding between the d0-metal center
and the different oxygen donors. The metal ± oxo stretching
contributes a strong signal to the IR and Raman spectra
between 900 and 1100 cmÿ1 depending on the (MoÿO) bond
order.[21, 22] Griffith et al. observed the (OÿO) stretching in
comparable complexes at approximately 880 cmÿ1 and the
metal peroxido stretchings between 500 and 600 cmÿ1.[23, 24] A
simplified normal-coordinate analysis of the central molec-
ular fragment [MoO(O2)2LL'] was carried out for a detailed
vibrational analysis. Furthermore Raman studies on the
coordinatively unsaturated complex fragments ª[MO(O2)2L]º
were used for structural characterization of plausible dimers
of these species.


Figure 6. Stoichiometric epoxidation of cyclooctene with 5 and 6 without added Me3SiOOSiMe3 and after
addition of Me3SiOOSiMe3 at t� 270 min.
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Group theory : Complexes of the type [MoO(O2)2LL'] possess
Cs symmetry. All vibrations are therefore Raman- and
infrared-active. Griffith et al.[23, 24] discussed the vibrations of
the metal peroxide triangle under local C2v symmetry, which
leads to a type A1 n(OO) mode at 880 cmÿ1 and two n(M(O2))
modes, types A1 (symmetric) and B2 (antisymmetric), be-
tween 500 and 600 cmÿ1. For bis(peroxo) complexes with local
Cs symmetry the vibrations of both [M(O2)] units should be
coupled,[2a] leading to a splitting of the three modes into a
symmetric (A') and an antisymmetric (A'') mode (Figure 7).


Figure 7. Vibrational modes for bis(peroxo) complexes.


Characteristic vibrational bands : Earlier studies of compara-
ble bis(peroxo) complexes have revealed two signals in the
n(O ± O) region of the IR spectra, in contrast to the Raman
spectra, which often exhibit only one strong n(O ± O) band at
880 cmÿ1.[2a, 23, 24] All the Raman spectra of the various
molybdenum complexes [MoO(O2)2LL'] (Figure 8) are domi-
nated by the strong molybdenum ± oxo stretching mode at
approximately 950 cmÿ1 and the different modes of the
bis(peroxo) unit. Beside the strong n(O ± O) band at around


Figure 8. Raman spectra of polycrystalline [MoO(O2)2LL']. A: L�
OPMe3, L'�OH2; B: L�OPtBu3, L'�OCMe2; C: L� hmpa, L'�OH2;
D: L�L'�OPnDodec3; E: L�L'�HMPA; F: L�L'�ONÿcol.


880 cmÿ1 in spectra A and D ± F, a weaker signal could be
observed with a shift of about ÿ10 cmÿ1, in accordance with
the IR spectra. By means of polarized Raman measurements
of [MoO(O2)2(OPtBu3)(OCMe2)] in OCMe2 and [MoO(O2)2-
(hmpa)(OH2)] in aqueous solution, the strong signal in this
region could be identified as the A' n(O ± O) mode.


The n(M(O2)2) modes are located between 500 and
600 cmÿ1. All the Raman spectra in Figure 8 show one strong
signal at approximately 540 cmÿ1, a medium one around
585 cmÿ1, and several weaker bands. The two stronger signals
are polarized in the Raman spectra of the solution and could
be assigned to A' n(M(O2)2) modes. The two A'' modes
probably possess weaker Raman intensities and could be
obscured by the strong A' vibrational bands or Raman signals
of the different ligands L. Figure 9 A shows the Raman


Figure 9. Analysis of the band pattern in the n(Mo(O2)2) region of the
Raman spectrum of 4. A: measurement; B: band fit with fitted compo-
nents; C: difference between fit and measurement.


spectrum of [MoO(O2)2(OPtBu3)(OCMe2)] between 470 and
620 cmÿ1, and Figure 9 B a band-shape analysis, in which six
signals could be separated: two modes of the OPtBu3 ligand
occur at 500 and 556 cmÿ1, so the signals at 526 and 542 cmÿ1


could be assigned to the A'' n(M(O2)2) modes.


Normal-coordinate analyses : For a precise assignment of the
two A' and A'' n(M(O2)2) modes, simplified normal-coordi-
nate analyses were carried out for the central molecular
fragment [MoO(O2)2LL'] of the two structurally character-
ized compounds 4 and [MoO(O2)2(hmpa)(OH2)] (9) [17] . The
ligands OPtBu3, hmpa, and OCMe2 were considered as point
masses separated into the oxy-
gen atom plus the remaining
molecular fragment located at
the phosphorus or carbon
atom, respectively. The point
mass of the water molecule is
located at the oxygen atom. In
a further simplification, only
stretching coordinates are
used, as shown in Figure 10.
The coordinates s1, s2 , and s3 in
an Mo(O2) triangle include
bending character.


Figure 10. Internal coordinates
of the central molecular frag-
ment with L and L' as point
masses.
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In the calculated force field optimized to the experimental
vibrational data (Table 3) the coordinates s1 ± s3 and their
interactions have similar values for both compounds. The


force constant of the molybdenum ± oxo bond s4 (7.605 and
7.425 mdyn �ÿ1 for 4 and 9, respectively) indicates a bond
order between 2 and 3.[21] Due to the strong interaction
between the two Mo(O2) triangles, small changes in the
coordinates lead to large differences in the potential energy
distribution (PED). Table 4 shows the PEDs for the calcu-
lated force fields listed in Table 3. The assignments of the (O ±
P), (Mo�O), and (O ± O) stretching modes are confirmed by
the percentage contributions of the internal coordinates to the
respective vibrational motion.
In the n(M(O2)2) region the two
polarized signals at about 550
and 585 cmÿ1 could be assigned
to A' ns(M(O2)2) and A'
nas(M(O2)2), respectively. The
two A'' modes were found to
be at approximately 540 cmÿ1


[nas(M(O2)2)] and 520 cmÿ1


[ns(M(O2)2)].


Raman spectra : Characteristic Raman bands of [MoO(O2)2-
LL'] are listed in Table 3. The different donor ligands L affect
the values of the A' modes n(O ± O) and n(M(O2)2) insignif-
icantly. Characteristic changes are observed for the n(Mo�O)
mode, due to the donor ability of the ligand L' trans to the oxo
function. The donors L' trans to the [Mo�O] function have an
influence by reducing the molybdenum ± oxygen bond or-
der.[22] The highest wavenumbers for n(Mo�O), indicating a
higher Lewis acidity at the metal center, are found for the
complexes with water or acetone molecules occupying the


trans position. X-ray analyses of these complexes show a weak
coordination between L' and the metal center. The cis donor
ligand L has a less significant effect on the MoÿO bond order
of the oxo ligand. For [MoO(O2)2L2] compounds the shift in
the n(Mo�O) mode could be used as a measure for the donor
ability of L, which is demonstrated for compounds with L�
OPnOct3, OPnDodec3, hmpa, and ONÿcol. According to the
shift in the n(Mo�O) mode the phosphane oxide ligands form
weaker coordinative bonds to the metal center than hmpa and
collidine N-oxide (Table 5).


Coordinatively saturated complexes have been considered;
Raman spectra of unsaturated complex fragments will now be
discussed, in order to elucidate their molecular structure.


Figure 11 shows Raman spectra in the n(M(O2)2) region of the
saturated complexes [MoO(O2)2(hmpa)(OH2)], [MoO(O2)2-
(hmpa)2], and the coordinatively unsaturated complex
[MoO(O2)2(hmpa)]. The band pattern in this region is
characteristic for both types of complexes. The Raman spectra
of [MoO(O2)2LL'] are dominated by the two A' n(M(O2)2)
modes, in contrast to the spectra of comparable
ª[MoO(O2)2L]º complexes, which show at least three signals
of equal intensity. Raman data of further compounds are
listed in Table 6.


Table 3. Selected internal coordinates and force field of 9 and 4 (with
HMPA, OH2, OPtBu3, and OCMe2 as point masses).


Internal
coordinates


Force constant type Force constant[a]


9 4


s1 O ± O stretch 3.356 3.362
s2 M ± O stretch 2.840 2.744
s3 M ± O stretch 2.649 2.761
s4 M�O stretch 7.605 7.425
s5 M ± OL stretch 2.341 2.375
s6 M ± OL' stretch 1.139 1.149
s7 OL ± PL stretch 6.937 6.536
s8 OL' ± CL' stretch - 11.758


interaction in the same [M(O2)] triangle
s1s2 O ± O stretch/M ± O stretch ÿ 0.091 ÿ 0.090
s1s3 O ± O stretch/M ± O stretch ÿ 0.103 ÿ 0.070
s2s3 M ± O stretch/M ± O stretch ÿ 0.080 ÿ 0.089


interaction between both [M(O2)] triangles
s1s1' O ± O stretch/O ± O stretch ÿ 0.045 ÿ 0.030
s2s2' M ± O stretch/M ± O stretch 0.652 0.518
s3s3' M ± O stretch/M ± O stretch 0.153 0.159
s2s3' M ± O stretch/M ± O stretch 0.239 0.242


interaction between the [MO(O2)2] unit and L or L'
s4s6 M�O stretch/M ± L' stretch 0.063 0.054
s2s5 M ± O stretch/M ± L stretch 0.050 0.051
s3s5 M ± O stretch/M ± L stretch 0.050 0.050


[a] Values for stretches and their interactions are in mdyn �ÿ1.


Table 4. Potential energy distribution (PED) for the stretching modes of
the molecular fragment [MoO(O2)2LL'].


Mode Observed
[cmÿ1]


PED [%]
s1 s2 s3 s4 s5 s6 s7 s8


[MoO(O2)2(hmpa)(OH2] (9)
A' n(O ± P) 1121 15 85
A' n(Mo�O) 972 99
A' n(O ± O) 876 85 8 6 1
A'' n(O ± O) 865 89 6 5
A' nas(Mo(O2)2) 586 1 49 49 1
A' ns(Mo(O2)2) 552 16 33 48 2
A'' nas(Mo(O2)2) 534 56 44
A'' ns(Mo(O2)2) 519 4 52 44
A' n(Mo ± L') 353 3 95 1
A' n(Mo ± L) 324 1 9 79 11


[MoO(O2)2(OPtBu3)(OCMe2)] (4)
A' n(O ± C) 1700 1 99
A' n(O ± P) 1087 16 84
A' n(Mo�O) 961 98
A' n(O ± O) 878 86 6 7 1
A'' n(O ± O) 867 88 6 6
A' nas(Mo(O2)2) 585 1 27 70 2
A' ns(Mo(O2)2) 546 16 61 22 1
A'' nas(Mo(O2)2) 542 40 60
A'' ns(Mo(O2)2) 525 5 62 33
A' n(Mo ± L') 333 1 29 64 6
A' n(Mo ± L) 323 1 53 40 6


Table 5. Band position [cmÿ1] and assignments of the characteristic stretching vibrations of the MoO(O2)2 unit in
complexes of type [MoO(O2)2LL'] and [MoO(O2)2L2].


[MoO(O2)2LL'] [MoO(O2)2L2]
Assignments L � OPMe3 OPtBu3 HMPA L � OPnOct3 OPnDodec3 HMPA ON ± Col


L' � OH2 OCMe2 OH2


A' n(Mo�O) 968 s 961 s 972 s 957 s 954 s 949 s 935 s
A' n(O ± O) 875 s 878 s 876 s 877 s 877 m 876 m 880 m
A' nas(Mo(O2)2) 593 m 585 m 586 m 579 sh 582 w 582 m 585 sh
A' ns(Mo(O2)2) 546 s 546 s 552 s 536 s 539 m 539 s 540 m
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Figure 11. Raman spectra in the n(Mo(O2)2) region of various bis(peroxo)
complexes with hmpa as ligand.[1, 17] A: [MoO(O2)2(hmpa)(OH2)]; B:
[MoO(O2)2(hmpa)2]; C: ª[MoO(O2)2(hmpa)]º.


Scheme 4 shows possible molecular structures, for which we
expect characteristic changes in the vibrational spectra.
Structure I, like [MoO(O2)2LL'], possesses Cs symmetry,


Scheme 4. Possible structures for which changes in the vibrational spectra
are expected.


which should result in a similar Raman spectrum. For complex
II we expect a simplification of the spectra due to the local D2h


symmetry of the Mo(O2)2 unit with a center of symmetry. A
further possible way to stabilize the unsaturated species is by
dimerization of two fragments forming a dinuclear com-
plex III (Scheme 4). A bridging h2:h1 coordination of a
peroxo unit was found previ-
ously in anionic compounds
such as [HO{VO(O2)2}2]3ÿ or
[PO4{WO(O2)2}4]3ÿ.[25, 26] The
existence of structure III could
explain the changes in the Ram-
an spectra. The bonding situa-
tion of the two different peroxo


ligands results in signals for the terminal and bridging units.
For the bridging h2-peroxo ligand the n(O ± O) mode should
shift to higher wavenumbers, because the bonding of one
oxygen atom to a second metal center leads to a further
decrease in the electron density in the antisymmetric molec-
ular orbital (LUMO) of the peroxo ligand. Nevertheless, the
Raman spectra show no significant splitting in this region. All
compounds possess a broad n(O ± O) band at higher wave-
numbers than the analogous saturated complexes. The
position of the n(Mo�O) mode at around 975 cmÿ1 (Table 6)
indicates a weak coordination of the bridging h2-peroxo ligand
trans to the oxo ligand. Precise assignment of the different
n(Mo(O2)) modes between 500 and 600 cmÿ1 is not yet
possible. However, due to the complicated band structure in
this region, a monomeric species of higher symmetry can be
excluded.


DF calculations : To support our Raman spectroscopic results
as well as the cryoscopic molecular weight determination for 2
we investigated the dimerization of peroxo complexes by
computational methods. Firstly the suitability of DF methods
describing the structurally defined model complex 4 was
confirmed. Indeed, both the matchplots in Figure 12 and


Figure 12. Matchplots of DF-calculated and X-ray-analyzed model com-
plex 4.


Table 7 show good agreement (RMS values: 0.227, 0.221) of
the calculated (DZVP and DZ94) structure and the authentic
peroxo complex characterized by X-ray analysis. Furthermore
we focused on the complex fragment [MoO(O2)2(OPtBu3)]
that is formed upon dissociation of the weakly bonded
acetone ligand, which can be removed at 25 8C/10ÿ2 mbar.
Calculations based on DF methods (BLYP/DZVP) clearly
favor the dimeric species A2 : its energy minimum is 66 kJ
molÿ1 lower than that of the monomer A1 (Figure 13). In this
optimization tert-butyl groups in the model complex
[MoO(O2)2(OPtBu3)] were replaced by methyl substituents.


These results clearly support indications in the Raman
spectra of dimers of [MoO(O2)2(OPtBu3)] with lower sym-
metry and bridging peroxo groups. Although the m2,h1:h2-O2


Table 6. Band position [cmÿ1] and assignments of the characteristic
stretching vibrations of the [MoO(O2)2] unit in the unsaturated complexes.


[MoO(O2)2L] L � HMPA OPtBu3 OPnOct3 OPnDodec3 ONnOct3


Assignments


n(Mo�O) 973 s 970 s 974 s 977 s 972 s
n(O ± O) 878 s 883 s 882 s 885 s 873 s


n(Mo(O2)2)


594 m 586 m 592 m 594 m 589 m
570 m 561 m 559 s 571 m 565 m


(
538 sh 542 m
525 m 524 m 528 m 533 m


Table 7. Comparison of selected bond lengths [�] and angles [8] of calculated complexes [MoO5(OPMe3)] B1
and its dimer B2 with data from an X-ray analysis of 4.


MoÿO1 MoÿO7 MoÿO2 Mo-O4 MoÿO6 PÿO7 Mo-O7-P


BLYP/DZVP 1.73 2.10 1.99 1.98 2.51 1.55 176.3
BLYP/DZ94 1.75 2.04 2.01 2.01 2.48 1.65 178.2
crystal structure 4 1.67 2.03 1.94 1.92 2.45 1.51 175.7
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coordination mode is known for structurally well-defined
anionic peroxometalates [EO4(WO5)4]nÿ (E�P, S; n� 2,
3),[26, 27] there is no such structural example among neutral
complexes of molybdenum and tungsten.


Why are dimers that should only exist in noncoordinating
solvents such as chloroform better oxenoids than monomers
with water or any other donor occupying the coordination
site? One explanation may be that, in complexes with a
m2,h1:h2-peroxo ligand, one of the two peroxidic oxygen atoms
is activated by two strong Lewis acidic centers of d0 electronic
configuration. We propose that this bonding situation makes
the lower coordinate peroxidic oxygen atom a better oxenoid
by increasing its electrophilicity and susceptibility to nucle-
ophilic attack. Further theoret-
ical and experimental studies
will be focused on the polar-
ization of the OÿO bond of a
peroxo ligand by additional
protons, Lewis acid metal cen-
ters, silyl groups, and suchlike.


Could DF calculations possi-
bly predict trends in the activity
of the different ligands used in
our experiments? A large set of
physical properties of the li-
gands OER3 was calculated by
DF methods (PW91/TZVP)
modeling the alkyl chains by
methyl and ethyl groups. Sur-
prisingly only one physical
property, the proton affinity,
was in good correlation with
the observed catalytic activities
(Table 8, Figure 14). Expecting


that any correlation of a gas-
phase property with the donor
strength of the same base to-
ward a Lewis acid in solution
can only be a rough approxima-
tion, we were surprised that the
proton affinity of the ligand
matched perfectly with the cat-
alyst activity under protic bi-
phasic conditions.


Conclusions


The catalysts 1 ± 3 show the
highest activity in hydrogen
peroxide activation reported
so far for mononuclear molyb-
denum peroxides. The key to
success is a combination of
three processes in a biphasic
epoxidation catalysis: the per-
hydrolysis of metal oxo func-
tions; a phase-transfer step of
neutral, not anionic, peroxo


species; and the oxygen-transfer step. The catalytic activity
of the oxidant system [MoO(O2)2(OER3)(H2O)] (R� long-
chain n-alkyl such as n-dodecyl; E�N, P, As) can be


Figure 13. Structure and relative energy of calculated models B1 and B2 (R�Me) for complex fragment
[MoO5(OPR3)] A1 and its dimer A2 (R� tBu) derived from 4.


Figure 14. Correlation of the proton affinity of the ligands OER3 (E�N, P, As) with the catalyst activity;
comparison of data from Tables 1 and 8.


Table 8. Proton affinities of ligands OER3 (E�N, P, As; R�Me, Et)
calculated by DF methods (PW91/TZVP).


Entry L Proton affinity (10ÿ1 Hartree)


1 ONMe3 3.5583
2 OPMe3 3.5090
3 OAsMe3 3.7230
4 ONEt3 3.8060
5 OPEt3 3.6209
6 OAsEt3 3.8494
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compared with other oxidant systems such as the homoge-
neous MTO/H2O2/tert-butyl alcohol system (Herrmann) or
the biphasic systems with quarternary ammonium or pyridi-
nium salts of heteropolyoxometalates of molybdenum and
tungsten (Venturello, Ishii). Cryoscopy supported by Raman
spectroscopic studies and DF calculations reveal good evi-
dence that, promoted by the highly hydrophobic ligand
regime, the catalytically active species [MoO(O2)2(OER3)]
show a tendency in noncoordinating solvents to dimerize
through bridging peroxo groups. In stoichiometric oxidations
these dimers are active oxenoids toward olefins. The O
transfer from an [M(h2-O2)] functionality is slowed down or
even inhibited in the presence of a second coordinating OER3


or water ligand. Model reactions with complexes containing
two amine oxide ligands or weakly coordinating hemilabile
ether ± arsane oxide and ether ± phosphane oxide ligands
reveal that much more active oxenoids are generated upon
reaction of these peroxo species with either bis(trimethylsilyl)
peroxide or H2O2. A free coordination site at a peroxo
complex in combination with a highly hydrophobic ligand
environment opens up mechanistic pathways involving per-
oxideÐnot olefinÐactivation, thus enabling a direct nucleo-
philic attack of the olefin HOMO at the lower coordinate
oxygen atom of the oxenoid [M(h2-OOX)] (electrophile X�
H�, R�, SiMe3


�, d0-metal Lewis acid). Our current investiga-
tions are aimed at mechanistic aspects of the O-transfer step
and at broader applications of this biphasic oxidation system.


Experimental Section


General : The NMR spectra were recorded on a Bruker AC 200 (1H at
200.1 MHz, 31P at 81.0 MHz, 13C at 50.3 MHz) at room temperature (25 8C),
if not indicated otherwise. All 31P and 13C NMR spectra are proton broad-
band decoupled and the carbon multiplicities are not given. The methylene
resonances in the 13C NMR spectra were confirmed by DEPT measure-
ments. The standards were CD2Cl2 (d 5.32) and CDCl3 (d 7.24) for the
1H NMR spectra, and CD2Cl2 (d 54.20) and CDCl3 (d 77.00) for the
13C NMR spectra. For the 31P NMR spectra, 85% H3PO4 served as external
standard. Elemental analyses were performed in the microanalytical
laboratories of Würzburg and Marburg Universities. The IR spectra were
recorded on a Bruker IFS 25 with the software package Spektrafile IR Plus
(Heyden & Son GmbH) and on a Perkin-Elmer 283 or 1420. The solids
were recorded as Nujol mulls between KBr plates. Raman spectra were
excited with the 647.1 nm line of a krypton ion laser (Spectra Physics model
2025). The scattered light was dispersed by means of a SPEX model 1404
double monochromator and detected with a charge coupled device (CCD)
camera system (Photometrics, model RDS 2000) employing the scanning
multichannel technique.[28] Raman spectra of the peroxo complexes were
measured with a microscope setup and sample materials were handled
under an argon atmosphere. Assignments are given for some valence (n),
deformation (d), and twist (t) vibrations, with the subscripts ªsº for
symmetric, ªasº for antisymmetric, ªipº for in-plane, and ªoopº for out-of-
plane. All band positions are given in cmÿ1. The samples from the catalytic
epoxidations of 1-octene were analyzed by GC on a Carlo Erba
HRGC 5300 instrument, equipped with a fused-silica column (5 m�
0.53 mm i.d.), DB-5 (25 m� 0.32 mm� 0.52 mm; J& W Scientific), and FI
detector, with di(n-butyl) ether as internal standard.


Computations : DF methods were used, because of their moderate demand
on CPU time (scaling factor N2.2±3 with N basis functions) and because of
their ability to describe transition metal complexes in good agreement with
experimental data.[29] DF calculations were performed on CRAY T90 and
SGI R4400 computers by means of DGAUSS 3.0[30, 31] and DEMON 1.03
software.[32] The DF is based on Hohenberg and Kohn�s theorem[33] that the
ground-state energy E[1] of a system is an exact functional of the electron


density 1: E[1]�T[1]�U[1]�Exc[1], where T is the kinetic energy of
noninteracting electrons, U the Coulomb potential, and Exc the exchange
correlation energy. For the geometry optimization of the metal complexes
4, B1, and B2 the exchange correlation energy functional BLYP (DGAUSS
program) was used. All optimizations of the transition metals were
performed using the DZVP[34, 35] basis set. The electronic density and the
exchange correlation potential were fitted by a triple-zeta A1 set. The
ground-state structures were determined by the standard optimization
technique,[36] as implemented in DGAUSS.
Proton affinities were calculated as energy differences of the protonated
and neutral ligands. Energies were obtained by optimization of the
corresponding ligands with the PW91/TZVP functional basis set combina-
tion within the DEMON program. RMS values were determined by the fit
atom algorithm of the SYBYL[37] program package.


Normal-coordinate analyses (NCAs) have been performed for the central
molecular fragment of two complexes to confirm our assignments in the
metal ± oxygen stretching region of the vibrational spectra. Force field
calculations were carried out on a personal computer with a modified
version of the program package QCMP-067[38] and VIA,[39] working on the
basis of Wilson�s GF-matrix method.[40] The structural parameters have
been taken from X-ray analyses with averaged bond lengths and angles, due
to the Cs symmetric structure of the complexes.


Materials : The following compounds were commercially available or
prepared as described in the literature: NnDodec3 (Merck), OPnOct3


(Fluka), OPnDodec3,[41] OPtBu3,[42] AsnDodec3,[43] iPr2PCH2CH2OMe,[44]


iPr2AsCH2CH2OMe,[45] [MoO5(OPtBu3)],[15] [MoO5(hmpa)(H2O)],[1]


[MoO5(hmpa)2],[1] [MoO5(hmpa)],[1] [MoO5(OPMe3)(H2O)],[2] and the
stock solution of [MoO5(H2O)2]aq.[1]


Ligands OEnDodec3 (E�N, As): To amine or arsane EnDodec3 (1 equiv)
dissolved in diethyl ether, aqueous hydrogen peroxide (30 %; 5 equiv) was
added dropwise. The mixture was stirred for three days at 30 8C (amine)/3 h
at 25 8C (arsane). Excess hydrogen peroxide was decomposed by adding
traces of MnO2, the organic phase was separated and the solvent was
evaporated. The white products were spectroscopically pure (13C NMR)
but were crystallized from acetonitrile for the elemental analyses.


ONndodec3 : White solid; yield: 94 %; DTA: 60 8C (endothermic), 78 8C
(exothermic); C36H75NO (538.0): calcd C 80.37, H 14.06, N 2.60; found C
80.00, H 13.90, N 2.61.


OAsndodec3 : White solid; yield: 89%; DTA: 71 8C (endothermic);
C36H75AsO (598.9): calcd C 72.18, H 12.62; found C 72.38, H 12.33.


Ligands iPr2E(O)CH2CH2OMe (E�P, As): To 1.0 equiv phosphane or
arsane dissolved in diethyl ether was added dropwise 1.2 equiv aqueous
hydrogen peroxide (30 %). The mixture was stirred for 3 h at 0 8C. Excess
hydrogen peroxide was decomposed by adding traces of MnO2, the organic
phase was separated, and the solvent was evaporated. Both ligands are
colorless oils. They were spectroscopically pure (13C NMR) and used
without further purification. Yields: 85% (phosphane oxide), 76% (arsane
oxide).


[MoO5(ONnDodec3)] (1): MoO3 (413 mg, 2.87 mmol) was suspended in
H2O2 (30 %; 3.27 mL, 28.7 mmol) at 40 8C for 4 h. After a clear yellow
solution had formed, NnDodec3 (570 mg, 1.61 mmol) dissolved in CH2Cl2


(5 mL) was added dropwise. After being stirred for 5 h at 25 8C the organic
phase was separated and washed with water (3� 5 mL). The CH2Cl2


solution was evaporated to dryness (25 8C/10ÿ2 mbar). The residue was
washed with water (2� 2 mL) and dried for 6 h at 25 8C/5� 10ÿ5 mbar to
yield a pale yellow solid. Yield: 2.81 g (95 %); differential thermal analysis
(DTA): 75 8C (decomp); 1H NMR (400.1 MHz, CDCl3, 25 8C, TMS): d�
0.86 (t, 9 H, CH3 , 2J(H, H)� 7.2 Hz), 1.18 ± 1.43 (m, 54 H, CH2 (3 ± 11)),
1.68 ± 1.87 (m, 6H, CH2 (2)), 3.40 ± 3.67 (m, 6 H, CH2 (1)); 13C NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 14.0 (CH3), 22.7, 26.2, 29.0, 29.2, 29.3,
29.4, 29.4, 29.5, 29.6 (CH2 (3 ± 11)), 31.9 (CH2 (2)), 64.2 (CH2 (1)); IR
(Nujol): nÄ � 1639 (w), 1521 (m), 1320 (w), 977 (vs) [n(Mo ± O)], 858 (vs)
[n(O ± O)], 800 (w), 718 (m), 643 (s), 592 (s) [n(Mo(O2)2)], 542 (m)
[n(Mo(O2)2)], 538 (m) [n(Mo(O2)2)], 509 (w); C36H75MoNO6 (713.9): calcd
C 60.57, H 10.59, N 1.96; found C 60.62, H 10.72, N 1.95.


[MoO5(OPnDodec3)] (2): Prepared analogously to 1: Raman (wax): nÄ �
1441 (s) [d(CH)], 1299 (s) [t(CH2)], 1129 (w) [n(C ± C)], 1084 (m) [n(O ±
P)], 1065 (m) [n(C ± C)], 954 (m) [n(Mo ± O)], 885 m [n(O ± O)], 594 (w)
[n(Mo(O2)2)], 571 (w) [n(Mo(O2)2)], 533 (m) [n(Mo(O2)2)], 353 (m), 328
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(w); cryoscopic molecular weight determination (cyclohexane): 1397; calcd
for dimer [C36H75MoO6P]2: 1461.8.


[MoO5(OAsnDodec3)] (3): MoO3 (263 mg, 1.83 mmol) was suspended in
H2O2 (30 %; 1004 mL, 28.7 mmol) at 40 8C for 4 h. After a clear yellow
solution had formed, OAsnDodec3 (1.08 g, 1.80 mmol) dissolved in CHCl3


(4 mL) was added dropwise. After being stirred for 16 h at 25 8C the organic
phase was separated and washed with water (3� 5 mL). The CHCl3


solution was evaporated to dryness (25 8C/10ÿ2 mbar). The yellow residue
was dried for 10 h at 25 8C/5� 10ÿ5 mbar to give a pale yellow wax. Yield:
1.35 g (97 %); DTA: 112 8C (decomp); 1H NMR (200.1 MHz, CDCl3, 25 8C,
TMS): d� 0.84 (t, 9H, (CH3), 3J(H, H)� 6.7 Hz), 1.10 ± 1.45 (br, 54H, CH2


(3 ± 11)), 1.60 ± 1.85 (br, 6 H, CH2 (2)), 2.60 ± 2.83 (br, 6 H, CH2 (1));
13C NMR (50.3 MHz, CDCl3, 25 8C, TMS): d� 14.6 (CH3), 22.9, 23.2, 28.1,
29.0, 29.6, 29.7, 29.9, 30.2, 31.4 (CH2 (3 ± 11)), 30.9 (CH2 (2)), 32.4 (CH2 (1));
IR (Nujol): nÄ � 1258 (w), 1077 (br), 954 (w) [n(Mo ± O)], 908 (br) [n(As ±
O)], 835 (w) [n(O ± O)], 797 (br), 713 (w), 580 (w) [n(Mo(O2)2)];
C36H75AsMoO6 (774.8): calcd C 55.81, H 9.76; found C 55.62 H 9.79.


[MoO5(OPtBu3)(OCMe2)] (4): [MoO5(OPtBu3)][15] (665 mg, 1.69 mmol)
was dissolved in CHCl3/acetone (2 mL, 2:1). The yellow solution was
cooled to ÿ60 8C and maintained at this temperature for five days. Yellow
crystals were obtained. Yield: 52 % (400 mg); DTA: 59 8C (m.p.), 140 8C
(decomp); 1H NMR (200.1 MHz, CD2Cl2, 25 8C, TMS): d� 1.56 (d, 27H,
C(CH3)3, 3J(P, H)� 13.9 Hz), 2.09 (s, 6 H, OC(CH3)2); 13C NMR
(50.3 MHz, CD2Cl2, 25 8C, TMS): d� 29.4 (s, C(CH3)3), 31.3 (OC(CH3)2),
41.5 (d, C(CH3)3, 1J(C, P)� 45.0 Hz), 207.3 (OC(CH3)2); 31P NMR
(81.0 MHz, CD2Cl2, 25 8C, H3PO4): d� 95.7 (s); IR (Nujol): nÄ � 1620 (m)
[n(C ± O)], 1195 (s), 1075 (vs) [n(P ± O)], 1020 (m), 960 (vs) [n(Mo ± O)],
941 (m), 930 (m), 879 (vs) [n(O ± O)], 712 (m), 655 (s), 636 (vs), 590 (s) [A'
nas(Mo(h2-O2)2)], 552 (m) [A' ns(Mo(h2-O2)2)], 519 (s) [A'' ns(Mo(h2-O2)2)],
496 (s), 423 (m); Raman (polycrystalline): nÄ � 1087 (m) [n(O ± P)], 961 (vs)
[n(Mo ± O)], 878 (vs) [A' n(O ± O)], 811 (m) [n(C ± C)], 585 (m) [A'
nas(Mo(h2-O2)2)], 555 (m) [ns(PC3)], 546 (s) [A' ns(Mo(h2-O2)2)], 542 (w)
[A'' nas(Mo(h2-O2)2)], 525 (w) [A'' ns(Mo(h2-O2)2)], 323 (m), 316 (m);
C15H33MoO7P (452.3): calcd C 39.83, H 7.35; found C 39.70, H 7.34.


[MoO5{iPr2P(O)CH2CH2OCH3}] (5): MoO3 (634 mg, 1.50 mmol) was
suspended in H2O2 (30 %; 0.84 mL, 7.50 mmol) at 40 8C for 4 h. After a
clear, yellow solution had formed, iPr2P(O)CH2CH2OCH3 (269 mg,
1.40 mmol) was added. The reaction mixture was stirred for 3 h and
extracted with CH2Cl2 (3� 5 mL) and the combined extracts were
evaporated to dryness (25 8C/10ÿ2 mbar). The pale yellow residue was
washed with pentane (2� 3 mL) and dried for 3 h at 25 8C/5� 10ÿ5 mbar to
give a yellow solid. Yield: 316 mg (61 %); DTA: 123 8C (decomp); 1H NMR
(200.1 MHz, CD2Cl2, 25 8C, TMS): d� 1.35 (dd, 6 H, P ± CH(CH3)A, 3J(H,
H)� 7.31 Hz, 3J(P, H)� 2.56 Hz), 1.44 (dd, 6 H, P ± CH(CH3)B, 3J(H, H)�
7.31 Hz, 3J(P, H)� 1.83 Hz), 2.25 (dt, 2 H, P ± CH2CH2OCH3, 2J(P, H)�
8.40 Hz, 3J(H,H)� 6.21 Hz), 2.39 ± 2.59 (m, 2H, P ± CH(CH3)2), 3.09 (s, 3H,
P ± CH2CH2OCH3), 3.68 (dt, 2 H, P ± CH2CH2OCH3, 3J(P, H)� 17.9 Hz,
3J(H,H)� 6.21 Hz); 13C NMR (50.1 MHz, CD2Cl2, 25 8C, TMS): d� 15.4
(P ± CH(CH3)A), 15.5 (P ± CH(CH3)B), 20.6 (d, P ± CH2CH2OCH3, 1J(P,
C)� 56.8 Hz), 26.0 (d, P ± CH(CH3)2, 1J(P, C)� 63.0 Hz), 59.9 (P ±
CH2CH2OCH3), 66.4 (P ± CH2CH2OCH3, 2J(P, C)� 63.0 Hz); 31P NMR
(81.0 MHz, CDCl3, 25 8C): d� 86.1 (s); IR (Nujol): nÄ � 1190 (m), 1097 (vs)
[n(P ± O)], 940 (s) [n(Mo ± O)], 799 (s), 875 (m) [n(O ± O)], 702 (m), 660
(m), 629 (m), 585 (s) [A' nas(Mo(h2-O2)2)], 548 (m) [A' ns(Mo(h2-O2)2)], 494
(m), 440 (m), 419 (m); C9H21MoO7P (368.2): calcd C 29.19, H 5.72; found C
29.48, H 5.58.


[MoO5{iPr2As(O)CH2CH2OCH3}] (6): MoO3 (845 mg, 2.00 mmol) was
suspended in 30 % H2O2 (1.12 mL, 10.0 mmol) at 40 8C for 4 h. After a
clear, yellow solution had formed, iPr2As(O)CH2CH2OCH3 (425 mg,
1.80 mmol) was added. The reaction mixture was stirred for 3 h at 10 8C.
After extraction with CH2Cl2 (6� 20 mL) the combined extracts were
evaporated to dryness (25 8C/10ÿ2 mbar). The pale yellow residue was
washed with pentane (2� 3 mL) and dried for 3 h at 25 8C/5� 10ÿ5 mbar to
give a yellow solid. Yield: 395 mg (53 %); DTA: 102 8C (decomp); 1H NMR
(200.1 MHz, CDCl3, 25 8C, TMS): d� 1.47 (d, 6 H, As ± CH(CH3)A, 3J(H,
H)� 7.31 Hz), 1.48 (d, 6H, As ± CH(CH3)B, 3J(H, H)� 6.94 Hz), 2.75 (t,
2H, As ± CH2CH2OCH3, 3J(H, H)� 6.21 Hz), 2.97 (sept, 2 H, As ±
CH(CH3)2, 3J(H, H)� 7.31 Hz), 3.37 (s, 3 H, As ± CH2CH2OCH3), 3.70 (t,
2H, As ± CH2CH2OCH3, 3J(H, H)� 6.21 Hz); 13C NMR (50.1 MHz,
CDCl3, 25 8C, TMS): d� 16.5 (As ± CH(CH3)A), 16.6 (As ± CH(CH3)B),
24.8 (As ± CH2CH2OCH3), 33.6 (As ± CH(CH3)2), 59.3 (As ±


CH2CH2OCH3), 66.0 (As ± CH2CH2OCH3); IR (Nujol): nÄ � 1297 (m),
1244 (m), 1184 (w), 1166 (m), 1056 (m), 960 (s) [n(MoO)], 902 (m), 881 (s)
[n(As ± O)], 840 (s) and 831 [n(O ± O)], 766 (m), 719 (s), 637 (m), 578 (m)
[A' nas(Mo(h2-O2)2)], 538 (m) [A' ns(Mo(h2-O2)2)]; C9H21AsMoO7 (412.1):
calcd C 25.99, H 5.10, As 18.10; found C 26.09, H 5.11, As 17.80.


[MoO5(OPnDodec3)2] (7): MoO3 (371 mg, 2.58 mmol) was suspended in
H2O2 (30 %; 3.00 mL, 27.6 mmol) at 40 8C for 4 h. After a clear, yellow
solution had formed, THF (4.0 mL) and OPnDodec3 (2.86 g, 5.16 mmol)
was added. After 2 h the mixture was evaporated to a volume of 3 mL and
extracted with CH2Cl2 (3� 5 mL). The combined extracts were evaporated
to dryness (25 8C/10ÿ2 mbar). The yellow waxy residue was washed with
water (2� 2 mL) and dried for 6 h at 25 8C/5� 10ÿ5 mbar to give a yellow
wax. Yield: 3.20 g (97 %); DTA: 39 8C (m.p.), 119 8C (decomp); 1H NMR
(200.1 MHz, C6D6, 25 8C, TMS): d� 0.92 (t, 18 H, CH3, 3J(H, H)� 6.2 Hz),
1.20 ± 1.45 (br, 120 H, CH2 ± (2 ± 11)), 1.40 ± 2.05 (br, 12H, CH2)(1));
13C NMR (50.3 MHz, C6D6, 25 8C, TMS): d� 14.4 (s, CH3)), 22.0 (br,
CH2(2)), 26.3 (d, CH2(1), 1J(P, C)� 85.2 Hz), 23.1, 29.5, 29.6, 29.7, 30.1, 30.2,
30.2, 32.4 (all s, CH2(4 ± 11)), 31.5 (d, CH2(3), 3J(P, C)� 14.8 Hz); 31P NMR
(81.0 MHz, C6D6, 293 K, H3PO4): d� 77.4 (OPeq), 57.4 (OPax); 31P NMR
(81.0 MHz, C6D6, TC� 363 K, H3PO4): d� 66.5 (coalescence OPeq , OPax);
IR (Nujol): nÄ � 1295 (m), 1259 (m), 1133 (m) and 1085 (s) [n(P ± O)], 952
(vs) [n(Mo ± O)], 872 (s) and 861 (vs) [n(O ± O)], 797 (s), 716 (m), 651 (m),
579 (s) [A' nas(Mo(h2-O2)2)], 555 (m) [A' ns(Mo(h2-O2)2)]; Raman
(polycrystalline): nÄ � 1440 (m) [d(CH)], 1298 (s) [t(CH2)], 1130 (w)
[n(C ± C)], 1085 (w) [n(O ± P)], 1065 (m) [n(C ± C)], 954 (s) [n(Mo ± O)],
877 s [A' n(O ± O)], 582 (w) [A' nas(Mo(h2-O2)2)], 539 (m) [A' ns(Mo(h2-
O2)2)], 327 (m); C72H150MoO7P2 (1285.9): calcd C 67.25 H 11.76; found C
67.13 H 11.23.


[MoO5(OPnOct3)2]: Prepared analogously to 7. Raman (oil): nÄ � 1439 (s)
[d(CH)], 1305 (m) [t(CH2)], 1119 (w) [n(C ± C)], 1081 (w) [n(O ± P)], 1065
(w) [n(C ± C)], 957 (s) [n(Mo ± O)], 877 s [A' n(O ± O)], 579 (sh) [A'
nas(Mo(h2-O2)2)], 536 (s) [A' ns(Mo(h2-O2)2)], 324 (m).


[MoO5(OPnOct3)]:[15] Raman (oil): nÄ � 1440 (s) [d(CH)], 1303 (s)
[t(CH2)], 1121 (w) [n(C ± C)], 1081 (w) [n(O ± P)], 1066 (w) [n(C ± C)],
974 (s) [n(Mo ± O)], 882 (s) [A' n(O ± O)], 592 (m) [n(Mo(O2)2)], 559 (s)
[n(Mo(O2)2)], 528 (m) [n(Mo(O2))], 328 (m), 305 (m).
[MoO5(ONnOct3)]:[15] Raman (oil): nÄ � 1451 (s,br) [d(CH)], 1305 (m,br)
[t(CH2)], 1128 (w) [n(C ± C)], 1082 (m), 1067 (m) [n(C ± C)], 972 (m, br)
[n(Mo ± O)], 873 (m) [A' n(O ± O)], 589 (m) [n(Mo(O2)2)], 565 (m)
[n(Mo(O2)2)], 542 (m) [n(Mo(O2)2)], 319 (m), 299 (m).


[MoO5(ONcol)2] (8): MoO3 (660 mg, 4.59 mmol) was suspended in H2O2


(30 %; 3.00 mL, 27.6 mmol) at 40 8C for 4 h. After a clear, yellow solution
had formed, collidine N-oxide (1.26 g, 9.19 mmol) was added. After 1 h of
stirring at 25 8C a yellow solid started to precipitate. The solution was
filtered and the remaining yellow residue was washed with water (2�
1 mL) at 5 8C, then CH2Cl2 (3� 2 mL) at 0 8C, and dried for 4 h at 25 8C/
5� 10ÿ5 mbar to give a yellow solid. Yield: 1.95 g (95 %); DTA: 153 8C
(decomp); 1H NMR (200.1 MHz, CD2Cl2, 25 8C, TMS): d� 2.42 (s, 12H,
col ± (CH3)o), 2.73 (s, 6H, col ± (CH3)p), 7.19 (s, 4 H, col ± H); 13C NMR
(50.3 MHz, CD2Cl2, 25 8C, TMS): d� 19.0 (col ± (CH3)o), 21.3 (col ±
(CH3)p), 126.8 (col ± C(3,5)), 127.2 (col ± C(4)), 152.3 (col ± C(2,6)); IR
(Nujol): nÄ � 1631 (s) and 1571 (s) [n(C�C)], 1259 (w), 1195 (vs) [n(N ± O)],
1156 (s), 1029 (m), 1012 (m), 924 (vs) [n(Mo ± O)], 873 (s) and 861 (vs)
[n(O ± O)], 780 (vs) [n(CHar)oop], 710 (m), 648 (s), 583 (vs) [A' nas(Mo(h2-
O2)2)], 535 (w) [A' ns(Mo(h2-O2)2)], 517 (w), 499 (w), 454 (w); Raman
(polycrystalline): nÄ � 1636 (m) [n(C ± C)], 1329 (m) [d(CH3)], 1329 (m)
[dip(CH)], 935 (s) [n(Mo ± O)], 880 (m) [A' n(O ± O)], 868 (vw) [A'' n(O ±
O)], 601 (s), 594 s, 585 (sh) [A' nas(Mo(h2-O2)2)], 567 (w), 540 (s) [A'
ns(Mo(h2-O2)2)], 316 (m); C16H22MoN2O7 (450.3): calcd C 42.68 H 4.92 N
6.22; found C 41.62 H 4.97 N 5.91.


X-ray structure analysis of 4 : C15H33MoO7P, Mr� 452.32, monoclinic, space
group P21/n, a� 8.586(4), b� 14.707(3), c� 16.334(7) �, b� 99.78, V�
2032.9(14) �3, Z� 4, 1calcd� 1.478 g cmÿ3, l(MoKa)� 0.70930 �, m�
0.754 mmÿ1, T� 223 K. Data collection and reduction: A yellow crystal
0.50� 0.40� 0.20 mmÿ3 was used to record 2865 intensities to 2Vmax�
44.868 (Enraf ± Nonius CAD4 diffractometer), of which 2654 were unique
(Rint� 0.0011). An absorption correction was applied on the basis of y


scans, with the transmission minimum at 92.15 %. Structure solution and
refinement: The structure was solved by direct methods (SHELXS-86)[46]


and subjected to full-matrix least-squares refinement on F 2 (SHELXL-
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93),[47] All non-hydrogen atoms were refined anisotropically. The methyl C
atoms of tert-butyl groups were disordered and refined isotropically
without H atoms. All H atoms in the acetone ligand were refined
isotropically using the difference Fourier technique. Refinement proceeded
to Rw(F 2)� 0.118 for 2654 reflections, conventional R(F)� 0.042 and
maximum D1� 0.62 e �ÿ3.


X-ray structure analysis of 5 : C9H21MoO7P, Mr� 368.17, monoclinic, space
group P21, a� 12.930(1), b� 7.516(1), c� 15.114(1) �, b� 99.88, V�
1447.4(2) �3, Z� 4, 1calcd� 1.690 g cmÿ3, l(MoKa)� 0.71073 �, m�
1.038 mmÿ1, F(000)� 752, T� 223 K. Data collection and reduction: A
yellow crystal 0.40� 0.30� 0.30 mmÿ3 was used to record 3376 intensities to
2Vmax� 50.088 (Enraf ± Nonius CAD4 diffractometer), of which 2539 were
unique (Rint� 0.0285). Non-absorption correction was used, with the
minimum of transmission at 77.96 %. Structure solution and refinement:
The structure was solved by direct methods (SHELXS-96)[48] and subjected
to full-matrix least-squares refinement on F 2 (SHELXL-96).[49] All non-
hydrogen atoms were refined anisotropically. All H atoms were found and
refined isotropically using the difference Fourier technique. Refinement
proceeded to Rw(F 2)� 0.0659 for 2539 reflections, conventional R(F)�
0.0230 and maximum D1� 0.338 e�ÿ3.


X-ray structure analysis of 6 : C9H21AsMoO7, Mr� 412.12, monoclinic,
space group P21/c, a� 21.632(4), b� 7.570(2), c� 27.524(5) �, b�
103.172(12)8, V� 4388.(2) �3, Z� 12, 1calcd� 1.871 gcmÿ3, l(CuKa)�
1.54187 �, m� 10.074 mmÿ1, F(000)� 2472, T� 203 K. Data collection
and reduction: A yellow crystal 0.30� 0.25� 0.23 mmÿ3 was used to record
5841 intensities to 2Vmax� 55.908, of which 5661 were unique (Rint�
0.0474). An absorption correction was applied empirically (SHELXA)
with the minimum of transmission at 37.0%. Structure solution and
refinement: The structure was solved and subjected to full-matrix least-
squares refinement on F 2 (SHELXA). All non-hydrogen atoms were
refined anisotropically, and H atoms were included using a riding model or
rigid methyls. Refinement proceeded to Rw(F 2)� 0.1267 for 5841 reflec-
tions, conventional R(F)� 0.0600 and maximum D1� 0.451 e �ÿ3.


SCHAKAL-92[50] was used for presentation of the molecular structures.


Further details of the crystal structure investigations can be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen (Germany) (fax: (�49) 7247-808-666; e-mail : crysdata@fiz.karls-
ruhe.de), on quoting the depository numbers CSD-408410, CSD-408411,
and CSD-408412.


Stoichiometric oxidations of 1-octene with [MoO5(ONnDodec3)] (1):


Run B: A stock solution of 1-octene (0.312m in CHCl3, 1.00 mL, 0.312 mmol)
was added at 25 8C to [MoO5(ONnDodec3)] (229 mg, 0.312 mmol)
dissolved in CHCl3 (3.0 mL). The mixture was heated to 60 8C and stirred
for 16 h at this temperature. The sample was analyzed directly by GC
without workup (internal standard di(n-butyl) ether).


Run A : The conversion was followed after addition of 4 equiv H2O2


(1.25 mmol, 142 mg of a 30% solution in water) to the run B mixture.
Run C: The conversion was followed after addition of 150 mg water to the
mixture of run B.


Stoichiometric oxidations of 1-octene with [MoO5(ONnDodec3)] (1)�
ONnDodec3 :


Run B: A stock solution of 1-octene (0.312m in CHCl3, 1.00 mL, 0.312 mmol)
was added at 25 8C to [MoO5(ONnDodec3)] (229 mg, 0.312 mmol) and
ONndodec3 (168 mg, 0.312 mmol) dissolved in CHCl3 (3.0 mL). The
mixture was heated to 60 8C and stirred for 16 h at this temperature. The
sample was analyzed directly by GC without workup (internal standard
di(n-butyl) ether).


Run A : The conversion was followed after addition of 4 equiv H2O2


(1.25 mmol, 142 mg of a 30 % solution in water) to the mixture of run B.


Run C : The conversion was followed after addition of 150 mg water to the
mixture of run B.


Catalytic epoxidation of 1-octene : An aqueous stock solution of [Mo-
O(O2)2(H2O)2] containing peroxomolybdic acid (1.39 mmol gÿ1) was pre-
pared.[1] Ligands were added from stock solutions in CHCl3


(0.144 mmol mLÿ1).


Experiments 1 ± 3 (molar ratio 1-octene/H2O2/catalyst� 1:4:0.04): H2O2


(30 % in H2O; 4.08 g, 36.0 mmol) and OEnDodec3 (E�N, P, As;
0.36 mmol) dissolved in CHCl3 (2.5 mL) were added to the freshly
prepared stock solution of [MoO(O2)2(H2O)2] (259 mg, 0.36 mmol). The


pH of the aqueous peroxomolybdic acid phase was 3.0. After the mixture
had been stirred for 5 min at 60 8C, di(n-butyl) ether (250 mg, 1.92 mmol,
internal standard) and 1-octene (1.01 g, 9.0 mmol) were added. The
biphasic mixture was stirred magnetically with a Teflon-coated bar in a
15 mm glass tube while the temperature was maintained at 60 8C. The
conversion was monitored by GC.


A similar procedure using the inverse molar ratios was applied for
experiments 4 ± 6 (1-octene/H2O2/catalyst� 4:1:0.01) and for experi-
ments 7 ± 9 (cyclooctene/H2O2/catalyst� 4:1:0.005).


Catalytic epoxidation of 1-octene with 4 mol % catalyst based on olefin :
Molybdenum trioxide (Fluka, 260 mg, 1.80 mmol) was added to tris(dode-
cyl)amine (Merck, 930 mg, 1.80 mmol), hydrogen peroxide (30 %, 25.2 g,
223 mmol), and chloroform (20 mL). Within 20min of stirring at 25 8C the
organic phase became yellow. 1-Octene (5.04 g, 45.0 mmol) was added to
the biphasic catalyst system. After 24 h of stirring at 25 8C (73 % conversion
of olefin) a second portion of hydrogen peroxide (30 %, 25.2 g, 223 mmol)
was added and the mixture was stirred for another 24 h at 25 8C to achieve
98% conversion. The yellow organic layer was separated and washed with
3� 15 mL water. Volatiles at 55 8C/10ÿ2 mbar were collected and distilled
through a Vigreux column. B.p.: 62 8C/17 mbar; yield: 4.93 g (38 mmol,
85%).


Catalytic epoxidation of cyclooctene with 1 mol % catalyst based on olefin :
Molybdenum trioxide (Fluka, 260 mg, 1.80 mmol) was added to trisdode-
cylamine (Merck, 930 mg, 1.80 mmol), hydrogen peroxide (30 %, 41.00 g,
360 mmol), and chloroform (20 mL). Within 20 min of stirring at 25 8C the
organic phase became yellow. Cyclooctene (19.80 g, 180.0 mmol) was
added to the biphasic catalyst system. After 4 h of stirring at 25 8C (85 %
conversion of olefin) a second portion of hydrogen peroxide (30 %, 41.00 g,
360 mmol) was added and the mixture was stirred for another 16 h at 25 8C
to achieve full conversion. The yellow organic layer was separated and
washed with 4� 40 mL water. Volatiles at 65 8C/10ÿ2 mbar were collected
and distilled through a Vigreux column. B.p.: 80 8C/17 mbar; yield: 22.15 g
(175 mmol, 97%) white solid.
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Hydroxyl-Directed Intermolecular Ketone ± Olefin Couplings
Promoted by SmI2


Fuyuhiko Matsuda,* Motoi Kawatsura, Ken-ichi Hosaka, and Haruhisa Shirahama[a]


Abstract: SmI2-promoted intermolecu-
lar ketone ± olefin couplings are facili-
tated and stereocontrolled by hydroxyl
groups incorporated within the starting
materials. For example, the SmI2-in-
duced ketone ± olefin coupling reactions
of a-hydroxy ketone 5 with ethyl acryl-
ate, acrylonitrile, ethyl crotonate, and
2(5 H)-furanone proceeded with high
stereocontrol to afford the syn-1,2-diol
products 6 ± 9 in good yields. Excellent


diastereoselectivity was achieved in the
reductive couplings of b-hydroxy alde-
hyde 21 and erythro-b-hydroxy ketone
24 with acrylonitrile using SmI2, to
produce the anti-1,3-diols 22 and 25 in
good yields. The sense of the stereo-


selectivity was in full accord with a
chelation-control model. In the pro-
posed model, the stereochemistry of
the reaction product is explained by
assuming that a cyclic ketyl radical is
generated during the initial single-elec-
tron reduction by SmI2. This radical
species results from the chelation of the
SmIII cation, attached to the ketyl radi-
cal, with the hydroxyl group.


Keywords: C ± C couplings ´ ke-
tones ´ radical reactions ´ reagents
´ samarium


Introduction


There has been a significant growth in the number of
applications of samarium(II) iodide (SmI2) in synthetic
organic chemistry in recent years.[1] The pioneering studies
of Kagan on SmI2 provided a framework for the use of this
reagent in organic synthesis. Kagan�s investigations were
followed by reports from the laboratories of Curran, Mo-
lander, Enholm, Inanaga, and others, showing that SmI2 is an
extremely useful reagent for promoting reductive coupling
reactions that are difficult to accomplish by any other existing
methodologies. For example, SmI2 has been used as a reagent
substitute in Barbier reactions, Reformatsky reactions, ke-
tone ± olefin reductive couplings, and pinacol couplings. Much
research has been directed towards developing stereocon-
trolled carbon ± carbon bond formation reactions promoted
by SmI2. Especially the intramolecular variants of this process
proceeded stereoselectively, to provide, in many cases,
functionalized carbocycles. In contrast, only a limited number
of stereocontrolled SmI2-induced intermolecular couplings
have been reported.[2, 3]


Previous research from this laboratory demonstrated the
powerful influence of appropriately positioned hydroxyl
groups in facilitating the SmI2-promoted reductive couplings
and controlling the stereochemical outcome.[4±7] For these
hydroxyl-directed transformations, the diastereoselectivity
was always excellent, and the sense of the stereoselectivity
agreed fully with a chelation-control model. The proposed
model explains the observed stereochemistry of the reaction
product by assuming that a cyclic ketyl radical forms. This
radical species arises when the SmIII cation, generated during
the initial single-electron transfer from SmI2 to the carbonyl
group of the starting material, chelates with the hydroxyl
group. Representative examples include the SmI2-promoted
cyclizations of g-hydroxy ketone 1 and b-hydroxy ketone 3
(Scheme 1).[4b,c] Their hydroxyl-directed couplings occurred
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Scheme 1. SmI2-promoted cyclizations of 1 and 3.
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with complete stereochemical control to provide diols 2 and 4,
respectively, as the sole products. It is obvious that the
stereochemistry of the 1,3-diol parts results from chelation of
the SmIII cations with the hydroxyl groups. The impact of this
new methodology on synthetic organic chemistry is clearly
evident from its applicability to total synthesis, with (ÿ)-
grayanotoxin III, a unique tetracyclic diterpene, as a notable
example.[4a,b, 8]


Particularly impressive is that intermolecular hydroxyl-
directed SmI2-mediated ketone ± olefin couplings occur with
nearly complete diastereoselectivity.[5, 7] As previously men-
tioned, intermolecular stereoselective couplings induced by
SmI2 are much less common than intramolecular ones. This
paper describes a new type of SmI2-promoted intermolecular
carbon ± carbon bond formation reaction chelation-controlled
by a hydroxyl group.


Results and Discussion


a-Hydroxyl-directed ketone ± olefin couplings promoted by
SmI2 : SmI2-induced reductive coupling of a-hydroxy ketone 5
was carried out with various radical acceptors (Scheme 2).
The intermolecular coupling reactions generally proceeded
with high diastereoselectivity to provide the syn-1,2-diol
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Scheme 2. SmI2-induced reductive coupling of 5 with various radical
receptors.


products 6 ± 9 in good yields. The a-hydroxy ketone 5 was
prepared from 3-phenylpropionaldehyde as follows: 1) addi-
tion of LiC�CSiMe3, 2) desilylation, 3) acetylation of the
hydroxyl group of 5-phenyl-1-pentyn-3-ol, 4) hydration of the
acetylene group with NaAuCl4,[9] and 5) hydrolysis.


First, to examine the stereochemical control, 5 was inter-
molecularly coupled with ethyl acrylate. The reductive
coupling was performed at 0 8C in the presence of MeOH as
proton donor to produce syn-g-lactone 6 along with a small
amount of its anti counterpart in a ratio of syn :anti of 90:10.
The diastereomeric ratios were determined from the 1H NMR
spectra (400 MHz) of the syn- and anti-1,2-diol product
mixtures. Lowering the reaction temperature from 0 to
ÿ78 8C led, interestingly, to a drop in diastereoselectivity
(syn :anti� 82:18).[10, 11] Enhanced diastereoselectivities were
found for the reductive coupling of 5 with acrylonitrile. A high
diastereomeric ratio was also obtained at a reaction temper-
ature of 0 8C, with 99:1 for the syn-diol 7 to its anti
diastereoisomer, whereas a lower ratio of 92:8 resulted when
the coupling reaction was carried out at ÿ78 8C.


In the SmI2-promoted coupling of 5 with ethyl crotonate
and 2(5 H)-furanone, excellent diastereoselectivities were
achieved at three contiguous stereocenters to afford the syn-
1,2-diol products, syn-g-lactone 8 and syn-diol 9, respectively.
In both cases a small amount of another diastereomeric
product was obtained along with 8 or 9. None of the other
stereoisomers could be detected from the 1H NMR spectra
(400 MHz) or chromatographic analyses. Although these
minor diastereoisomers were anti-1,2-diol stereoisomers, the
relative configurations of their two new stereocenters were
the same as that of their respective syn counterparts 8 and 9.[12]


Obviously, the geometry of the carbon ± carbon double bond
of ethyl crotonate and 2(5 H)-furanone determines the
relative stereochemistry of the two new stereogenic centers
of 8 and 9. It can therefore be deduced that ethyl crotonate
and 2(5 H)-furanone have the same facial preference in the
SmI2-mediated coupling of 5.


The diastereoselectivity of the coupling of 5 with ethyl
crotonate had the same temperature dependence as that of
the reactions with ethyl acrylate and acrylonitrile. In contrast,
a decrease in reaction temperature resulted in increased
stereoselectivity in the reductive coupling of 5 with 2(5 H)-
furanone. Thus, 8 and 9 were obtained in 99:1 and 96:4
product ratios, respectively, from the reactions with ethyl
crotonate and 2(5H)-furanone at 0 and ÿ78 8C, respectively.
It is noteworthy that, in each case, the product consisted
mainly of only one of the four possible stereoisomers.


Optimum reaction conditions for these ketone ± olefin
couplings consist of the addition of SmI2 in THF (2.5 equiv
of a 0.1m solution) to a solution made up of 5, MeOH (5
equiv), and either ethyl acrylate, acrylonitrile, ethyl crotonate,
or 2(5 H)-furanone (10 equiv), in THF cooled at 0 8C or
ÿ78 8C. Whereas the SmI2-induced couplings of the a-
hydroxy ketone 5 with ethyl acrylate, acrylonitrile, and ethyl
crotonate were complete within 5 min at 0 8C, 5 was consumed
only after 3 h under identical conditions with 2(5 H)-furanone
as the ketyl radical acceptor. The anomalous temperature
dependence of the reaction with 2(5 H)-furanone, as describ-
ed previously, may be ascribed to the low reactivity of 2(5 H)-
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furanone. The reaction mixtures were subsequently quenched
with saturated aqueous NaHCO3. A simple extractive work-
up, followed by chromatographic purification provided the
desired 1,2-diol products. Reactions run in the presence of
HMPA resulted in some depression of the diastereoselection
in all cases.[13]


A critical component of these studies was the assignment of
relative stereochemistry. The syn-1,2-diol stereochemistry of
the syn-g-lactone 6 and the syn-diol 7 was assigned as follows
(Figure 1): In the 2D-NOESY spectra of the 1,2-diol borate
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Figure 1. NOE correlations for the compounds 8, 10 ± 13, used in the
determination of the stereochemistry of 6 and 7.


(1,3,2-dioxaborolane) 10, prepared from 7, NOE correlations
were observed between C4-H and C5-CH2 (C1'-H2) and
between C4-CH2 (C1''-H2) and C5-Me (dioxaborolane number-
ing). Hydrolysis of the nitrile group of 7 gave 6, implying that
the stereochemistry of 6 is the same as that of 7.


The 1,2-diol borates (1,3,2-dioxaborolanes) 11 and 12,
derived from syn-g-lactone 8 and syn-diol 9, respectively,
were also studied by 2D-NOESY spectroscopy. NOEs were
observed between C4-H and C5-CH (C1'-H or C3'-H) and
between C4-CH2 (C1''-H2) and C5-Me (dioxaborolane number-
ing) for both 11 and 12. These NMR data confirm the syn-1,2-
diol stereochemistry of coupling products 8 and 9. In a 2D-
NOESY experiment on the syn-g-lactone (tetrahydro-2-
furanone) 8, C4-H gave an NOE correlation peak with C5-
CH (C1'-H), while C4-Me also gave an NOE with C5-Me
(furanone numbering), establishing that the two vicinal
methyl groups of 8 were situated cis on the g-lactone ring.
On the other hand, 2D-NOESY spectra established a trans
relative configuration between the methyl and hydroxymethyl
groups of syn-g-lactone (tetrahydro-2-furanone) 13, prepared
from the syn-diol 9 : NOE correlations were found between
C4-H and C5-Me and between C4-CH2 and C5-CH (C1'-H)
(furanone numbering).


The diastereofacial preference of the starting a-hydroxy
ketone 5 is apparently independent of the ketyl radical
acceptor. The observed syn-1,2-diol stereochemistry of reac-
tion products 6 ± 9 can be explained by the chelation-control
model illustrated in Scheme 3. Thus, single-electron transfer
occurs from SmI2 to the ketone functionality of 5, and the
SmIII cation generated during this initial reduction process
forms a chelate with the a-hydroxy group, to produce the five-
membered ring ketyl radical 14. The olefin 15 approaches
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Scheme 3. Chelation-control model.


from the less hindered face of 14 to form the carbon ± carbon
bond with high stereoselectivity. The chelate appears to act as
a template for the stereocontrol about the new asymmetric
centers. A second equivalent of SmI2 reduces the resulting
radical 16 to the SmIII-enolate, which, after protonation with
MeOH, results in addition product 17.


Control experiments were carried out, in which protected
derivatives of 5 were subjected to the same reductive
reactions induced by SmI2. For both a-acetoxy ketone 18
and a-tert-butyldimethylsilyloxy ketone 19, prepared from 5,


O


X
X=OH
X=OAc
X=OSitBuMe2
X=H


5
18
19
20


reaction with SmI2 in the presence of ethyl acrylate, acryloni-
trile, ethyl crotonate, or 2(5 H)-furanone always resulted in
reductive removal of the acetoxyl or tert-butyldimethylsily-
loxyl groups and the only product isolated was 5-phenyl-2-
pentanone (20). As previously mentioned, the hydroxyl-
directed coupling reactions took place smoothly at ÿ78 8C
even in the absence of HMPA, although a promoter such as
HMPA was usually required to promote efficient intermole-
cular ketyl ± olefin couplings at low temperature.[14] Therefore,
the a-hydroxyl group of 5 plays a definite role in enhancing
the reactivity of the substrate and in controlling the stereo-
chemical course through chelation.


b-Hydroxyl-directed ketone ± olefin couplings promoted by
SmI2: The SmI2-induced intermolecular ketone ± olefin cou-
plings were also chelation-controlled by the b-hydroxyl
groups. Scheme 4 shows that excellent diastereoselectivities
were achieved in the reductive couplings of b-hydroxy
aldehyde 21 and erythro-b-hydroxy ketone 24 with SmI2.
The b-hydroxy aldehyde 21 was prepared by a three-step
process involving an initial cross-aldol reaction between
3-phenylpropionaldehyde and the lithium enolate of methyl
isobutyrate, followed by reduction with LiAlH4, and finally
Dess ± Martin oxidation. The erythro-b-hydroxy ketone 24
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Scheme 4. Diastereoselectivities achieved in the reductive couplings of 21
and 24 with SmI2.


was synthesized by an erythro-selective aldol reaction[15] of
3-phenylpropionaldehyde with the 9-BBN-enolate generated
from 3-pentanone and 9-BBN triflate.


The SmI2-induced reductive couplings of the b-hydroxy
aldehyde 21 and erythro-b-hydroxy ketone 24 were carried
out with acrylonitrile as the ketyl radical acceptor to afford
the anti-1,3-diols 22 and 25 with nearly complete stereocontrol
and in good yields. The starting materials 21 and 24 were
treated with a solution of SmI2 (0.1m, 2.5 equiv) in THF in the
presence of MeOH (5.0 equiv) and acrylonitrile (10.0 equiv)
in THF at 0 8C or ÿ78 8C. The desired 1,3-diol products were
isolated by chromatography. Once again, a higher reaction
temperature was accompanied by better diastereoselectivity
in the reductive coupling of the b-hydroxy aldehyde 21. Thus
the diastereomeric ratio of the anti-1,3-diol 22 to its syn-
counterpart 23 was 99:1 when the coupling reaction was
performed at 0 8C, and a ratio of 93:7 was obtained at a
reaction temperature of ÿ78 8C. The diastereomeric ratios
were determined from the 1H NMR spectra (400 MHz) of the
epimeric mixture of the 1,3-diols. Reactions run in the
presence of HMPA resulted in some depression of the
diastereoselection.[13]


In contrast, the anti-diol 25 was exclusively obtained by
reductive coupling of the erythro-b-hydroxy ketone 24 with
acrylonitrile. A syn epimer was not detected in the 1H NMR
spectra (400 MHz) and by chromatographic analysis. In this
case, stereochemical control was unaffected by changing the
reaction temperature or by adding HMPA to the reaction
medium.[13]


The relative stereochemistries of the anti-1,3-diol 22 and its
syn epimer 23 were assigned on the basis of the similarities
between their 1H NMR chemical shifts and those of the gem-
dimethyl groups of the 1,3-diol borates (1,3,2-dioxaboranes)
26 ± 29 (Figure 2). The relative stereochemistries of 26 and 27
were determined during the total synthesis of (�)-pederine.[16]


The anti isomer 26 has 1H NMR resonances for the gem-
dimethyl groups at d� 0.99, and the gem-dimethyl resonances
of the syn isomer 27 appear at d� 0.83 and 0.95. In the
1H NMR spectra of 28 and 29, derived from 22 and its syn
epimer 23, respectively, both signals due to the gem-dimethyl
groups of the anti isomer 28 were observed at d� 0.96,


YX


B
O O


Ph


YX


B
O O


Ph


YX


B
O O


Ph


X=Y=CH2CH=CH2
X=CH2Ph, Y=CH2CN


26
28


6
5


4


3


2


1


1


2


3


4
5


6 27
29


X=Y=CH2CH=CH2
X=CH2Ph, Y=CH2CN


1


2
3


4
5


6 30 X=CH2Ph, Y=CH2CN
1’


1”


Figure 2. Relative stereochemistry of 26 ± 30, used in the assignment of the
stereochemistry of 22 and 23.


whereas gem-dimethyl signals of the syn isomer 29 were
detected at d� 0.80 and 0.91. The stereostructure of the anti-
1,3-diol 25 was established by the 2D-NOESY spectral data of
the 1,3-diol borate (1,3,2-dioxaborane) 30 prepared from 25.
In the 2D-NOESY experiment of 30, NOE correlations were
observed between C4-Et (C1''-H2) and C5-Me and between C4-
CH2CH2CN (C1'-H2) and C6-H (dioxaborane numbering).


Evidently, the starting b-hydroxy ketones 21 and 24 have
the same, diastereofacial preference. The sense of the
diastereoselectivity may also be predicted from a chelation-
control model, depicted in Scheme 5. Thus, the six-membered
ring ketyl radicals 31 and 32, produced by chelation of the
SmIII cations to the b-hydroxyl groups after single-electron
transfer to the carbonyl groups of 21 and 24, take on chairlike
conformations. In each case, the acrylonitrile approaches from
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Scheme 5. Chelation-control model used to predict the sense of the
diastereoselectivity of 21 and 24.
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the direction opposite to the sterically congested axial methyl
group, to result in highly diastereoselective carbon ± carbon
bond formation.[17] Subsequent reduction of the resulting
radicals adjacent to the cyano groups by the second equivalent
of SmI2 and protonation of the SmIII-enolates with MeOH
produce the observed anti-1,3-diol products 22 and 25.


This model shows the strong influence of an a-substituent in
an axial orientation in the resulting high diastereoselectivity.
Indeed, the SmI2-promoted ketone ± olefin coupling of the b-
hydroxy ketone 33 or threo-b-hydroxy ketone 34 with
acrylonitrile under the same conditions always led to the
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formation of nearly equal mixtures of the two diastereomers.
Apparently, the absence of the axial substituent at the a-
position in the 6-membered ring ketyl radicals generated from
33 and 34 resulted in a complete loss of diastereofacial
selectivity.


In contrast, the same reactions of b-acetoxy aldehyde 35, b-
tert-butyldimethylsilyloxy aldehyde 36, b-acetoxy ketone 37,
and b-tert-butyldimethylsilyloxy ketone 38, synthesized from
21 and 24, led to virtually complete and consistent recoveries
of the starting materials. Moreover, the hydroxyl-directed
coupling reactions of 21 and 24 proceeded quite sufficiently
even at ÿ78 8C and without needing a promoter such as
HMPA, as already described. Therefore, not only do the b-
hydroxyl groups control the stereochemistry of reductive
coupling reactions, they also have the added function of
accelerating the reaction.


Conclusion


SmI2-promoted intermolecular ketone ± olefin couplings were
shown to be facilitated and stereocontrolled by hydroxyl
groups incorporated within the starting materials. The reac-
tions generally proceeded in good yields with high and
reproducible stereochemical control. For all the hydroxyl-
directed reductive coupling reactions, the observed stereo-
chemistry in the reaction products could be rationalized by
assuming that a cyclic ketyl radical intermediate forms by
chelation between the SmIII cation, generated during the
initial single-electron reduction of the carbonyl group, and the
hydroxyl group. We could develop an efficient, powerful, and
general method to exercise stereocontrol over various types of
intermolecular ketone ± olefin coupling reactions induced by
SmI2.


Experimental Section


General methods: Melting points were determined in an open capillary
tube and are uncorrected. IR spectra were recorded on a JASCO IR-S
spectrometer in a NaCl cell. 1H NMR spectra were recorded on Hitachi
Model R-250H (250 MHz) and JEOL Model JMN-FX-400 (400 MHz)
spectrometers. Chemical shifts are reported in ppm downfield from the
peak of Me4Si, the internal standard. Splitting patterns are designated as
ªsº, ªdº, ªtº, ªqº, and ªbrº; these symbols indicate ªsingletº, ªdoubletº,
ªtripletº, ªquartetº, and ªbroadº, respectively. Mass spectra were recorded
on a JEOL Model JMS-DX 300, a JMS-DX 303, and a 01SG-2
spectrometer.


Unless indicated otherwise, nonaqueous reactions were carried out under
an Ar atmosphere. Dichloromethane (CH2Cl2) was distilled from CaH2.
Methanol (MeOH) was distilled from Mg(OMe)2. Tetrahydrofuran (THF)
was distilled immediately prior to use from Na/benzophenone ketyl under
an Ar atmosphere. All other commercially obtained reagents were used as
received. Analytical and preparative thin layer chromatography was run on
pre-coated silica gel plates (Macherey-Nagel DC-Fertigplatten SIL G-25
UV254). The silica gel used for column chromatography was Merck
Kieselgel 60 Art 7734.


(�)-5-Phenyl-1-trimethylsilyl-1-pentyn-3-ol: To a solution of HC�CSiMe3


(3.80 mL, 26.9 mmol) in THF (10 mL) cooled at ÿ78 8C was added a
solution of nBuLi (1.61m, 15.4 mL, 24.8 mmol) in hexane. The reaction was
allowed to warm to 0 8C for 30 min and then, after it was recooled to
ÿ78 8C, a solution of 3-phenylpropionaldehyde (4.30 g, 32.0 mmol) in THF
(5.0 mL) was introduced. The mixture was stirred at ÿ78 8C for 1 h,
quenched with saturated aqueous NaHCO3, and extracted with diethyl
ether. The combined ethereal layers were washed with brine, dried over
Na2SO4, filtered, and concentrated in vacuo. The residual oil was purified
by silica gel column chromatography (AcOEt/hexane 10:90) to afford the
title compound (5.65 g, 90 %) as a colorless oil: IR (neat): nÄ � 3300, 2960,
2200, 1490, 1450, 1250, 1040, 1010, 960, 840 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 0.19 (s, 9H), 2.02 (m, 2 H), 2.79 (t, J� 7.8 Hz, 2H), 4.36 (t, J�
6.6 Hz, 1 H), 7.17 ± 7.31 (m, 5 H); EI-MS: m/z : 232 [M�], 217 [M�ÿMe];
C14H20O3Si (264.40): calcd C 72.36, H 8.67; found C 72.41, H 8.61.


(�)-5-Phenyl-1-pentyn-3-ol: To a solution of 5-phenyl-1-trimethylsilyl-1-
pentyn-3-ol (4.45 g, 19.2 mmol) in THF (10 mL) was added a solution of
nBu4NF (1.00m, 30.0 mL, 30.0 mmol) in THF. After the reaction mixture
was stirred at room temperature for 10 min, brine was added and the
mixture was extracted with diethyl ether. The ethereal phases were
combined, washed with brine, dried over Na2SO4, and filtered. The extract
was concentrated in vacuo and purified by silica gel column chromatog-
raphy (AcOEt/hexane 10:90) to give the title compound (2.79 g, 91%) as a
colorless oil: IR (neat): nÄ � 3300, 2950, 2850, 2130, 1490, 1450, 1300, 1150,
1040, 1010 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 2.04 (m, 2 H), 2.51 (d,
J� 2.0 Hz, 1H), 2.83 (t, J� 7.8 Hz, 2 H), 4.37 (dt, J� 2.0, 6.8 Hz, 1H), 7.18 ±
7.31 (m, 5H); EI-MS: m/z : 160 [M�], 142 [M�ÿH2O]; C11H12O (160.21):
calcd C 82.46, H 7.55; found C 82.55, H 7.38.


(�)-1-(2-Phenylethyl)-3-propynyl acetate: A solution of 5-phenyl-1-pen-
tyn-3-ol (2.70 g, 16.9 mmol) in pyridine (10 mL) was treated with DMAP
(10.0 mg, 0.082 mmol) and Ac2O (1.70 mL, 18.0 mmol). After the mixture
was stirred at room temperature for 30 min, it was diluted with diethyl
ether. The ethereal solution was washed with saturated aqueous CuSO4,
H2O, saturated aqueous NaHCO3, and brine and was then dried over
Na2SO4, filtered, and concentrated in vacuo. Silica gel column chromatog-
raphy (AcOEt/PhMe 20:80) afforded the title compound (2.92 g, 85%) as a
colorless oil: IR (neat): nÄ � 3310, 2950, 2140, 1740, 1500, 1450, 1370, 1230,
1180, 1120, 970 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 2.08 (s, 3 H), 2.10,
2.15 (each ddt, J� 6.8, 11.0, 7.8 Hz, 1H), 2.50 (d, J� 2.0 Hz, 1 H), 2.78 (t,
J� 7.8 Hz, 2H), 5.35 (dt, J� 2.0, 6.8 Hz, 1H), 7.18 ± 7.31 (m, 5H); EI-MS:
m/z : 143 [M�ÿOAc]; C13H14O2 (202.25): calcd C 77.20, H 6.98; found C
77.35, H 7.03.


(�)-3-Hydroxy-5-phenyl-2-pentanone (5): A solution of 1-(2-phenylethyl)-
3-propynyl acetate (2.60 g, 12.9 mmol) and NaAuCl4 ´ 2H2O (50.0 mg,
0.126 mmol) in a mixture of MeOH (15 mL) and H2O (1.0 mL) was heated
at reflux for 2 h. After the reaction mixture was cooled to room
temperature, saturated aqueous K2CO3 (2.0 mL) was added. The resulting
mixture was stirred at the same temperature for 30 min, quenched with
brine, and extracted with diethyl ether. The combined extracts were washed
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with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The
residual oil was purified by silica gel column chromatography (AcOEt/
hexane 30:70) to give 5 (2.21 g, 96 %) as a colorless oil: IR (neat): nÄ � 3500,
2950, 1710, 1490, 1450, 1350, 1260, 1160, 1090, 810, 750 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 1.83 (dddd, J� 4.8, 8.3, 9.1, 13.7 Hz, 1H), 2.15
(dddd, J� 3.4, 7.3, 9.5, 13.7 Hz, 1H), 2.16 (s, 3H), 2.74 (ddd, J� 4.8, 9.5,
14.0 Hz, 1 H), 2.80 (ddd, J� 7.3, 9.1, 14.0 Hz, 1H), 4.16 (dd, J� 3.4, 8.3 Hz,
1H), 7.19 ± 7.32 (m, 5 H); EI-MS: m/z : 178 [M�], 160 [M�ÿH2O]; C11H14O2


(178.22): calcd C 74.13, H 7.92; found C 74.02, H 8.03.


Preparation of THF solution of SmI2: To a slurry of Sm metal powder
(2.00 g, 13.3 mmol) in THF (100 mL) was added CH2I2 (0.900 mL,
11.2 mmol). The mixture was stirred at room temperature for 3 h. The
resulting blue solution was used directly to effect the following reductive
couplings.


(5R*,1''R*)-Tetrahydro-5-(1-hydroxy-3-phenylpropyl)-5-methyl-2-fura-
none (syn-g-lactone 6): To a solution of 5 (60.0 mg, 0.337 mmol), ethyl
acrylate (0.365 mL, 3.37 mmol), and MeOH (0.069 mL, 1.70 mmol) in THF
(1.0 mL), cooled to 0 8C, was added a solution of SmI2 (0.10m, 8.40 mL,
0.840 mmol) in THF. After the reaction mixture was stirred at 0 8C for
5 min, it was analyzed by TLC which showed that the starting a-hydroxy
ketone was completed consumed. The reaction mixture was quenched with
saturated aqueous NaHCO3 and extracted with diethyl ether. The
combined ethereal extracts were washed with H2O and brine, dried over
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by
silica gel column chromatography (AcOEt/hexane 30:70) to provide a
90:10 mixture (determined by 400 MHz 1H NMR) of 6 and its (5S*,1'R*)-
anti isomer (71.8 mg, 91%). Further purification of the mixture by
preparative silica gel TLC (AcOEt/hexane 50:50) afforded a pure sample
of 6 as a colorless oil: IR (neat): nÄ � 3450, 2950, 1750, 1490, 1450, 1380, 1230,
1150, 1080, 940 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.22 (s, 3 H), 1.74 (m,
2H), 1.89 (ddd, J� 5.4, 9.8, 12.7 Hz, 1H), 2.10 (dt, J� 12.7, 9.8 Hz, 1H),
2.58 (ddd, J� 5.4, 9.8, 18.0 Hz, 1 H), 2.62 (dt, J� 18.0, 9.8 Hz, 1 H), 2.68 (dt,
J� 13.7, 8.3 Hz, 1 H), 2.96 (dt, J� 13.7, 6.8 Hz, 1 H), 3.53 (dd, J� 5.8, 6.7 Hz,
1H), 7.14 ± 7.36 (m, 5 H); EI-MS: m/z : 234 [M�], 216 [M�ÿH2O]; C14H18O3


(234.28): calcd C 71.77, H 7.74; found: C 71.85, H 7.68.


(4R*,5R*)-4,5-Dihydroxy-4-methyl-7-phenylheptanenitrile (syn-diol 7):
The previously outlined procedure was followed to react 5 with acryloni-
trile to afford a 99:1 mixture (400 MHz 1H NMR) of 7 and its (4S*,5R*)-
anti isomer in 77% yield, which was isolated by silica gel column
chromatography (AcOEt/hexane 40:60). Further purification of the
mixture by preparative silica gel TLC (AcOEt/hexane 50:50) yielded a
pure sample of 7 as a colorless oil: IR (neat): nÄ � 3450, 2950, 2260, 1495,
1450, 1375, 1070, 930, 750 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.33 (s,
3H), 1.68 (dddd, J� 5.5, 8.8, 10.5, 14.1 Hz, 1 H), 1.73 ± 1.90 (m, 3 H), 2.39 (t,
J� 7.3 Hz, 2H), 2.68 (ddd, J� 7.3, 8.8, 13.7 Hz, 1 H), 2.91 (ddd, J� 5.5, 8.8,
13.7 Hz, 1H), 3.40 (dd, J� 2.2, 10.5 Hz, 1H), 7.20 ± 7.33 (m, 5 H); EI-MS:
m/z : 233 [M�]; C14H19NO2 (233.31): calcd C 72.07, H 8.21, N 6.00; found C
72.03, H 8.18, N 6.09.


(4R*,5R*,1''R*)-Tetrahydro-5-(1-hydroxy-3-phenylpropyl)-4,5-dimethyl-2-
furanone (syn-g-lactone 8): The same procedure was used again to react 5
with ethyl crotonate to afford a 99:1 mixture (400 MHz 1H NMR) of 8 and
its (4S*,5S*,1'R*)-anti isomer in 74% yield. It was isolated by silica gel
column chromatography (AcOEt/hexane 30:70). Further purification of
the mixture by preparative silica gel TLC (AcOEt/hexane 50:50) afforded a
pure sample of 8 as a colorless oil: IR (neat): nÄ � 3500, 2950, 1760, 1490,
1450, 1420, 1380, 1240, 1050, 930, 850 cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 1.05 (d, J� 6.7 Hz, 3 H), 1.22 (s, 3 H), 1.76 (dddd, J� 5.2, 8.8, 10.2,
14.0 Hz, 1 H), 1.89 (dddd, J� 2.6, 7.5, 8.8, 14.0 Hz, 1H), 2.27 (dd, J� 10.0,
16.7 Hz, 1H), 2.58 (tq, J� 10.0, 6.7 Hz, 1 H), 2.66 (dd, J� 10.0, 16.7 Hz,
1H), 2.67 (ddd, J� 7.5, 8.8, 13.8 Hz, 1 H), 2.96 (ddd, J� 5.2, 8.8, 13.8 Hz,
1H), 3.50 (dd, J� 2.6, 10.2 Hz, 1 H), 7.19 ± 7.36 (m, 5 H); EI-MS: m/z : 248
[M�], 230 [M�ÿH2O]; C15H20O3 (248.32): calcd C 72.55, H 8.12; found: C
72.48, H 8.21.


(4R*,1''R*,2''R*)-4-(1,2-Dihydroxy-1-methyl-4-phenylbutyl)tetrahydro-2-
furanone (syn-diol 9): To a solution of 5 (60.0 mg, 0.337 mmol), 2(5 H)-
furanone (0.240 mL, 3.38 mmol), and MeOH (0.069 mL, 1.70 mmol) in
THF (1.0 mL) cooled at 0 8C was added a solution of SmI2 (0.10m, 8.40 mL,
0.840 mmol) in THF. After the reaction mixture was stirred at 0 8C for 3 h,
TLC analysis showed complete consumption of the starting a-hydroxy
ketone. The reaction mixture was quenched with saturated aqueous


NaHCO3 and extracted with diethyl ether. The combined ethereal layers
were washed with H2O and brine, dried over Na2SO4, filtered, and
concentrated in vacuo. Silica gel column chromatography (AcOEt/hexane
30:70) gave a 91:9 mixture (400 MHz 1H NMR) of 9 and its (4S*,1'S*,2'R*)-
anti isomer (63.0 mg, 71 %). Further purification of the mixture by
preparative silica gel TLC (AcOEt/hexane 50:50) afforded a pure sample
of 9 as a colorless oil: IR (neat): nÄ � 3450, 2950, 1770, 1500, 1190, 1020,
950 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.11 (s, 3 H), 1.72 (dddd, J� 5.6,
7.8, 9.3, 13.8 Hz, 1H), 1.75 (dddd, J� 2.9, 7.8, 11.2, 13.8 Hz, 1H), 2.43 (dd,
J� 8.3, 16.8 Hz, 1 H), 2.62 (dd, J� 9.8, 16.8 Hz, 1H), 2.62 ± 2.74 (m, 2H),
2.91 (ddd, J� 5.6, 7.8, 13.5 Hz, 1 H), 3.30 (dd, J� 2.9, 9.3 Hz, 1 H), 4.01 (dd,
J� 7.8, 9.0 Hz, 1 H), 4.19 (t, J� 9.0 Hz, 1 H), 7.19 ± 7.33 (m, 5 H); FAB-MS:
m/z : 264 [M� � H], 246 [M�ÿH2O]; C15H20O4 (264.32): calcd C 68.16, H
7.63; found: C 68.07, H 7.72.


(4R,*5R*)-5-(2-Cyanoethyl)-5-methyl-2-phenyl-4-(2-phenylethyl)-1,3,2-
dioxaborolane (10): A solution of the syn-diol 7 (20.0 mg, 0.086 mmol) and
PhB(OH)2 (105 mg, 0.861 mmol) in PhMe (1.0 mL) was stirred at room
temperature for 24 h. The solvent was evaporated in vacuo, and the residue
was purified by silica gel column chromatography (AcOEt/hexane 5:95) to
afford 10 (27.0 mg, 98%) as a colorless oil: IR (neat): nÄ � 3000, 2950, 2280,
1500, 1440, 1410, 1350, 1250, 1090, 1030, 920 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 1.30 (s, 3H), 1.77 (dddd, J� 2.9, 6.8, 9.5, 13.5 Hz, 1 H), 1.95
(dddd, J� 4.9, 9.8, 10.5, 13.5 Hz, 1H), 1.99, 2.51 (each m, 2 H), 2.77 (ddd,
J� 6.8, 9.8, 13.8 Hz, 1H), 3.03 (ddd, J� 4.9, 9.5, 13.8 Hz, 1H), 4.12 (dd, J�
2.9, 10.5 Hz, 1 H), 7.20 ± 7.36 (m, 5 H), 7.37 (t, J� 7.6 Hz, 2H), 7.43 (tt, J� 1.7,
7.6 Hz, 1 H), 7.84 (dd, J� 1.7, 7.6 Hz, 2H); EI-MS: m/z : 319 [M�];
C20H22BNO2 (319.21): calcd C 75.25, H 6.95, N 4.39; found: C 75.38, H
6.88, N 4.28.


Conversion of the syn-diol 7 into the syn-g-lactone 6: To a solution of 7
(20.0 mg, 0.086 mmol) in MeOH (1.0 mL) was added NaOMe (10.0 mg,
0.185 mmol). The resulting mixture was stirred at ambient temperature for
24 h and acidified with aqueous HCl (1m). After the MeOH was
evaporated in vacuo, the residue was extracted with AcOEt. The combined
organic layers were washed with brine, dried over Na2SO4, and concen-
trated in vacuo. Purification by silica gel column chromatography (AcOEt/
hexane 10:90) provided 6 (17.0 mg, 84%).


(4R,*5R,*1''R*)-5-(3-Hydroxy-1-methylpropyl)-5-methyl-2-phenyl-4-(2-
phenylethyl)-1,3,2-dioxaborolane (11): To a solution of the syn-g-lactone 8
(20.0 mg, 0.081 mmol) in diethyl ether (2.0 mL) cooled at 0 8C was added
LiAlH4 (10.0 mg, 0.264 mmol). The reaction mixture was stirred at 0 8C for
12 h and then quenched with AcOEt. The mixture was treated with
successive additions of H2O (0.01 mL), aqueous NaOH (15 %, 0.01 mL),
and H2O (0.03 mL). The resultant white precipitate was filtered off and the
filtrate was concentrated in vacuo. The residual oil was dissolved in PhMe
(2.0 mL) and PhB(OH)2 (99.0 mg, 0.811 mmol) was added. Stirring was
continued at room temperature for 24 h and the PhMe was evaporated in
vacuo. The crude material was purified by silica gel column chromatog-
raphy (AcOEt/hexane 10:90) to give 11 (23.0 mg, 84%) as a colorless oil:
IR (neat): nÄ � 3400, 2950, 1500, 1440, 1410, 1380, 1350, 1260, 1090, 1020,
920 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 0.84 (d, J� 6.8 Hz, 3H), 1.21 (s,
3H), 1.41 (ddt, J� 7.9, 13.8, 5.8 Hz, 1H), 1.75 (dddd, J� 2.4, 7.3, 9.5,
13.7 Hz, 1H), 1.84 (m, 1H), 1.96 (dddd, J� 4.4, 9.5, 11.0, 13.7 Hz, 1 H), 1.99
(dddd, J� 4.9, 6.2, 9.5, 13.8 Hz, 1 H), 2.78 (ddd, J� 7.3, 9.5, 13.8 Hz, 1H),
3.07 (ddd, J� 4.4, 9.5, 13.8 Hz, 1 H), 3.68 (ddd, J� 5.8, 7.9, 11.0 Hz, 1H),
3.78 (ddd, J� 4.9, 9.5, 11.0 Hz, 1 H), 4.18 (dd, J� 2.4, 11.0 Hz, 1H), 7.19 ±
7.35 (m, 5H), 7.38 (t, J� 7.8 Hz, 2H), 7.46 (tt, J� 1.5, 7.8 Hz, 1 H), 7.85 (dd,
J� 1.5, 7.8 Hz, 2 H); EI-MS: m/z : 338 [M�], 320 [M�ÿH2O]; C21H27BO3


(338.25): calcd C 74.57, H 8.05; found: C 74.48, H 8.17.


(4R,*5R,*3''R*)-5-Methyl-2-phenyl-4-(2-phenylethyl)-5-(tetrahydro-5-oxo-
3-furanyl)-1,3,2-dioxaborolane (12): The procedure described for the
preparation of the 1,3,2-dioxaborolane 10 was followed to prepare the
title compound from the syn-diol 9 in 91 % yield as a colorless oil: IR
(neat): nÄ � 2900, 1780, 1500, 1440, 1400, 1360, 1250, 1230, 1180, 1090, 1020,
930 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.37 (s, 3 H), 1.76 (dddd, J� 4.8,
9.4, 11.0, 13.8 Hz, 1H), 1.98 (dddd, J� 2.4, 7.3, 8.8, 13.8 Hz, 1H), 2.56 (dd,
J� 2.0, 16.5 Hz, 1H), 2.58 (d, J� 16.5 Hz, 1H), 2.74 (dt, J� 2.0, 8.3 Hz,
1H), 2.77 (ddd, J� 7.3, 9.4, 14.5 Hz, 1 H), 3.03 (ddd, J� 4.8, 8.8, 14.5 Hz,
1H), 4.29 (m, 2H), 7.21 ± 7.34 (m, 5 H), 7.40 (t, J� 7.7 Hz, 2 H), 7.45 (tt, J�
1.7, 7.7 Hz, 1 H), 7.84 (dd, J� 1.7, 7.7 Hz, 2 H); FAB-MS: m/z : 351 [M� �H];
C21H23BO4 (350.22): calcd C 72.02, H 6.62; found: C 72.18, H 6.51.
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(4R*,5R*,1''R*)-Tetrahydro-4-hydroxymethyl-5-(1-hydroxy-3-phenylpro-
pyl)-5-methyl-2-furanone (syn-g-lactone 13): A solution of the syn-diol 9
(30.0 mg, 0.113 mmol) in THF (2.0 mL) was treated with saturated aqueous
NaHCO3 (1.0 mL). The mixture was stirred at room temperature for 20 min
and extracted with diethyl ether. The combined ethereal extracts were
washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo.
Purification by silica gel column chromato graphy (AcOEt/PhMe 20:80)
afforded 13 (27.0 mg, 90%) as a colorless oil: IR (neat): nÄ � 3400, 2950,
1760, 1500, 1450, 1420, 1380, 1270, 1230, 1140, 1090, 1030, 950 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 1.37 (s, 3H), 1.92 (m, 2 H), 2.49 (m, 1H),
2.58 (dd, J� 6.8, 16.2 Hz, 1 H), 2.67 (dt, J� 13.7, 8.3 Hz, 1 H), 2.82 (dd, J�
9.7, 16.2 Hz, 1 H), 2.91 (ddd, J� 5.4, 9.0, 13.7 Hz, 1 H), 3.77 (dd, J� 2.9,
10.3 Hz, 1 H), 3.83 (d, J� 4.4 Hz, 2H), 7.12 ± 7.32 (m, 5 H); EI-MS: m/z : 246
[M�ÿH2O]; FAB-MS: m/z : 265 [M� � H]; C15H20O4 (264.32): calcd C
68.16, H 7.63; found: C 68.25, H 7.57.


(�)-Methyl 3-hydroxy-2,2-dimethyl-5-phenylvalerate: To a solution of
iPr2NH (10.1 mL, 72.1 mmol) in THF (150 mL) cooled at 0 8C was added
a solution of nBuLi (1.61m, 37.3 mL, 60.1 mmol) in hexane. The resultant
solution was stirred at 0 8C for 10 min and cooled to ÿ78 8C, and then a
solution of methyl isobutyrate (5.73 mL, 50.0 mmol) in THF (50 mL) was
added. After the reaction mixture was stirred at ÿ78 8C for 1 h, a solution
of 3-phenylpropionaldehyde (6.71 g, 50.0 mmol) in THF (50 mL) was
introduced. The reaction was stirred at ÿ78 8C for 1 h, quenched with
saturated aqueous NH4Cl, and extracted with diethyl ether. The combined
ethereal layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. Silica gel column chromatography (AcOEt/hexane
5:95) furnished the title compound (9.40 g, 80%) as a colorless oil: IR
(neat): nÄ � 3500, 2950, 1720, 1490, 1470, 1450, 1430, 1390, 1360, 1270, 1190,
1130, 1080, 1040, 990, 920 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 1.16, 1.18
(each s, 3H), 1.60 (dddd, J� 5.2, 9.5, 10.2, 13.5 Hz, 1H), 1.77 (dddd, J� 2.0,
7.2, 10.2, 13.5 Hz, 1H), 2.65 (ddd, J� 7.2, 9.5, 13.5 Hz, 1H), 2.96 (ddd, J�
5.2, 10.2, 13.5 Hz, 1H), 3.62 (dd, J� 2.0, 10.2 Hz, 1H), 3.69 (s, 3 H), 7.14 ±
7.38 (m, 5H); EI-MS: m/z : 236 [M�], 218 [M�ÿH2O]; C14H20O3 (236.31):
calcd C 71.16, H 8.53; found: C 70.99, H 8.54.


(�)-2,2-Dimethyl-5-phenyl-1,3-pentanediol: To a solution of methyl 3-
hydroxy-2,2-dimethyl-5-phenylvalerate (1.89 g, 8.00 mmol) in diethyl ether
(20.0 mL) cooled at 0 8C was added LiAlH4 (500 mg, 13.2 mmol). The
reaction was stirred at 0 8C for 1 h and quenched with AcOEt. The mixture
was treated with successive additions of H2O (0.50 mL), aqueous NaOH
(15 %, 0.50 mL), and H2O (1.5 mL). The resultant white precipitate was
filtered off and the filtrate was concentrated in vacuo. The residual solid
was recrystallized from hexane to provide the title compound (1.21 g, 73%)
as colorless crystals, M.p. 79 ± 80 8C: IR (CHCl3): nÄ � 3390, 3300, 2940, 1580,
1450, 1380, 1360, 1310, 1290, 1230, 1200, 1070, 1040, 1020, 930, 880 cmÿ1;
1H NMR (250 MHz, CDCl3): d� 0.88 (s, 6 H), 1.68 (dddd, J� 4.3, 9.5, 10.5,
13.7 Hz, 1 H), 1.82 (dddd, J� 2.2, 6.6, 10.0, 13.7 Hz, 1 H), 2.64 (ddd, J� 6.6,
9.5, 14.0 Hz, 1 H), 2.94 (ddd, J� 4.3, 10.0, 14.0 Hz, 1 H), 3.45 (d, J� 11.2 Hz,
1H), 3.51 (dd, J� 2.2, 10.5 Hz, 1H), 3.57 (d, J� 11.2 Hz, 1 H), 7.16 ± 7.38 (m,
5H); EI-MS: m/z : 208 [M�], 190 [M�ÿH2O]; C13H20O2 (208.30): calcd C
74.96, H 9.68; found: C 74.90, H 9.51.


(�)-3-Hydroxy-2,2-dimethyl-5-phenylvaleraldehyde (21): To a solution of
2,2-dimethyl-5-phenyl-1,3-pentanediol (0.500 g, 2.40 mmol) in CH2Cl2


(15 mL) was added Dess ± Martin periodinane (2.04 g, 4.81 mmol). After
stirring at room temperature for 1 h, the mixture was quenched with
saturated aqueous NaHCO3 and saturated aqueous Na2S2O3 and extracted
with diethyl ether. The combined extracts were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. Purification by silica gel
column chromatography (AcOEt/hexane 10:90) afforded 21 (0.307 g,
62%) as a colorless oil: IR (neat): nÄ � 3300, 2950, 1720, 1490, 1460, 1450,
1380, 1360, 1270, 1130, 1070, 1040, 980, 930 cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 1.01, 1.08 (each s, 3 H), 1.72 (m, 2H), 2.67 (dt, J� 13.3, 7.5 Hz,
1H), 2.94 (ddd, J� 5.5, 8.8, 13.3 Hz, 1H), 3.76 (dd, J� 3.0, 9.1 Hz, 1H),
7.14 ± 7.35 (m, 5 H), 9.50 (s, 1H); EI-MS: m/z : 206 [M�], 189 [M�ÿH2O];
C13H18O2 (206.28): calcd C 75.69, H 8.79; found: C 75.53, H 8.83.


(4S*,5R*)-5-Hydroxy-4-methyl-7-phenyl-3-heptanone (24): To a solution
of iPr2NEt (4.79 mL, 27.5 mmol) in diethyl ether (80 mL) cooled at ÿ78 8C
was added a solution of 9-BBNOTf (0.50m, 50.0 mL, 25.0 mmol) in hexane
and a solution of 3-pentanone (2.50 mL, 24.8 mmol) in diethyl ether
(5.0 mL). After stirring at ÿ78 8C for 10 min, a solution of 3-phenyl-
propionaldehyde (3.35 g, 25.0 mmol) in diethyl ether (5.0 mL) was
introduced. The reaction was stirred at ÿ78 8C for 1 h, warmed to 0 8C


for 2 h, and then quenched with MeOH (5.0 mL) and aqueous H2O2 (30 %,
5.0 mL). The resulting mixture was stirred at room temperature for 1 h,
cooled to 0 8C, treated with saturated aqueous Na2S2O3, and extracted with
diethyl ether. The combined ethereal layers were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. Purification by silica gel
column chromatography (AcOEt/hexane 20:80) gave 24 (5.40 g, 98 %) as a
colorless oil: IR (neat): nÄ � 3550, 2950, 1720, 1490, 1450, 1410, 1380, 1110,
1080, 1030, 970, 930 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.04 (t, J�
7.3 Hz, 3H), 1.15 (d, J� 7.3 Hz, 3H), 1.59 (dddd, J� 3.1, 7.0, 9.6, 14.0 Hz,
1H), 1.84 (ddt, J� 5.2, 14.0, 9.1 Hz, 1H), 2.46, 2.54 (each dq, J� 18.0,
7.3 Hz, 1 H), 2.57 (dq, J� 3.1, 7.3 Hz, 1H), 2.65 (ddd, J� 7.0, 9.1, 13.5 Hz,
1H), 2.84 (ddd, J� 5.2, 9.6, 13.5 Hz, 1 H), 3.94 (dt, J� 9.1, 3.1 Hz, 1H),
7.16 ± 7.35 (m, 5H); EI-MS: m/z : 220 [M�], 202 [M�ÿH2O]; C14H20O2


(220.31): calcd C 76.33, H 9.15; found: C 76.45, H 9.28.


(4R*,6R*)-4,6-Dihydroxy-5,5-dimethyl-8-phenyloctanenitrile (anti-diol
22) and its (4S*,6R*) isomer (syn-diol 23): To a solution of 21 (60.0 mg,
0.291 mmol), acrylonitrile (0.192 mL, 2.92 mmol), and MeOH (0.059 mL,
1.46 mmol) in THF (1.00 mL), cooled at 0 8C, was added a solution of SmI2


(0.10m, 7.27 mL, 0.727 mmol) in THF. After the reaction mixture was
stirred at 0 8C for 1 h, TLC analysis showed completed consumption of the
starting b-hydroxy aldehyde. The reaction mixture was quenched with
saturated aqueous NaHCO3 and extracted with diethyl ether. The
combined ethereal extracts were washed with H2O and brine, dried over
Na2SO4, and filtered. Concentration in vacuo and purification by silica gel
column chromatography (AcOEt/hexane 30:70) afforded a 99:1 mixture
(400 MHz, 1H NMR) of 22 and 23 (55.5 mg, 73%). Further purification of
the mixture by preparative silica gel TLC (AcOEt/hexane 50:50) afforded
pure samples of 22 and 23.


anti-Diol 22: white solid, M.p. 88 ± 89 8C; IR (CHCl3): nÄ � 3350, 2910, 2250,
1490, 1460, 1380, 1320, 1260, 1150, 1090, 1040, 930 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 0.90 (s, 6 H), 1.62 ± 1.93 (m, 4 H), 2.47 (dt, J� 17.0,
8.0 Hz, 1H), 2.59 (ddd, J� 5.8, 7.8, 17.0 Hz, 1 H), 2.65 (ddd, J� 7.5, 8.5,
13.5 Hz, 1H), 2.89 (ddd, J� 6.0, 9.1, 13.5 Hz, 1H), 3.56 (dd, J� 2.2, 10.0 Hz,
1H), 7.18 ± 7.40 (m, 5 H); EI-MS: m/z : 261 [M�], 243 [M�ÿH2O];
C16H23NO2 (261.31): calcd C 73.53, H 8.87, N 5.36; found: C 73.41, H 9.01,
N 5.25.


syn-Diol 23: colorless oil; IR (neat): nÄ � 3400, 2980, 2250, 1490, 1450, 1380,
1310, 1180, 1090, 1070, 930 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 0.76,
0.90 (each s, 3 H), 1.57 ± 2.02 (m, 4H), 2.47 (dt, J� 16.0, 8.1 Hz, 1H), 2.55
(ddd, J� 5.5, 7.8, 16.0 Hz, 1 H), 2.64 (ddd, J� 7.0, 8.8, 13.3 Hz, 1H), 2.86
(ddd, J� 5.8, 9.5, 13.3 Hz, 1H), 3.55 (dd, J� 2.0, 10.5 Hz, 1 H), 3.62 (dd, J�
2.6, 11.0 Hz, 1H), 7.19 ± 7.41 (m, 5H); EI-MS: m/z : 261 [M�], 243 [M�ÿ
H2O]; C16H23NO2 (261.36): calcd C 73.53, H 8.87, N 5.36; found: C 73.62, H
8.70, N 5.18.


(4R*,5S*,6R*)-4-Ethyl-4,6-dihydroxy-5-methyl-8-phenyloctanenitrile
(anti-diol 25): The previously outlined procedure was followed to react 24
with acrylonitrile to afford 25 in 85% yield. The product was isolated by
preparative silica gel TLC (AcOEt/hexane 50:50) as a colorless oil : IR
(neat): nÄ � 3300, 2830, 2330, 1460, 1380, 1330, 1110, 1060, 970, 920 cmÿ1;
1H NMR (400 MHz, CDCl3): d� 0.79 (d, J� 7.2 Hz, 3 H), 0.98 (d, J�
6.8 Hz, 3 H), 1.43 (dq, J� 15.6, 7.2 Hz, 1 H), 1.49 (dq, J� 2.0, 6.8 Hz, 1H),
1.57 (dq, J� 15.6, 7.2 Hz, 1 H), 1.74 (dddd, J� 4.9, 6.3, 9.8, 13.7 Hz, 1H),
1.81 (ddd, J� 5.8, 10.5, 13.5 Hz, 1 H), 1.93 (ddt, J� 8.3, 13.7, 6.8 Hz, 1H),
2.08 (ddd, J� 5.0, 11.0, 13.5 Hz, 1H), 2.28 (ddd, J� 5.8, 11.0, 16.8 Hz, 1H),
2.50 (ddd, J� 5.0, 10.5, 16.8 Hz, 1 H), 2.68 (ddd, J� 6.3, 6.8, 13.7 Hz, 1H),
2.73 (ddd, J� 6.8, 9.8, 13.7 Hz, 1 H), 4.15 (ddd, J� 2.0, 4.9, 8.3 Hz, 1H),
7.20 ± 7.33 (m, 5H); EI-MS: m/z : 275 [M�]; C17H25NO2 (275.39): calcd C
74.14, H 9.15, N 5.09; found: C 74.08, H 8.99, N 4.96.


(4R,*6R*)-4-(2-Cyanoethyl)-5,5-dimethyl-2-phenyl-6-(2-phenylethyl)-
1,3,2-dioxaborane (28): The procedure described for the preparation of the
1,3,2-dioxaborolane 10 was followed to prepare the title compound from
syn-diol 22 in 83 % yield as a colorless oil: IR (neat): nÄ � 2980, 2250, 1490,
1450, 1400, 1380, 1360, 1330, 1300, 1260, 1160, 1130, 1090, 1070, 1010, 950,
930 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 0.96 (s, 6H), 1.68 ± 2.00 (m, 2H),
2.55 ± 2.66 (m, 2 H), 2.78 (dt, J� 13.5, 8.1 Hz, 1 H), 3.07 (ddd, J� 5.1, 9.3,
13.5 Hz, 1H), 3.75 (dd, J� 2.6, 10.2 Hz, 1 H), 3.89 (dd, J� 2.1, 11.0 Hz, 1H),
7.17 ± 7.34 (m, 5 H), 7.40 (t, J� 7.5 Hz, 2H), 7.45 (tt, J� 1.6, 7.5 Hz, 1H), 7.86
(dd, J� 1.6, 7.5 Hz, 2 H); EI-MS: m/z : 347 [M�]; C22H26BNO2 (347.26):
calcd C 76.09, H 7.55, N 4.03; found: C 76.25, H 7.37, N 3.92.
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(4S,*6R*)-4-(2-Cyanoethyl)-5,5-dimethyl-2-phenyl-6-(2-phenylethyl)-
1,3,2-dioxaborane (29): The procedure described for the preparation of the
1,3,2-dioxaborolane 10 was followed to prepare the title compound from
anti-diol 23 in 88 % yield as a colorless oil: IR (neat): nÄ � 2960, 2300, 1480,
1450, 1410, 1380, 1360, 1320, 1290, 1260, 1170, 1130, 1080, 1010, 960,
920 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 0.80, 0.91 (each s, 3H), 1.70 ±
2.02 (m, 2H), 2.58 ± 2.69 (m, 2 H), 2.81 (dt, J� 14.1, 7.9 Hz, 1H), 3.12 (ddd,
J� 5.3, 9.1, 14.1 Hz, 1 H), 3.77 (dd, J� 2.7, 10.8 Hz, 1H), 3.83 (dd, J� 2.1,
11.3 Hz, 1 H), 7.16 ± 7.35 (m, 5 H), 7.38 (t, J� 7.7 Hz, 2H), 7.43 (tt, J� 1.8,
7.7 Hz, 1H), 7.82 (dd, J� 1.8, 7.7 Hz, 2H); EI-MS: m/z : 347 [M�];
C22H26BNO2 (347.26): calcd C 76.09, H 7.55, N 4.03; found: C 75.91, H
7.27, N 3.88.


(4R,*5S,*6R*)-4-(2-Cyanoethyl)-4-ethyl-5-methyl-2-phenyl-6-(2-phenyl-
ethyl)-1,3,2-dioxaborane (30): The procedure described for the preparation
of the 1,3,2-dioxaborolane 10 was followed to prepare the title compound
from syn-diol 25 in 85% yield as a colorless oil: IR (neat): nÄ � 2920, 2320,
1460, 1380, 1360, 1310, 1290, 1260, 1140, 1020, 960 cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 0.89 (t, J� 7.3 Hz, 3H), 0.91 (d, J� 7.0 Hz, 3H),
1.62 ± 1.82 (m, 4H), 1.96 (ddd, J� 6.2, 10.0, 14.2 Hz, 1 H), 2.06 (ddt, J� 5.5,
18.6, 9.3 Hz, 1 H), 2.12 (ddd, J� 4.6, 10.0, 14.2 Hz, 1H), 2.42 (ddd, J� 6.2,
10.0, 16.5 Hz, 1 H), 2.51 (ddd, J� 5.5, 10.0, 16.5 Hz, 1H), 2.78 (ddd, J� 6.6,
9.3, 13.6 Hz, 1H), 2.98 (ddd, J� 5.5, 10.0, 13.6 Hz, 1H), 4.33 (dt, J� 9.3,
3.5 Hz, 1 H), 7.19 ± 7.33 (m, 5H), 7.36 (t, J� 7.9 Hz, 2H), 7.44 (tt, J� 1.5,
7.9 Hz, 1H), 7.80 (dd, J� 1.5, 7.9 Hz, 2H); EI-MS: m/z : 361 [M�];
C23H28BNO2 (361.29): calcd C 76.46, H 7.81, N 3.88; found: C 76.55, H
7.72, N 4.01.
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Solid-Phase SNAr Macrocyclizations To Give Turn ± Extended-Turn
Peptidomimetics


Yangbo Feng and Kevin Burgess*[a]


Abstract: Solid-phase supported SNAr macrocyclization reactions were investigated
to test the viability of preparing libraries of b-turn mimics. An optimized set of
conditions for this type of transformation was developed for various amino acid
derived nucleophiles and ring sizes. The reaction conditions were optimized for the
ideal resin types, resin loadings, bases, and cyclization time for the macrocyclization
reactions. Finally, these conditions were applied in a series of model syntheses in
which the products were isolated and purified. Access to this type of peptidomimetic
on the solid phase lays foundations for the syntheses of libraries designed for targets
involving protein ± protein interactions.


Keywords: b-turn ´ macrocycliza-
tions ´ nucleophilic aromatic substi-
tutions ´ peptidomimetics ´ solid-
phase synthesis


Introduction


Historically, therapeutic strategies based on enzyme ± sub-
strate interactions are more common than those based on
protein ± protein contacts. At least two factors have contrib-
uted to this situation. The first is that enzyme ± substrate
interactions are far easier to mimic, for example with small
organic compounds, than protein ± protein contacts which are
harder to identify and are usually not localized. The second is
that the biological role of extracellular receptors in cell
signaling is complex and is yet to be fully understood. Despite
these intrinsic difficulties, there are strong indications that
treatments based on interfering with protein ± protein inter-
actions will become increasingly important. This is especially
true since the ªHuman Genome Projectº is exposing many
new protein ± protein interactions that could be exploited in
medicinal chemistry.


Libraries of b-turn mimics are likely to play a pivotal role in
the development of therapeutic approaches based on pro-
tein ± protein interactions. Figure 1 illustrates a typical ap-
proach to identify relatively small molecules that will mimic
protein ± protein contact sites, and the role that libraries of b-
turn mimics play in such efforts. ªHot spotsº,[1±4] that is key


Figure 1. A possible initial strategy for exploring protein ± protein inter-
actions for pharmaceutical applications.


molecular recognition regions wherein the protein ± ligand
interacts with its receptor, are first identified from structural
data and from activities of protein mutants and/or chimeras.
These hot spots often feature turn or loop protein regions.[5]


Simple mimics of the putative protein ± ligand hot spots,
typically disulfide-linked cyclic peptides encapsulating the
sequence of interest,[6±13] are then prepared to test for binding
and activity. The next logical step is to prepare peptidomi-
metics with increased rigidity and reduced size. Libraries of
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turn or loop peptidomimetics in which amino acid sequences
are displayed in various relatively rigid conformations will
therefore be extremely useful. These could be focussed
libraries wherein the amino acid residues correspond to one
component of the protein ± ligand interaction, or larger
libraries designed to test a diverse set of pharmacophores
arranged in different ways. Often, both focussed and more
diverse libraries will be used.


The work described herein was undertaken to develop a
methodology that would enable preparation of b-turn ana-
logues conforming to the criteria described above. The target
molecular type I was selected,[14] because the scaffold can be
varied to display different amino acid sequences in different
conformations. These scaffolds might also be varied to impart
favorable pharmacokinetic properties.


Syntheses of b-turn mimics incorporating amino acids have
been studied intensively, but many solid-phase syntheses of
rigid b-turn mimetics containing amino acid pharmacophores
must be developed to match the anticipated need for this type
of library. DuPont ± Merck�s macrocyclic turn mimics A[15, 16]


and Kessler�s carbohydrate derivatives B[17, 18] are excellent
illustrations of pharmacologically active molecules featuring
key amino acids held in favorable conformations by non-
peptidic scaffolds. However, it has yet to be demonstrated that


these systems are amenable to construction on a solid-phase
and hence high-throughput parallel syntheses. Consequently,
the value of the work described herein should be gauged
against its suitability for: i) forming relatively small focussed
libraries of products containing key amino acid sequences;
and, ii) accessing larger libraries through high-throughput
parallel syntheses.


Results and Discussion


Table 1 shows the compounds that were prepared and isolated
in this study, and illustrates the numbering system that will be
used throughout this paper. An ªmº suffix is used to indicate
the desired cyclic monomer (compare target molecule I
above). Two unwanted by-products frequently observed in
this study were uncyclized linear peptide, and the cyclized
dimer. These are given the same number as the parent
cyclized monomer (thus defining R1, R2, X, and L), while ªlº
and ªdº suffixes denote the linear peptide and dimer,
respectively.


The compounds shown in Table 1 were prepared after
extensive optimization of the reaction conditions and other
reaction parameters. Most of this paper is devoted to explain-
ing how these optimized conditions and parameters were
identified. An outline of the optimization approach is as
follows. First, a protocol was developed to determine the
product purity, which was then applied to probe experiments
to access the effects of the SNAr nucleophile, product ring size,
resin type and loading, spacers, different bases, and reaction
times. These experiments enabled us to access workable
conditions for the critical SNAr macrocyclization.[19] Products
were not fully characterized in these optimization experi-
ments, instead they were only tentatively identified with
HPLC and MS. However, in the final part of this work the
idealized conditions were applied to a series of illustrative
syntheses in which the yield of isolated material was obtained
(Table 1) and spectroscopic data was collected. Details of
each step of the optimization process are presented in the
following sections.


Coupling and protecting group strategies : Cyclization pre-
cursors were prepared on the solid phase with the conven-
tional Fmoc approach[20] with diisopropylcarbodiimide/N-
hydroxybenzotriazole (DIC/HOBt) for activation. Standard
acid-labile side chain protecting groups were used for most of
the amino acids.[21] However, careful consideration and some
time-consuming experimentation were required in selecting
the appropriate protecting groups for the amino acid side
chain that would serve as the nucleophile in the SNAr
macrocyclization. The difficulty was that those nucleophilic
side chains had to be protected during the syntheses of the
linear peptidomimetic sequence, then unmasked without
cleaving the cyclization precursor from the resin. This was
not a routine exercise, and the approach taken proved to be
critical for success in this work.
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Three protecting group strategies were investigated when
cysteine was used as the nucleophilic component in the
cyclization. Use of the StBu disulfide (deprotection PBu3 in
DMF/iPrOH)[22] gave variable results. Trityl protection (de-
protection 3 % TFA, 4 % HSiiPr3 in CH2Cl2) or, better, Mmt
(Mmt� 4-methoxytrityl; deprotection 1 % TFA, 4 % HSiiPr3


in CH2Cl2) was superior. Trityl protection was also used for
serine, homoserine, and threonine residues (deprotection 1 %
TFA, 4 % HSiiPr3 in CH2Cl2).


Lysine and ornithine side chains were protected with Mtt
(Mtt� 4-methyltrityl; deprotection 1 % TFA, 4 % HSiiPr3 in
CH2Cl2). Shorter amine-containing side chains presented a
problem because these amino acid precursors are compara-
tively expensive or not available commercially. Consequently,


the side chains were generated by on-resin Hofmann degra-
dation reactions[23±25] of asparagine or glutamine side chains
immediately prior to the attempted macrocyclization as
illustrated below.


Scheme 1. On-resin Hofmann degradation.


Table 1. Compounds prepared and isolated.
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i) attempted cyclization


ii) cleavage
(  )n


L = linker


Compound[a] Ring size R1 R2 X L Purity [%] Isolated yield [%]


1m 13 (CH2)2CO2H (CH2)4NH2 S ± 75 33
2m 13 (CH2)4NH2 (CH2)2CONH2 S ± 55 24
3m 13 MeEtCH (CH2)4NH2 S ± 67 23
4m 13 (CH2)4NH2 H S ± 85 38
5m 13 CH3 H S - 93 39
6m 13 (CH2)2CO2H (CH2)4NH2 S CH2CONH 70 31
7m 13 (CH2)2CO2H (CH2)4NH2 S (CH2)2CONH 66 32
8m 13 (CH2)2CO2H (CH2)4NH2 S (CH2)5CONH 63 32
9m 13 (CH2)4NH2 H S CH2CONH 87 27
10m 13[b] (CH2)2CO2H (CH2)4NH2 S CH2CO2 40 23
11m 13 (CH2)2CO2H (CH2)4NH2 O ± 30 14
12m 14 (CH2)2CO2H (CH2)4NH2 O ± 89 43
13m 14 d-(CH2)2CO2H (CH2)4NH2 O ± 60 48
14m 14 (CH2)2CO2H d-(CH2)4NH2 O ± 59 38
15m 14 MeEtCH CH2CONH2 O ± 61 23
16m 14 CH2CONH2 (CH2)3 (from Pro) O ± 51 18
17m 14 MeEtCH (CH2)4NH2 O ± 80 37
18m 14 CH2CONH2 CH2OH O ± 49 11
19m 14 CH2OH CH2iPr O ± 94 65
20m 14 iPr (CH2)2CO2H O ± 77 43
21m 14 CH2CO2H MeEtCH O ± 70 25
22m 14 (CH2)2CO2H (CH2)4NH2 O CH2CONH 63 32
23m 13[b] (CH2)2CO2H (CH2)4NH2 O CH2CO2 71 33
24m 13 MeEtCH CH2CONH2 O CH2CONH 56 20
25m 13 (CH2)2CO2H (CH2)4NH2 NH ± 30 9
26m 14 (CH2)2CO2H (CH2)4NH2 NH ± 90 30
27m 14 EtMeCH (CH2)4NH2 NH ± 86 48
28m 14 (CH2)3 (from Pro) CH(CH3)2 NH ± 78 43
29m 14 CH2OH (CH2)4NH2 NH ± 82 40
30m 14 CH2Ph CH2CH2SCH3 NH ± 93 37
31m 15 (CH2)2CO2H (CH2)4NH2 NH ± 93 56
32m 15 iPr (CH2)2CO2H NH ± 91 74
33m 15 CH2iPr CH2(CH3)OH NH ± 90 89
34m 15 CH2Ph CH2C3H3N2 NH ± 96 73
35m 15 (CH2)3 (from Pro) CH2SCH2NH-COCH3 NH ± 91 67
36m 16 (CH2)2CO2H (CH2)4NH2 NH ± 83 52
37m 16 EtMeCH (CH2)4NH2 NH ± 89 52
38m 14[b] (CH2)2CO2H (CH2)4NH2 NH CH2CO2 60 23
39m 15[b] (CH2)2CO2H (CH2)4NH2 NH CH2CO2 96 59


[a] Desired cyclized monomer denoted with ªmº suffix in compound number. [b] Compounds with a carboxylate C-terminus were prepared on resins
equipped with Wang linkers.
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Assays of purity : A convenient HPLC assay of product purity
was required for the optimization studies reported here.
Selection of a UV wavelength for HPLC detection in the
absence of authentic product and by-product samples is a
perennial problem in solid-phase syntheses, and the way in
which this problem is approached directly influences the data
obtained.[26, 27] For instance, studies have been performed in
which 4-nitrophenylalanine was used as a spacer so that the
products could be assayed at the 4-nitrophenyl absorption
maximum.[28±30] This approach overrepresents the product
purity with respect to impurities that do not absorb strongly at
lmax for the 4-nitrophenyl group. While that type of bias is not
a concern for evaluations within a series of data recorded
under identical conditions, it does not allow broader compar-
isons because the purity data obtained in such experiments
are the maximum possible values that could conceivably be
measured.


The following experiments were performed to develop
relatively stringent tests of product purity and product ratios.
Syntheses of two turn mimics, the same sequence with and
without a UV silent spacer, were examined (Table 2). The


desired cyclized materials 1 m and 6 m were formed along with
undesired cyclic dimer (1 d and 6 d) and some minor
uncharacterized products; an illustrative HPLC trace is shown
in Figure 2. Ratios of the cyclic monomer and dimers were
measured by UV detection at three wavelengths. These


Figure 2. HPLC profile corresponding to entry 1 in Table 2 at 254 nm
detection, no spacer. Peak a is the desired cyclic monomer, peak b the
undesired cyclic dimer. The small peak in the middle gave three times the
molecular weight of that of peak a, but was not characterized further.


data were then compared with the ratios of the products
isolated from these same experiments (for instance, material
corresponding to all three major peaks in Figure 2 was
collected, and the ratio of monomer-to-dimer was based on
the total mass of these three peaks). None of the purities
indicated by UV detection at any of the three wavelengths
used perfectly matched the ratios of isolated products, but
only the average of data collected at 254 and 215 nm gave a
reasonable fit. Consequently, 254/215 nm averages were used
to compare purities for all the optimization work presented in
this paper.


Effects of nucleophile and product ring size : The data for
testing the macrocyclization reactions involving readily avail-
able amino acids with nucleophilic side chains are shown in
Table 3. Residues used for the nucleophilic components of the
SNAr reaction included cysteine, serine, threonine, homoser-


ine, ornithine, lysine, and the Hofmann degradation products
from asparagine and glutamine. Homocysteine was not
included since this amino acid is relatively expensive,
especially in the protected form.


Entries 1 ± 3 of Table 3 reveal that the desired 13-mem-
bered ring cyclic monomer formed with the S-nucleophile
(Cys) and the N-nucleophile, but not with the O-nucleophile
(Ser; Thr was also tested, data not shown). Overall, the data in
Table 3 shows that the formation of the 13-membered ring
system was the most demanding of the four ring sizes
examined. For N-nucleophiles, the desired product 13-mem-
bered ring was formed in significantly lower yield (entry 2)
than the others (entries 4, 6, and 7). This could be a result of
the ring strain and/or an anomalous Hofmann degradation for
asparagine compared with glutamine. However, the data for
the O-nucleophiles follows the same trend; no product was
obtained for the 13-membered ring cases (entry 3) whereas a
reasonable yield of the cyclic monomer was obtained for the
14-membered ring case (entry 5). These observations indicate
that ring strain is a major factor in determining the efficiency
of the macrocyclization, and that 13-membered rings are
unfavorable. Incidentally, it was shown later that the amount
of the cyclic monomer formed could be enhanced significantly
by changing the resin type or the loading.


Table 2. Selection of UV wavelengths for purity determination based on
formation of a model macrocyclic sulfide.


Detection method Product Cyclic monomer Cyclic dimer
(1m or 6m) [%] (1 d or 6 d) [%]


UV at 280 nm 1[a] 75 22
UV at 254 nm 1 63 33
UV at 215 nm 1 49 46
254/215 nm average 1 56 40
product ratios [%] 1 56 39
UV at 280 nm 6[b] 66 34
UV at 254 nm 6 47 53
UV at 215 nm 6 30 70
254/215 nm average 6 39 62
product ratios [%] 6 42 58


[a] Rink amide AM resin at 0.66 mmol gÿ1 for 1. [b] HMPB-BHA
resin[33, 34] at 0.69 mmol gÿ1 for 6.


Table 3. Influence of nucleophile and ring size on macrocyclization
efficiency.


Entry Ring size X[a] Compound/Purity [%][b]


Linear monomer Cyclic monomer Cyclic dimer


1 13 S 1 l/0 1m/56 1 d/40
2 13 NH 25 l/0 25m/30[c] 25 d/0
3 13 O 11 l/55 11m/2[d] 11 d/38
4 14 NH 26 l/0 26m/90 26 d/0
5 14 O 12 l/0 12m/61 12 d/0
6 15 NH 31 l/0 31m/93 31 d/0
7 16 NH 36 l/0 36m/82 36 d/0


[a] See Table 1 for definition of X. [b] Based on HPLC/UV detection for
average values monitored at 215 and 254 nm for macrocyclization
conditions: i) 5.0 equiv K2CO3, DMF, 25 8C, 35 h; ii) TFA cleavage, on
Rink amide AM resin at 0.66 mmol gÿ1. [b] Other unidentified products
also formed. [c] The desired monocyclic compounds were obtained with
different cyclization conditions.
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A similar macrocyclization was also attempted with
(2S,4R)-4-hydroxyproline as the nucleophile to yield the
desired product as a 13/14-membered ring. However, no cyclic
monomer was detected when potassium carbonate was used
as a base. Low yields of cyclic monomer were detected when
TBAF was used. This is another example of how difficult it is
to achieve SNAr cyclizations to 13-membered rings with
O-nucleophiles.


Effects of resin type and resin loading : The work outlined in
Table 4 indicate that cyclic dimers could be significant by-
products, especially when the intended product was a strained
13-membered ring system. It was anticipated that resin type
and resin loading might have significant effects on the
ratio of the desired cyclized monomer to undesired cyclized
dimer (m/d), so studies were initiated to probe this issue.
Two resin types were compared: polyethylene glycol/poly-
styrene graft resin, also called TentaGel S RAM, and conven-
tional polystyrene resin as the Rink Amide AM resin.
Both were functionalized with Rink�s amide handle.[31] The
commercially available polystyrene resin has a higher loading
than the TentaGel resin, but a batch of the former was
ªcapped-downº to a loading approximately the same as the
latter.


The data presented for the TentaGel S RAM and Rink AM
resins in Table 4 at similar loadings indicate the latter gives a
slightly higher monomer-to-dimer (m/d) ratio for each of the
three examples tested. However, when the loading was
increased by a factor of 2.5 (i.e., 0.66/0.26) the corresponding
m/d ratios decreased by approximately the same factor. Resin
loading was therefore critical in determining the ratio of
desired product to cyclized dimer.


Experiments performed to accumulate data for Table 4 also
revealed that the purity of the desired product depends on the
resin loading. More by-products were observed when higher
loadings were involved. Figure 3 compares crude HPLC
traces for synthesis of a 14-membered ring system made on
a support at two different loadings.


Effects of spacer : Incorporation of a spacer between the resin
handle and the first amino acid in the sequence might be
envisaged to project the cyclization precursor more effectively
into solution, thereby increasing the cyclization efficiency. In
fact, it was found that linker groups (L in Table 1) such as
glycine, b-alanine, and 6-aminohexanoic acid (6-Aha) caused
slight increases of cyclic dimers (Table 5). One possible


Figure 3. HPLC profiles corresponding to synthesis of compound I on a
Rink amide AM resin (0.66 mmol gÿ1), and b TentaGel S RAM resin
(0.30 mmol gÿ1). Conditions: K2CO3, DMF, 25 8C, 24 h then TFA cleavage.


Table 4. Effect of resin loading on cyclization to the 13-membered ring systems 2m, 3m, and 7m.[a]


Compound TentaGel S RAM Rink amide AM[b] Rink amide AM
(0.30 mmol gÿ1) (0.26 mmol gÿ1) (0.66 mmol gÿ1)


m[c] [%] d[d] [%] m/d m[c] [%] d[d] [%] m/d m[c] [%] d[d] [%] m/d


1 70 26 2.7 73 22 3.3 55 42 1.3
3 75 25 3.0 70 17 4.0 56 40 1.4
4 85 12 7.1 67 7 9.0 73 25 2.9


[a] HPLC purities based on the averaged values monitored at 215 nm and 254 nm on analytical RP-HPLC traces for macrocyclization conditions:
i) 5.0 K2CO3, DMF, 25 8C, 35 h; ii) TFA cleavage. [b] Resin obtained by capping (acetic anhydride) Rink amide AM resin (0.66 mmol gÿ1). [c] Cyclic
monomer. [d] Cyclic dimer.


Table 5. Effect of spacer on cyclization to a 13-membered ring.[a]


HN
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HN O
NH


O


O
O R2


R1


O2N


L


macrocyclization conditions:
i) 5.0 equiv. K2CO3, DMF, 25 ˚C, 35 h


ii)  TFA cleavage


Compound R1 R2 L m [%] d [%]
m/d


1 (CH2)2CO2H (CH2)4NH2 H 75 25 3.0
6 Gly 70 26 2.7
7 b-Ala 66 33 2.0
8 6-Aha 63 30 2.1
4 (CH2)4NH2 H H 85 12 7.1
9 Gly 87 9 9.6


[a] Based on the averaged values monitored at 215 nm and 254 nm.
TentaGel S RAM resin at 0.30 mmol gÿ1 loading was used throughout.







FULL PAPER K. Burgess et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3266 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113266


explanation is that unfavorable
intermolecular reactions are fa-
cilitated by the increased mobi-
lity of the substrate when a
linker is included; this counter-
acts the other effects. The loss
of selectivity for the cyclic mon-
omer was, however, relatively
small. Spacers are incorporated
into the product to provide
additional sites for diversifica-
tion, hence this consideration may, for some applications,
compensate for the slight loss of purity of the product.


Effects of bases : The bases examined in this project were
TBAF, CsF, K2CO3, and TMG (tetramethylguanidine). A few
reactions were also attempted with Cs2CO3. The data
obtained is shown in Table 6. Throughout, the reaction time
was 17 h. It is possible that in some cases a even longer
reaction time would have given a higher conversion to the
cyclic monomer, but at the same time this might also have
increased the degree of epimerization.


Entry 1 of Table 6 shows that a good conversion to the
cyclic monomer was obtained for all the bases when an
N-nucleophile was cyclized to form a 16-membered ring. The


best yield of cyclic monomer for O-nucleophiles was obtained
when TBAF or CsF was used. However, when the O-nucle-
ophile was serine or threonine these reactions were accom-
panied by significant epimerization (see below). TBAF was
not a good base for S-nucleophiles (entries 4 and 5).


Extensive epimerization was observed with TBAF as the
base and serine or threonine as the O-nucleophile, but not
with homoserine (as in Table 6, entries 2 and 3). The reaction
shown below is illustrative of this effect. Serine and threonine
residues are known to be particularly sensitive to basic


conditions,[32] hence the loss of stereochemistry observed
appears to be a result to this factor. It is also possible that
epimerization was less of a problem in reactions run with
K2CO3 because this salt forms heterogeneous mixtures in
DMF thereby keeping the absolute concentration of base low.


Effects of cyclization time : A relatively long cyclization time
was selected for most of the reactions studied in this work to
avoid skewing the data by terminating transformations
prematurely. However, investigations of the actual cyclization
times required revealed significant variations for different
linear precursors. Kinetically unfavorable cyclizations where-
in a hindered amino acid residue was involved (e.g. Val) were
slower but still tended to completion within a matter of hours.


Illustrative optimized syntheses : The following conclusions
can be drawn from the data presented above:
* N-nucleophiles cyclize comparatively clean to give 14- to


16-membered ring products; 13-membered ring products
are harder to form,


* for S-nucleophiles, the desired cyclic monomer products
were contaminated in some cases with significant forma-
tion of cyclic dimer products (the only ring size examined
was 13-membered and this probably made the cyclization
even harder to achieve),


* cyclizations with O-nucleophiles worked well for the 14-
membered rings, but not for 13-membered rings,


* low resin loads are desirable, specifically with TentaGel S
RAM resin for 13-membered ring products and for all
reactions involving O-nucleophiles,


* Rink amide AM resin can be used for N-nucleophiles and
all the ring sizes studied (i.e., 13 ± 16-membered rings),


* K2CO3/DMF is the appropriate base for most of the
cyclization reactions,


* TBAF/DMF gives higher conversion than K2CO3/DMF
when O-nucleophiles are involved, although considerable
epimerization occurs, and,


* a 24 h reaction time is generally sufficient even when
sterically hindered amino acids are involved.


These conclusions were applied to approximately 38 synthe-
ses of SNAr products that were isolated by preparative HPLC
(see Table 1). At the moment further studies are in progress to
apply these findings to high-throughput parallel syntheses of a
larger library of products. These results indicate that large
libraries of b-turn analogues with N-nucleophiles cyclizing to
14, 15, and 16-membered rings should be accessible by parallel
syntheses.


Table 6. Effects of base on the macrocyclizations.


HN
N
H


X


HN O
NH


O


O
O R2


R1


O2N


L
macrocyclization conditions:


i) base, DMF, 25 ˚C, 17 h
ii)  TFA cleavage


(   )n


Entry Compound X n Bases and corresponding purities [%][a]


TBAF CsF Cs2CO3 K2CO3 TMG


1[b] 37m NH 4 90 85 89 89 89
2[c] 17m O 2 90 83 80 67 62
3[c] 22m O 2 62 63 57 29e


4[b] 4m S 1 1.6[f] 61[g] 65[f] 67[i] 67[j]


5[c] 2m S 1 29[k] 68[l] 48[l] 56[f] 57[m]


[a] Based on the averaged values monitored at 215 nm and 254 nm. [b] On
Rink amide AM resin at 0.66 mmol gÿ1. [c] On TentaGel S RAM resin at
0.30 mmol gÿ1. [d] 9 % uncyclized monomer detected. [e] 21 % uncyclized
monomer detected. [f] 15% cyclized dimer detected. [h] 8% cyclized dimer
detected. [i] 7% cyclized dimer detected. [j] 4% cyclized dimer detected.
[k] 20% cyclized dimer detected. [l] 7 % cyclized dimer detected. [m] 16%
cyclized dimer detected.


Scheme 2. Epimerization with TBAF and O-nucleophiles.
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Experimental Section


General methods : All a-amino acids had the l-configuration, except where
otherwise indicated. All chemicals were obtained from commercial
suppliers and used without further purification. Diisopropylcarbodiimide
(DIC), N-hydroxybenzotriazole (HOBt), diisopropylethylamine (DIEA),
N-methylmorpholine (NMM), trifluoroacetic acid (TFA), CH2Cl2, DMF,
thionyl chloride, tin chloride dihydrate (SnCl2 ´ 2H2O), bis(trifluoroacetox-
y)iodobenzene (IBTFA), piperidine, tetrabutylammonium fluoride
(TBAF), and triisopropylsilane (TIS) were purchased from Aldrich.
2-Fluoro-5-nitrobenzoyl chloride was obtained by refluxing 2-fluoro-5-
nitrobenzoic acid (from Aldrich) in thionyl chloride for 4 h. Rink amide
AM resin was obtained from NovaBiochem. TentaGel S RAM Fmoc resin
was purchased from Advanced ChemTech. All a-amino acids were
obtained either from Advanced ChemTech or from Chem ± Impex, except
for Fmoc-Cys(Mmt)-OH and Fmoc-Orn(Mtt)-OH which were purchased
from NovaBiochem.
Reverse-phase high-performance liquid chromatography (HPLC) was
carried out on Vydac C-18 columns of the following dimensions: 25�
0.46 cm for analysis, and 25� 2.2 cm for preparative work. All HPLC
experiments were performed with gradient conditions. Eluents used were
solvent A (H2O with 0.1% TFA) and solvent B (CH3CN with 0.1 % TFA).
Flow rates used were 1.0 mL minÿ1 for analytical, and 6 mL minÿ1 for
preparative HPLC.


All NMR spectra were recorded on a Varian instruments at 500 MHz or
300 MHz (1H), and 75 MHz (13C). NMR chemical shifts d are expressed in
ppm relative to internal solvent peaks; the coupling constants J were
measured in Hz.
Peptidomimetics in the following experimental section are given as
shortened abbreviations according to their constituent amino acids. One
letter coding is used for the amino acids in the dipeptide fragment, and
three letter abbreviations are used for the amino acids that constitute part
of the template. Less common abbreviations used include: Orn� ornithine;
Hse�homoserine; Dbu� 2,4-diaminobutyric acid; Dpr� 2,3-diaminopro-
pionic acid; and, Acm� acetamidomethyl.


General experimental procedure for the preparation of the peptidomi-
metics : Synthesis of compound 1m : TentaGel S RAM resin (0.1 mmol,
0.30 mmol gÿ1) was allowed to swell in DMF (10 mL gÿ1) in a manual solid-
phase synthesis shaker for 30 min, then rinsed with DMF (2� ca. 10 mL gÿ1,
for each washing cycle throughout). The Fmoc protecting group on the
Rink handle was removed by treating the resin with 20% piperidine in
DMF (2� 10 min). The resin was rinsed with DMF (3� ), MeOH (3� ),
and CH2Cl2 (3� ), and then Fmoc-Cys(Mmt)-OH (3 equiv), DIC (4 equiv),
HOBt (4 equiv), and NMM (5 equiv) were added in CH2Cl2/DMF (v/v 4:1).
After a reaction time of usually 1 h with gentle shaking, a ninhydrin test on
a small sample of beads gave a negative result. The reaction mixture was
drained and the resin was rinsed with DMF (4� ). The above deprotection/
coupling cycles were repeated to introduce Fmoc-Lys(Boc)-OH and Fmoc-
Glu(OtBu)-OH consecutively. The 2-fluoro-5-nitrobenzoic acid moiety was
introduced to the N-terminus of the tripeptide resin by treatment with
2-fluoro-5-nitrobenzoyl chloride (2 equiv) and DIEA (4 equiv) in CH2Cl2


for 1 h. The side chain protecting group (Mmt, 4-methoxytrityl) of Cys was
removed by treatment with 1% TFA and 5 % TIS in CH2Cl2 (6� 5 min).
After the resin was rinsed with CH2Cl2 (3� ), MeOH (2� ), and DMF (3�),
the macrocyclization step was carried out by treating the on-resin peptide
with K2CO3 (5 equiv) in DMF at 25 8C. After gentle shaking for 30 h, the
peptide resin was washed with DMF (2� ), H2O (2� ), DMF (2� ), H2O
(2� ), MeOH (2� ), CH2Cl2 (2� ), and MeOH (2� ), and then dried in
vacuo for 4 h. The peptide was cleaved from the resin by treatment with a
mixture of 90% TFA, 5% TIS, and 5% H2O for 3 h. The cleavage solution
was separated from the resin by filtration. Most of the cleavage cocktail
(about 90%) was evaporated by passing N2 over the solution. The crude
peptide was precipitated with anhydrous diethyl ether, dissolved in H2O,
and then lyophilized to give the crude product. Preparative HPLC (Rainin
System, 15 ± 35% B in 30 min) was carried out to provide a white powder
(17 mg, 27%). 1H NMR (300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1H),
8.62 (d, J� 8.7 Hz, 1 H), 8.28 ± 8.22 (m, 2 H), 7.87 (d, J� 9.0 Hz, 1H), 7.83 (d,
J� 7.8 Hz, 1 H), 7.67 (br, 3H), 7.64 (d, J� 8.4 Hz, 1 H), 7.53 (s, 1H), 7.33 (s,
1H), 4.40 ± 4.24 (m, 3H), 3.56 (dd, J� 4.2, 12.6 Hz, 1 H), 3.29 (dd, J� 8.7,
12.6 Hz, 1 H), 2.80 ± 2.70 (m, 2 H), 2.47 ± 2.30 (m, 2H), 1.96 ± 1.86 (m, 2H),
1.76 ± 1.62 (m, 1 H), 1.60 ± 1.40 (m, 3H), 1.34 ± 1.17 (m, 2 H); 13C NMR


([D6]DMSO, 75 MHz, 25 8C): d� 173.9, 171.7, 171.3, 171.2, 167.0, 145.5,
143.3, 140.1, 132.3, 124.5, 121.1, 55.5, 52.4, 50.8, 36.7, 30.5, 30.3, 26.9, 26.2,
22.4; analytical HPLC: homogeneous single peak, tR� 10.6 min (5 ± 40 % B
in 30 min); MALDI MS: calcd for C21H28N6O8S [MH]� 525.2, found 525.2.


Compound 2 m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (25 mg, 20%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.65 (d, J� 8.7 Hz, 1H), 8.27 (dd, J� 2.7,
8.7 Hz, 1H), 8.18 (d, J� 2.4 Hz, 1H), 7.88 (d, J� 8.7 Hz, 1H), 7.86 (d, J�
9.0 Hz, 1H), 7.71 (br, 3H), 7.57 (d, J� 9.0 Hz, 1H), 7.55 (s, 1 H), 7.34 (s, 1H),
7.30 (s, 1H), 6.76 (s, 1H), 4.38 ± 4.25 (m, 3 H), 3.60 (dd, J� 4.5, 13.2 Hz, 1H),
3.28 (dd, J� 8.7, 13.2 Hz, 1H), 2.88 ± 2.78 (m, 2H), 2.10 ± 2.00 (m, 2H),
1.95 ± 1.80 (m, 1 H), 1.80 ± 1.65 (m, 3H), 1.64 ± 1.56 (m, 2H), 1.55 ± 1.40 (m,
2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.8, 172.0, 171.3 (two
carbons), 167.0, 145.4, 143.5, 139.9, 131.9, 124.6, 120.8, 55.9, 52.7, 50.8, 36.4,
31.7, 30.2, 26.9, 26.7, 22.8; analytical HPLC: homogeneous single peak, tR�
7.8 min (5 ± 40% B in 30 min); MALDI MS: calcd for C21H29N7O7S [MH]�


523.2, found 523.4.


Compound 3 m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (28 mg, 23%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 0.80 ± 1.00 (m, 6 H), 1.20 ± 1.35 (m, 3H),
1.42 ± 1.90 (m, 6H), 2.70 ± 2.85 (m, 2 H), 3.30 (dd, J� 8.4, 12.9 Hz, 1H), 3.60
(dd, J� 4.2, 17.1 Hz, 1H), 4.15 (t, J� 9.6 Hz, 1H), 4.25 ± 4.40 (m, 2 H), 7.35
(s, 1H), 7.53 (s, 1 H), 7.66 (d, J� 8.7 Hz, 1 H), 7.70 (br, 3H), 7.80 (d, J�
7.5 Hz, 1 H), 7.88 (d, J� 8.7 Hz, 1H), 7.96 (s, 1H), 8.14 (d, J� 2.1 Hz, 1H),
8.25 (dd, J� 2.4, 8.4 Hz, 1 H), 8.60 (d, J� 9.6 Hz, 1 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 171.4, 171.3, 167.0, 162.5, 145.5, 143.1,
140.4, 132.0, 124.5, 120.7, 60.7, 52.5, 50.8, 36.4, 35.0, 30.1, 26.9, 25.5, 22.6, 15.7,
10.7; analytical HPLC: homogeneous single peak, tR� 14.0 min (8 ± 70% B
in 30 min); MALDI MS: calcd for C22H32N6O6S [MH]� 509.2, found 509.3.


Compound 4 m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (43 mg, 38%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 9.30 (d, J� 7.2 Hz, 1H), 9.01 (t, J�
5.7 Hz, 1 H), 8.25 (dd, J� 2.4, 8.4 Hz, 1 H), 8.15 (d, J� 2.4 Hz, 1 H), 7.94
(dd, J� 1.2, 7.4 Hz, 1 H), 7.70 (br, 3 H), 7.62 (d, J� 7.2 Hz, 1 H), 7.48 (s, 1H),
7.18 (s, 1H), 4.43 ± 4.33 (m, 1H), 4.16 ± 4.07 (m, 1H), 3.91 (dd, J� 7.2,
16.5 Hz, 1H), 3.60 ± 3.40 (m, 3H, covered under the signal of water), 2.88 ±
2.76 (m, 2H), 1.78 ± 1.66 (m, 2 H), 1.64 ± 1.53 (m, 2 H), 1.48 ± 1.24 (m, 2H);
13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 171.6, 171.5, 169.4, 168.6, 147.5,
144.4, 139.4, 138.5, 124.6, 121.8, 54.5, 51.8, 43.3, 36.0, 31.0, 29.2, 27.0, 22.5;
analytical HPLC: homogeneous single peak, tR� 8.1 min (5 ± 40% B in
30 min); MALDI MS: calcd for C18H24N6O6S [MH]� 453.2, found 453.3.


Compound 5 m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (12 mg, 39%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 9.36 (d, J� 6.9 Hz, 1 H), 8.89 (dd, J�
4.5, 7.5 Hz, 1H), 8.28 (dd, J� 2.7, 8.4 Hz, 1H), 8.23 (d, J� 2.7 Hz, 1 H), 7.96
(d, J� 8.4 Hz, 1H), 7.71 (d, J� 6.9 Hz, 1 H), 7.51 (s, 1H), 7.21 (s, 1H), 4.58 ±
4.47 (m, 1H), 4.17 ± 4.07 (m, 1 H), 3.93 (dd, J� 7.2, 13.5 Hz, 1H), 3.64 ± 3.50
(m, 2H), 3.28 (t, J� 11.7 Hz, 1H), 1.34 (d, J� 7.2 Hz, 3 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 172.1, 171.5, 169.5, 168.4, 147.5, 144.4,
139.4, 138.5, 124.4, 121.9, 51.9, 50.0, 43.3, 15.6; analytical HPLC: homoge-
neous single peak, tR� 9.3 min (5 ± 40 % B in 30 min); MALDI MS: calcd
for C15H17N5O6S [MÿO]� 379.2, found 378.9.


Compound 6 m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (15 mg, 27%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1H), 8.65 (d, J� 8.7 Hz, 1H),
8.30 ± 8.22 (m, 3H), 8.02 (d, J� 7.5 Hz, 1H), 7.90 (d, J� 8.4 Hz, 1H), 7.68
(br, 3H), 7.65 (s, 1 H), 7.31 (s, 1H), 7.12 (s, 1H), 4.42 ± 4.28 (m, 3H), 3.80 ±
3.58 (m, 3H), 3.25 (dd, J� 8.7, 13.5 Hz, 1 H), 2.83 ± 2.72 (m, 2H), 2.46 ± 2.32
(m, 2H), 1.98 ± 1.88 (m, 2H), 1.78 ± 1.62 (m, 1H), 1.62 ± 1.44 (m, 3 H), 1.34 ±
1.20 (m, 2 H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.9, 171.7,
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170.6, 169.5, 167.1, 145.5, 143.1, 140.0, 132.1, 124.5, 121.2, 55.6, 52.6, 51.0,
42.1, 36.3, 30.5, 30.4, 26.9, 26.1, 22.5; analytical HPLC: homogeneous single
peak, tR� 10.9 min (5 ± 40% B in 30 min); MALDI MS: calcd for
C23H31N7O9S [MH]� 582.2, found 581.9.


Compound 7 m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (15 mg, 26%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.3 (br, 1H), 8.67 (d, J� 8.7 Hz, 1H),
8.28 (s, 1H), 8.26 (dd, J� 2.7, 9.9 Hz, 1H), 8.13 (t, J� 5.7 Hz, 1H), 7.90 (dd,
J� 9.0, 9.9 Hz, 1H), 7.69 (br, 3H), 7.67 (s, 1 H), 7.38 (s, 1H), 6.87 (s, 1H),
4.42 ± 4.27 (m, 3H), 3.58 (dd, J� 4.2, 12.9 Hz, 1H), 3.34 ± 3.21 (m, 3H),
2.84 ± 2.72 (m, 2 H), 2.48 ± 2.38 (m, 2H), 2.30 ± 2.22 (m, 2H), 2.00 ± 1.88 (m,
2H), 1.76 ± 1.64 (m, 1H), 1.63 ± 1.43 (m, 3 H), 1.36 ± 1.18 (m, 2 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 173.9, 172.6, 171.7, 171.5, 169.2, 167.1,
145.5, 143.2, 140.1, 132.3, 124.5, 121.2, 55.6, 52.5, 52.4, 51.0, 45.4, 35.5, 34.8,
30.5, 30.3, 26.9, 26.1, 22.5; analytical HPLC: homogeneous single peak, tR�
11.4 min (5 ± 40% B in 30 min); MALDI MS: calcd for C25H34N6O10S
[MHÿO]� 595.2, found 595.8.


Compound 8 m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (16 mg, 27%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.3 (br, 1H), 8.68 (d, J� 8.7 Hz, 1H),
8.28 (s, 1H), 8.26 (dd, J� 2.7, 9.3 Hz, 1H), 8.09 (t, J� 5.7 Hz, 1H), 7.90 (d,
J� 9.0 Hz, 1 H), 7.86 (d, J� 7.8 Hz, 1 H), 7.71 (s, 1H), 7.68 (br, 3 H), 7.25 (s,
1H), 6.71 (s, 1 H), 4.42 ± 4.30 (m, 3 H), 3.55 (dd, J� 4.2, 12.6 Hz, 1 H), 3.30
(dd, J� 8.7, 12.6 Hz, 1H), 3.08 (dd, J� 6.3, 12.9 Hz, 2H), 2.84 ± 2.73 (m,
2H), 2.48 ± 2.32 (m, 2H), 2.05 (t, J� 7.5 Hz, 2H), 2.00 ± 1.90 (m, 2H), 1.78 ±
1.64 (m, 1 H), 1.63 ± 1.36 (m, 7 H), 1.35 ± 1.18 (m, 4 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 174.4, 173.9, 171.7, 171.4, 169.0, 167.1,
145.6, 143.3, 140.2, 132.5, 124.5, 121.1, 56.4, 55.5, 52.4, 51.0, 37.1, 35.2, 30.5,
30.2, 28.9, 26.9, 26.2, 26.1, 24.9, 22.5; analytical HPLC: homogeneous single
peak, tR� 14.6 min (5 ± 40% B in 30 min); MALDI MS: calcd for
C27H38N6O10S [MH]� 538.2, found 538.0.


Compound 9 m : TentaGel S RAM resin (0.10 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (25 mg, 40%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 9.37 (d, J� 6.9 Hz, 1H), 9.07 (t, J�
6.3 Hz, 1 H), 8.31 (d, J� 6.0 Hz, 1 H), 8.26 (dd, J� 2.7, 8.4 Hz, 1H), 8.20
(d, J� 8.1 Hz, 1H), 7.76 (d, J� 6.6 Hz, 1 H), 7.72 (br, 3 H), 7.22 (s, 1 H), 7.09
(s, 1H), 4.39 (dd, J� 7.5, 14.4 Hz, 1H), 4.27 ± 4.18 (m, 1H), 3.96 (dd, J� 7.2,
16.5 Hz, 1H), 3.72 ± 3.50 (m, 4H), 3.26 (t, J� 12.0 Hz, 1H), 2.84 (dd, J� 6.6,
13.5 Hz, 2 H), 1.80 ± 1.67 (m, 2 H), 1.66 ± 1.54 (m, 2H), 1.52 ± 1.30 (m, 2H);
13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 167.4, 166.4, 165.6, 165.5, 164.4,
143.3, 140.2, 135.2, 134.5, 120.3, 117.6, 56.6, 50.4, 47.9, 39.1, 37.9, 24.9, 22.8,
18.3; analytical HPLC: homogeneous single peak, tR� 7.1 min (5 ± 40% B
in 30 min); MALDI MS: calcd for C20H27N7O7S [MH]� 510.0, found 509.8.


Compound 10 m : HMPB-BHA resin[33, 34] (0.075 mmol, 0.69 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (18 mg, 35%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.5 (br, 2H), 8.69 (d, J� 8.4 Hz, 1H),
8.42 (t, J� 5.4 Hz, 1H), 8.28 (d, J� 2.4 Hz, 1H), 8.25 (dd, J� 2.4, 8.4 Hz,
1H), 7.96 (d, J� 7.8 Hz, 1 H), 7.90 (d, J� 8.4 Hz, 1H), 7.69 (s, 1 H), 7.66 (br,
3H), 4.40 ± 4.28 (m, 3H), 3.78 (d, J� 6.6 Hz, 2 H), 3.62 (dd, J� 4.2, 13.2 Hz,
1H), 3.23 (dd, J� 9.3, 12.9 Hz, 1H), 2.82 ± 2.71 (m, 2H), 2.46 ± 2.34(m, 2H),
1.98 ± 1.88 (m, 2 H), 1.78 ± 1.64 (m, 1H), 1.60 ± 1.44 (m, 3H), 1.33 ± 1.18 (m,
2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.9, 171.8, 171.6, 171.0,
170.7, 169.8, 167.2, 146.6, 143.0, 140.1, 132.4, 124.6, 121.3, 55.6, 52.5, 50.8,
40.9, 36.7, 30.5, 30.4, 30.3, 26.9, 26.0, 22.5; analytical HPLC: homogeneous
single peak, tR� 12.5 min (5 ± 40% B in 30 min); MALDI MS: calcd for
C23H30N6O10S [MH]� 583.2, found 583.4.


Compound 11m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (17 mg, 14%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 13.5 (br, 1H), 9.37 (d, J� 5.4 Hz, 1H),
9.04 (s, 1H), 8.98 (s, 1 H), 8.35 (s, 1 H), 8.32 (s, 1H), 7.94 (s, 1 H), 7.68 (br,


3H, TFA salt), 7.49 (s, 1 H), 7.18 (d, J� 9.0 Hz, 1H), 4.53 (br, 1H), 4.38 ±
4.26 (m, 2H), 4.20 ± 3.70 (m, 3H, covered under the signal of water), 2.86 ±
2.72 (m, 2H), 2.42 ± 2.16 (m, 3H), 2.10 ± 1.94 (m, 1H), 1.80 ± 1.67 (m, 1H),
1.62 ± 1.46 (m, 3 H), 1.44 ± 1.26 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz,
25 8C): d� 174.1, 171.6, 171.2, 171.1, 171.0, 166.3, 161.1, 140.0, 136.7, 127.5,
125.9, 124.3, 113.1, 67.7, 55.8, 53.1, 51.7, 40.8, 31.1, 30.5, 30.0, 26.6, 25.7, 22.6;
analytical HPLC: homogeneous single peak, tR� 13.1 min (5 ± 40 % B in
30 min); MALDI MS: calcd for C21H28N6O9 [MH]� 509.2, found 509.1.


Compound 12m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (50 mg, 39%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 1.18 ± 1.32 (m, 2 H), 1.44 ± 1.60 (m, 3H),
1.82 ± 2.10 (m, 4 H), 2.14 ± 2.28 (m, 1 H), 2.43 (t, J� 7.5 Hz, 2 H), 2.68 ± 2.80
(m, 2H), 4.08 ± 4.18 (m, 2H), 4.25 ± 4.37 (m, 1 H), 4.37 ± 4.46 (m, 2 H), 7.17
(s, 1H), 7.23 (d, 7.8, 1H), 7.30 (s, 1H), 7.35 (d, J� 9.3 Hz, 1H), 7.67 (br, 3H),
8.26 (d, J� 9.0 Hz, 1H), 8.32 (d, J� 2.7 Hz, 1 H), 8.36 (dd, J� 2.7 Hz, 9.0,
1H), 8.99 (d, J� 5.1 Hz, 1H), 12.24 (br, 1H); 13C NMR ([D6]DMSO,
75 MHz, 25 8C): d� 174.1, 172.6, 171.7, 171.2, 166.2, 160.9, 140.2, 127.6,
126.1, 1 24.3, 113.2, 68.0, 56.1, 53.1, 51.6, 47.9, 30.9, 30.5, 30.2, 26.6, 25.8, 22.6;
analytical HPLC: homogeneous single peak, tR� 9.9 min (5 ± 40% B in
30 min); MALDI MS: calcd for C22H30N6O9 [MH]� 523.2, found 523.3.


Compound 13m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (50 mg, 39%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1 H), 9.22 (d, J� 7.5 Hz, 1H),
8.52 (d, J� 7.2 Hz, 1H), 8.35 (dd, J� 3.0, 9.3 Hz, 1 H), 8.25 (d, J� 3.0 Hz,
1H), 7.73 (br, 3 H, TFA salt), 7.36 (d, J� 9.3 Hz, 1 H), 7.21 (s, 1 H), 7.16 (d,
J� 7.2 Hz, 1 H), 7.10 (s, 1 H), 4.55 ± 4.40 (m, 2H), 4.40 ± 4.31 (m, 1H), 4.26 ±
4.17 (m, 1H), 4.16 ± 4.06 (m, 1H), 2.80 (dd, J� 6.2, 12.3 Hz, 2H), 2.43 ± 2.28
(m, 3 H), 2.14 ± 1.94 (m, 3 H), 1.93 ± 1.77 (m, 1H), 1.72 ± 1.50 (m, 3H), 1.47 ±
1.32 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 174.1, 172.2,
171.6, 171.2, 165.5, 160.8, 140.2, 127.4, 126.1, 124.1, 113.1, 67.5, 53.1, 52.6,
51.7, 50.7, 30.3, 30.2, 30.0, 26.8, 24.6, 22.5; analytical HPLC: homogeneous
single peak, tR� 8.2 min (5 ± 40 % B in 30 min); MALDI MS: calcd for
C22H30N6O9 [MH]� 523.2, found 523.2.


Compound 14m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (40 mg, 31%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1H), 9.02 (d, J� 8.1 Hz, 1H),
8.36 (d, J� 6.7 Hz, 1H), 8.35 (dd, J� 3.0, 9.3 Hz, 1H), 8.20 (d, J� 9.0 Hz,
1H), 7.70 (br, 3H, TFA salt), 7.43 (s, 1H), 7.40 (d, J� 7.2 Hz, 1H), 7.34 (d,
J� 8.4 Hz, 1 H), 7.23 (s, 1H), 4.64 ± 4.52 (m, 2 H), 4.40 ± 4.20 (m, 2 H), 4.15
(t, J� 10.5 Hz, 1 H), 2.80 (dd, J� 6.9, 12.9 Hz, 2H), 2.37 ± 2.25 (m, 3H),
2.14 ± 2.00 (m, 2H), 2.00 ± 1.80 (m, 2 H), 1.70 ± 1.50 (m, 3H), 1.50 ± 1.30 (m,
2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 174.1, 172.0, 171.2, 170.9,
165.3, 160.8, 140.4, 127.6, 125.5, 124.8, 113.2, 67.7, 52.9, 52.2, 51.5, 30.6, 30.3,
30.2, 26.7, 24.4, 22.6; analytical HPLC: homogeneous single peak, tR�
7.9 min (5 ± 40 % B in 30 min); MALDI MS: calcd for C22H30N6O9 [MH]�


523.2, found 523.2.


Compound 15m : TentaGel S RAM resin (0.15 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (17 mg, 23%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.94 (d, J� 6.0 Hz, 1H), 8.34 (dd, J� 2.7,
9.3 Hz, 1 H), 8.23 (d, J� 3.0 Hz, 1H), 8.03 (d, J� 8.7 Hz, 1 H), 7.35 (d, J�
9.0 Hz, 1 H), 7.33 (s, 1H), 7.31 (s, 1 H), 7.26 (d, J� 8.4 Hz, 1 H), 7.18 (s, 1H),
6.84 (s, 1H), 4.62 ± 4.54 (m, 1 H), 4.51 ± 4.43 (m, 1 H), 4.42 ± 4.32 (m, 1H),
4.22 ± 4.12 (m, 1H), 4.05 (t, J� 6.6 Hz, 1 H), 2.62 ± 2.56 (m, 2H), 2.24 ± 2.12
(m, 1 H), 2.10 ± 1.97 (m, 1 H), 1.92 ± 1.78 (m, 1H), 1.62 ± 1.48 (m, 1H), 1.32 ±
1.18 (m, 1H), 0.95 ± 0.80 (m, 6 H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C):
d� 172.3, 172.2, 170.5, 170.2, 166.1, 160.9, 140.2, 127.4, 126.3, 124.3, 113.2,
68.1, 60.1, 52.5, 49.5, 36.4, 34.9, 31.0, 25.5, 15.4, 11.3; analytical HPLC:
homogeneous single peak, tR� 14.1 min (8 ± 50 % B in 30 min); MALDI
MS: calcd for C21H28N6O8 [M�Na]� 515.2, found 515.6.


Compound 16m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
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and lyophilization to give a white powder (7.0 mg, 18%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.68 (d, J� 8.1 Hz, 1H), 8.43 (d, J�
3.0 Hz, 1 H), 8.33 (dd, J� 3.0, 9.0 Hz, 1 H), 8.14 (d, J� 8.1 Hz, 1H), 7.45 (s,
1H), 7.31 (d, J� 9.3 Hz, 1H), 7.28 (s, 1H), 7.01 (s, 1 H), 6.78 (s, 1H), 4.96
(dd, J� 7.5, 15.0 Hz, 1 H), 4.61 (dd, J� 2.4, 8.1 Hz, 1 H), 4.50 ± 4.30 (m, 3H),
3.56 ± 3.46 (m, 2H), 3.40 ± 3.30 (m, 1H), 2.82 (dd, J� 15.3, 6.9 Hz, 1H),
2.32 ± 2.12 (m, 2H), 2.11 ± 1.92 (m, 2 H), 1.78 ± 1.60 (m, 2H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 168.9, 167.9, 166.8, 164.4, 159.3, 157.2,
136.1, 123.5, 121.7, 120.0, 109.3, 64.6, 55.5, 47.8, 45.9, 43.4, 33.5, 28.5, 26.3,
17.1; analytical HPLC: homogeneous single peak, tR� 6.6 min (5 ± 40% B
in 30 min); MALDI MS: calcd for C20H24N6O8 [MH]� 477.2, found 477.1.


Compound 17m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (47 mg, 37%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.86 (d, J� 9.3 Hz, 1H), 8.35 (dd, J� 2.7,
9.0 Hz, 1 H), 8.26 (d, J� 2.7 Hz, 1 H), 8.24 (d, J� 9.6 Hz, 1H), 7.69 (br, 3H),
7.37 (d, J� 9.3 Hz, 1 H), 7.33 (s, 1 H), 7.25 (d, J� 9.1 Hz, 1H), 7.19 (s, 1H),
4.50 ± 4.40 (m, 2 H), 4.32 ± 4.21 (m, 1H), 4.18 ± 4.04 (m, 2 H), 2.80 ± 2.68 (m,
2H), 2.30 ± 2.16 (m, 1H), 2.12 ± 1.88 (m, 1H), 1.96 ± 1.82 (m, 2H), 1.66 ± 1.42
(m, 4H), 1.36 ± 1.22 (m, 3 H), 0.98 ± 0.88 (m, 6 H); 13C NMR ([D6]DMSO,
75 MHz, 25 8C): d� 172.5, 171.1, 170.8, 160.9, 140.2, 126.4, 124.5, 113.2, 67.9,
60.6, 52.7, 52.1, 35.0, 30.9, 30.0, 26.6, 25.7, 22.8, 15.8, 11.4; analytical HPLC:
homogeneous single peak, tR� 13.9 min (8 ± 50 % B in 30 min); MALDI
MS: calcd for C23H34N6O7 [MH]� 507.2, found 507.4


Compound 18m : TentaGel S RAM resin (0.10 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (5 mg, 11 %). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 9.15 (d, J� 6.6 Hz, 1 H), 8.39 (dd, J�
3.0, 9.3 Hz, 1 H), 8.22 (d, J� 2.7 Hz, 1H), 7.98 (d, J� 8.4 Hz, 1H), 7.51 (s,
1H), 7.40 (d, J� 9.3 Hz, 1H), 7.33 (s, 1H), 7.26 (d, J� 8.1 Hz, 1 H), 7.20 (s,
1H), 7.09 (s, 1H), 4.57 (dd, J� 6.3, 12.3 Hz, 1 H), 4.50 ± 4.38 (m, 2 H), 4.34 ±
4.24 (m, 1 H), 4.24 ± 4.16 (m, 1H), 3.77 (dd, J� 6.0, 9.6 Hz, 1H), 3.67 (dd,
J� 4.2, 8.1 Hz, 1 H), 2.66 ± 2.58 (m, 2 H), 2.30 ± 2.18 (m, 1H), 2.17 ± 2.40 (m,
1H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 172.4, 171.4, 171.3, 169.7,
165.7, 160.9, 140.2, 127.6, 126.1, 124.0, 113.3, 68.1, 61.6, 55.2, 52.6, 35.5, 30.8,
19.2; analytical HPLC: homogeneous single peak, tR� 5.0 min (5 ± 40% B
in 30 min); MALDI MS: calcd for C18H22N6O9 [MH]� 467.1, found 467.2.


Compound 19m : TentaGel S RAM resin (0.10 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (30 mg, 65%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.92 (d, J� 5.7 Hz, 1H), 8.38 (dd, J� 2.7,
9.0 Hz, 1 H), 8.29 (d, J� 3.0 Hz, 1H), 8.13 (d, J� 9.3 Hz, 1 H), 7.36 (d, J�
9.0 Hz, 1H), 7.28 (s, 1 H), 7.26 (d, J� 9.1 Hz, 1 H), 7.15 (s, 1 H), 4.50 ± 4.40
(m, 1 H), 4.40 ± 4.31 (m, 2H), 4.20 ± 4.08 (m, 2 H), 3.82 ± 3.60 (m, 2 H), 2.24 ±
2.12 (m, 1H), 2.10 ± 1.98 (m, 1H), 1.62 ± 1.44 (m, 3H), 0.83 (d, J� 6.0 Hz,
3H), 0.81 (d, J� 6.0 Hz, 3H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d�
172.6, 171.8, 170.3, 166.3, 161.0, 140.1, 127.5, 126.4, 124.0, 113.1, 67.8, 60.6,
59.6, 53.1, 50.6, 30.8, 24.1, 23.5, 21.1; analytical HPLC: homogeneous single
peak, tR� 9.4 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C20H27N5O8 [M�Na]� 488.2, found 488.8.


Compound 20m : TentaGel S RAM resin (0.07 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (15 mg, 43%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.1 (br, 1H), 8.77 (d, J� 6.0 Hz, 1H),
8.36 (dd, J� 3.0, 9.3 Hz, 1H), 8.27 (d, J� 2.7 Hz, 1H), 8.24 (d, J� 8.7 Hz,
1H), 7.37 (d, J� 9.0 Hz, 1H), 7.33 (s, 1H), 7.24 (d, J� 8.1 Hz, 1 H), 7.18 (s,
1H), 4.50 ± 4.39 (m, 2 H), 4.36 ± 4.26 (m, 1H), 4.22 ± 4.12 (m, 1H), 4.01 (t,
J� 6.6 Hz, 1H), 2.30 ± 2.22 (m, 6 H), 1.84 ± 1.70 (m, 1 H), 1.04 (d, J� 6.9 Hz,
3H), 1.01 (d, J� 6.9 Hz, 3H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d�
174.1, 172.5, 170.8, 170.7, 166.2, 160.9, 140.2, 127.4, 126.4, 124.4, 113.2, 68.0,
62.0, 52.7, 51.9, 30.9, 30.5, 28.7, 26.0, 19.4, 19.2; analytical HPLC:
homogeneous single peak, tR� 11.3 min (8 ± 70% B in 30 min); MALDI
MS: calcd for C21H27N5O9 [M�Na]� 516.2, found 516.6.


Compound 21m : TentaGel S RAM resin (0.08 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation


and lyophilization to give a white powder (10 mg, 25%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.7 (br, 1H), 9.13 (d, J� 6.0 Hz, 1H),
8.38 (dd, J� 2.7, 9.0 Hz, 1 H), 8.21 (d, J� 2.7 Hz, 1 H), 7.84 (d, J� 9.6 Hz,
1H), 7.40 (d, J� 9.3 Hz, 1H), 7.32 (d, J� 7.2 Hz, 1H), 7.31 (s, 1H), 7.15 (s,
1H), 4.54 ± 4.36 (m, 3 H), 4.25 (dd, J� 5.4, 9.3 Hz, 1 H), 4.20 ± 4.10 (m, 1H),
2.78 (d, J� 6.9 Hz, 2 H), 2.28 ± 2.16 (m, 1 H), 2.14 ± 2.00 (m, 2 H), 1.38 ± 1.24
(m, 1H), 1.18 ± 1.02 (m, 1 H), 0.90 ± 0.78 (m, 6 H); 13C NMR ([D6]DMSO,
75 MHz, 25 8C): d� 172.5, 171.6, 171.0, 170.3, 166.0, 160.9, 140.1, 127.6,
126.3, 124.0, 113.4, 67.9, 57.1, 53.2, 52.8, 35.7, 35.2, 30.8, 24.3, 16.1, 11.5;
analytical HPLC: homogeneous single peak, tR� 15.5 min (5 ± 40 % B in
30 min); MALDI MS: calcd for C21H27N5O9 [M�Na]� 516.2, found 516.4.


Compound 22m : TentaGel S RAM resin (0.16 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (35 mg, 32%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1H), 8.95 (d, J� 5.4 Hz, 1H),
8.38 (dd, J� 2.7, 9.0 Hz, 1 H), 8.33 (d, J� 2.7 Hz, 1 H), 8.27 (d, J� 9.3 Hz,
1H), 8.21 (d, J� 9.0 Hz, 1H), 7.70 (br, 3H, TFA salt), 7.34 (d, J� 9.3 Hz,
1H), 7.28 (d, J� 6.3 Hz, 1 H), 7.15 (s, 1 H), 7.01 (s, 1H), 4.46 ± 4.32 (m, 3H),
4.18 (dd, J� 6.9, 12.3 Hz, 1 H), 3.69 (dd, J� 6.3, 16.8 Hz, 1H), 3.53 (dd, J�
5.7, 16.8 Hz, 1H), 2.83 ± 2.70 (m, 2H), 2.52 ± 2.43 (m, 2H), 2.26 ± 2.08 (m,
2H), 2.07 ± 1.87 (m, 3H), 1.62 ± 1.44 (m, 3H), 1.33 ± 1.21 (m, 2 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 174.1, 171.8, 171.7, 171.0, 170.9, 166.1,
161.1, 140.0, 127.5, 125.9, 124.2, 113.1, 68.3, 55.8, 54.0, 51.4, 42.1, 30.9, 30.6,
30.2, 26.7, 25.9, 22.5; analytical HPLC: homogeneous single peak, tR�
9.2 min (5 ± 40% B in 30 min); MALDI MS: calcd for C24H33N7O10


[MH]� 580.2, found 580.5.


Compound 23m : Wang resin (0.20 mmol, 1.00 mmol gÿ1) was used to
prepare this compound. After the peptide was cleaved from the resin, the
crude material was subjected to preparative HPLC separation and
lyophilization to give a white powder (45 mg, 32%). 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d� 12.4 (br, 2 H), 9.0 (d, J� 4.8 Hz, 1 H), 8.37 (dd, J�
2.7, 9.0 Hz, 1 H), 8.32 (d, J� 3.0 Hz, 1H), 8.29 (d, J� 4.8 Hz, 1 H), 8.27 (d,
J� 9.0 Hz, 1H), 7.69 (br, 3 H, TFA salt), 7.34 (d, J� 9.3 Hz, 1 H), 7.28 (d, J�
7.2 Hz, 1H), 4.54 ± 4.47 (m, 1 H), 4.46 ± 4.36 (m, 2 H), 4.36 ± 4.27 (m, 1H),
4.18 (dd, J� 7.5, 12.6 Hz, 1H), 3.83 (dd, J� 6.3, 17.4 Hz, 1 H), 3.64 (dd, J�
5.4, 17.7 Hz, 1 H), 2.84 ± 2.71 (m, 2H), 2.45 (t, J� 7.8 Hz, 2 H), 2.32 ± 2.18 (m,
1H), 2.17 ± 2.07 (m, 1H), 2.06 ± 1.84 (m, 3H), 1.64 ± 1.46 (m, 3H), 1.40 ± 1.22
(m, 2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 174.1, 171.6, 171.2,
171.1, 171.0, 166.3, 161.1, 140.0, 136.7, 127.5, 125.9, 124.3, 113.1, 67.7, 55.8,
53.1, 51.7, 40.8, 31.1, 30.5, 30.0, 26.6, 25.7, 22.6; analytical HPLC:
homogeneous single peak, tR� 11.5 min (4 ± 30% B in 30 min); MALDI
MS: calcd for C24H32N6O11 [MH]� 581.2, found 581.8.


Compound 24m : TentaGel S RAM resin (0.20 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a white powder (22 mg, 20%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.94 (d, J� 6.3 Hz, 1H), 8.35 (dd, J� 2.7,
9.0 Hz, 1H), 8.23 (d, J� 6.6 Hz, 1H), 8.22 (d, J� 8.4 Hz, 1H), 8.03 (d, J�
8.7 Hz, 1H), 7.37 (s, 1H), 7.33 (d, J� 9.3 Hz, 1 H), 7.30 (d, J� 6.9 Hz, 1H),
7.16 (s, 1H), 6.98 (s, 1 H), 6.86 (s, 1 H), 4.68 ± 4.58 (m, 1H), 4.54 ± 4.47 (m,
1H), 4.45 ± 4.28 (m, 2H), 4.09 (t, J� 6.9 Hz, 1H), 3.67 (dd, J� 6.6, 16.5 Hz,
1H), 3.54 (dd, J� 5.7, 16.8 Hz, 1H), 2.68 ± 2.55 (m, 2H), 2.27 ± 2.04 (m, 2H),
1.94 ± 1.79 (m, 1H), 1.63 ± 1.48 (m, 1 H), 1.34 ± 1.17 (m, 1H), 0.98 ± 0.85 (m,
6H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 172.4, 171.0, 170.7, 170.3,
167.0, 166.1, 161.0, 140.1, 127.4, 126.1, 124.3, 113.2, 68.4, 59.9, 53.2, 49.4, 42.1,
36.3, 34.9, 31.0, 25.4, 15.5, 11.3; analytical HPLC: homogeneous single
peak, tR� 11.7 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C23H31N7O9 [M�Na]� 572.2, found 572.4.


Compound 25 m : Rink amide AM resin (0.16 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (14 mg, 11.2 %). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1 H), 8.45 (d, J� 7.8 Hz, 1H),
8.34 (d, J� 2.7 Hz, 1 H), 8.32 (d, J� 7.2 Hz, 1 H), 8.16 (dd, J� 2.4, 9.3 Hz,
1H), 7.77 (dd, J� 3.6, 8.7 Hz, 1H), 7.69 (br, 3 H), 7.52 (s, 1 H), 7.25 (s, 1H),
7.19 (d, J� 8.7 Hz, 1H), 7.12 (d, J� 9.6 Hz, 1H), 4.40 ± 4.28 (m, 1H), 4.22 ±
4.15 (m, 1H), 4.14 ± 4.06 (m, 1 H), 4.05 ± 3.95 (m, 1 H), 3.36 ± 3.22 (m, 1H),
2.80 ± 2.68 (m, 2H), 2.48 ± 2.32 (m, 2 H), 2.02 ± 1.84 (m, 2 H), 1.62 ± 1.46 (m,
3H), 1.44 ± 1.30 (m, 1 H), 1.28 ± 1.15 (m, 2 H); 13C NMR ([D6]DMSO,
75 MHz, 25 8C): d� 174.0, 172.8, 172.0, 171.3, 169.5, 151.7, 135.8, 127.8,
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124.4, 118.3, 111.9, 57.6, 53.0, 51.0, 43.0, 40.8, 31.6, 30.7, 27.1, 25.2, 22.4;
analytical HPLC: homogeneous single peak, tR� 14.7 min (5 ± 40 % B in
30 min); MALDI MS: calcd for C21H29N7O8 [MH]� 508.2, found 508.0.


Compound 26 m : Rink amide AM resin (0.20 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin (50 mg crude material was obtained), the crude material (40 mg) was
subjected to preparative HPLC separation and lyophilization to give a
yellowish powder (30 mg, 36 %). The 1,3-diaminobutyric acid was gener-
ated through a Hofmann rearrangement reaction on the resin just before
the cyclization with IBTFA (10 equiv), CH3CN/H2O (v/v 4:1) at 16 h at
25 8C. 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 1.12 ± 1.26 (m, 2H),
1.32 ± 1.44 (m, 1 H), 1.45 ± 1.58 (m, 2 H), 1.65 ± 1.78 (m, 1 H), 1.85 ± 2.04 (m,
4H), 2.36 ± 2.55 (m, 2H), 2.66 ± 2.78 (m, 2H), 3.22 ± 3.34 (m, 1 H), 3.44 ± 3.56
(m, 1H), 4.00 ± 4.08 (m, 1 H), 4.20± 4.28 (m, 1 H), 4.28 ± 4.33 (m, 1H), 6.82
(d, J� 10.0 Hz, 1 H), 7.14 (s, 1 H), 7.39 (s, 1H), 7.62 (br, 2H), 7.67 (d, J�
8.0 Hz, 1H), 7,60 ± 7.73 (m, 1 H) 7.78 (d, J� 9.5 Hz, 1H), 8.13 (dd, J� 2.0,
9.0 Hz, 1H), 8.37 (d, J� 3 Hz, 1H), 8.68 (d, J� 6.0 Hz, 1H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 174.1, 173.0, 171.8, 170.8, 168.9, 152.2,
134.8, 128.0, 125.1, 117.0, 110.6, 56.4, 53.1, 51.8, 31.2, 31.0, 30.8, 26.8, 25.8,
22.4; analytical HPLC: homogeneous single peak, tR� 15.0 min (5 ± 40 % B
in 30 min); FAB MS: calcd for C22H31N7O8 [MH]� 522.2, found 522.0.


Compound 27 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (30 mg, 48%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.58 (d, J� 8.4 Hz, 1H), 8.24 (d, J�
2.7 Hz, 1H), 8.15 (dd, J� 2.7, 9.3 Hz, 1 H), 7.84 (d, J� 7.8 Hz, 1 H), 7.70 (br,
4H), 7.57 ± 7.50 (m, 1H), 7.41 (s, 1 H), 7.16 (s, 1H), 6.82 (d, J� 9.3 Hz, 1H),
4.36 ± 4.23 (m, 2 H), 3.96 (t, J� 6.9 Hz, 1H), 3.55 ± 3.40 (m, 2H, covered
under the signal of water), 2.82 ± 2.68 (m, 2H), 2.05 ± 1.94 (m, 2H), 1.92 ±
1.80 (m, 1 H), 1.79 ± 1.70 (m, 1 H), 1.69 ± 1.48 (m, 2H), 1.46 ± 1.20 (m, 4H),
0.94 (m, 6 H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.1, 171.0,
170.8, 168.9, 151.9, 134.8, 127.8, 125.0, 117.8, 110.8, 60.9, 53.0, 52.1, 41.4, 34.9,
31.0, 26.9, 26.0, 22.6, 15.8, 11.2; analytical HPLC: homogeneous single
peak, tR� 13.8 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C23H35N7O6 [MH]� 506.3, found 506.6.


Compound 28 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (20 mg, 43 %). Two sets of
signals were obtained in both the proton and the carbon NMR spectra of
this compound, but the analytical HPLC profile shows only one peak. This
is attributed to two conformers that do not interchange rapidly on the
NMR time scale. Data for the minor conformer are shown in square
brackets. 1H NMR (300 MHz, [D6]DMSO, 25 8C): d� 8.22 [8.16] (d, J�
2.4 Hz, 1H), 8.13 [8.07] (dd, J� 2.7, 6.6 Hz, 1H), 7.87 [7.84] (s, 1H), 7.50 (d,
J� 6.9 Hz, 1 H), 7.32 [7.29] (s, 1 H), 7.15 [7.12] (s, 1H), 7.05 [6.96] (t, J�
5.7 Hz, 1 H), 6.81 [7.73] (d, J� 9.3 Hz, 1 H), 4.50 ± 4.44 [4.38] (m, 1H), 4.30 ±
4.22 (m, 1H), 4.18 ± 4.07 (m, 1 H), 3.80 ± 3.66 (m, 2 H), 3.65 ± 3.52 (m, 1H),
3.50 ± 3.24 (m, 2H), 2.48 ± 1.75 (m, 6H), 0.90 ± 0.76 (m, 6H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 169.6, 168.9, 167.3, 167.1, 166.2, 165.3,
162.4, 161.8, 148.0, 146.5, 130.8, 130.2, 123.2, 122.8, 120.2, 119.5, 116.3, 113.0,
106.1, 59.3, 53.2, 52.1, 50.9, 49.6, 45.6, 42.2, 38.3, 37.8, 27.2, 26.5, 25.6, 25.0,
24.8, 20.6, 18.2, 16.1, 14.4, 13.8; analytical HPLC: single peak, tR� 13.1 min
(8 ± 70% B in 30 min); MALDI MS: calcd for C21H28N6O6 [MH]� 461.2,
found 461.4.


Compound 29 m : Rink amide AM resin (0.08 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (23 mg, 39%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.59 (d, J� 6.6 Hz, 1H), 8.38 (d, J�
2.7 Hz, 1H), 8.17 (dd, J� 2.7, 9.6 Hz, 1H), 7.83 (d, J� 5.4 Hz, 1 H), 7.77 (d,
J� 9.0 Hz, 1 H), 7.68 (br, 3H), 7.62 (d, J� 8.1 Hz, 1 H), 7.44 (s, 1H), 7.19 (s,
1H), 6.88 (d, J� 9.0 Hz, 1 H), 5.10 (br, 1H), 4.38 ± 4.28 (m, 2H), 4.20 ± 4.13
(m, 1H), 3.70 ± 3.50 (m, 2H, covered under the signal of water), 3.65 ± 3.50
(m, 1 H), 3.38 ± 3.24 (m, 1H), 2.80 ± 2.70 (m, 2 H), 2.08 ± 1.84 (m, 2H), 1.80 ±
1.66 (m, 1 H), 1.60 ± 1.46 (m, 1 H), 1.44 ± 1.32 (m, 1H), 1.30 ± 1.16 (m, 2H);
13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 172.9, 170.9, 170.2, 168.9, 152.2,
134.8, 128.0, 124.8, 117.4, 110.6, 60.5, 59.8, 52.9, 51.9, 40.9, 37.5, 31.1, 30.9,
26.8, 22.2; analytical HPLC: homogeneous single peak, tR� 12.2 min (5 ±


40% B in 30 min); MALDI MS: calcd for C20H29N7O7 [MH]� 480.21,
found 480.23.


Compound 30 m : Rink amide AM resin (0.06 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (12 mg, 37%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.79 (d, J� 6.9 Hz, 1 H), 8.12 (dd, J�
2.4, 9.3 Hz, 1H), 8.07 (d, J� 2.7 Hz, 1H), 7.96 (d, J� 8.1 Hz, 1H), 7.79 (d,
J� 7.2 Hz, 1 H), 7.60 ± 7.50 (m, 1H), 7.43 ± 7.25 (m, 6H), 7.14 (s, 1H), 6.80 (d,
J� 9.6 Hz, 1 H), 4.40 ± 4.18 (m, 3 H), 3.60 ± 3.40 (m, 2H, covered under the
signal of water), 3.16 ± 2.98 (m, 2H), 2.38 ± 2.18 (m, 2H), 2.12 ± 1.90 (m,
6H), 1.80 ± 1.66 (m, 1H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.2,
171.4, 170.4, 168.7, 151.8, 137.6, 134.7, 129.2, 128.5, 127.6, 126.8, 125.1, 117.5,
112.1, 57.7, 52.8, 52.0, 41.6, 36.3, 31.0, 30.6, 30.0, 14.7; analytical HPLC:
single peak, tR� 19.1 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C25H30N6O6S [MH]� 543.2, found 543.4.


Compound 31 m : Rink amide AM resin (0.1 mmol, 0.66 mmol gÿ1) was used
to prepare this compound. The peptidomimetic was cleaved from the resin,
dissolved in H2O, and then lyophilized to give the crude product (50 mg,
93%). The purity of this crude material was determined by analytical
HPLC (SSI system, 5 ± 40% B in 30 min) to be 93 % based on absorption at
215 nm. Preparative HPLC (Rainin System, 17 ± 35 % B in 30 min) was
carried out to provide a yellow powder (36.5 mg, 56%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.90 (d, J� 6.3 Hz, 1H), 8.42 (d, J�
2.7 Hz, 1 H), 8.17 (dd, J� 9.3, 2.7 Hz, 1H), 7.86 (d, J� 8.0 Hz, 1 H), 7.80 (d,
J� 6.0 Hz, 1 H), 7.70 (br, 3H), 7.51 (d, J� 8.0 Hz, 1 H), 7.43 (s, 1H), 7.14 (s,
1H), 6.85 (d, J� 9.6 Hz, 1 H), 4.34 (dd, J� 13.5, 8.1 Hz, 1 H), 4.28 ± 4.18 (m,
1H), 4.08 (dd, J� 13.8, 7.8 Hz, 1H), 3.40 ± 3.20 (m, 2H), 2.82 ± 2.70 (m, 2H),
2.50 ± 2.40 (m, 2H), 2.08 ± 1.94 (m, 2 H), 1.82 ± 1.70 (m, 1H), 1.70 ± 1.40 (m,
7H), 1.38 ± 1.16 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 174.1,
172.8, 172.0, 171.4, 168.8, 153.7, 134.7, 128.3, 125.5, 115.8, 111.2, 56.2, 52.3,
51.4, 41.5, 31.4, 30.7, 29.4, 26.8, 25.9, 24.9, 22.4; analytical HPLC:
homogeneous single peak, tR� 16.9 min (5 ± 40 % B in 30 min); MALDI
MS: calcd for C23H33N7O8 [MH]� 536.2, found 536.9.


Compound 32 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (75 mg, 74%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.2 (br, 1H), 8.74 (d, J� 5.1 Hz, 1H),
8.27 (d, J� 2.7 Hz, 1H), 8.17 (dd, J� 2.4, 9.3 Hz, 1H), 7.92 (d, J� 7.8 Hz,
1H), 7.56 (d, J� 7.5 Hz, 1H), 7.39 (s, 1H), 7.20 (br, 1H), 7.11 (s, 1H), 6.84 (d,
J� 9.6 Hz, 1H), 4.35 ± 4.20 (m, 2H), 3.91 (t, J� 7.5 Hz, 1H), 3.32 ± 3.18 (m,
2H), 2.23 (br, 2H), 2.20 ± 2.04 (m, 1 H), 2.03 ± 1.88 (m, 1 H), 1.83 ± 1.46 (m,
5H), 1.05 (d, J� 6.6 Hz, 3 H), 0.99 (d, J� 6.6 Hz, 3 H); 13C NMR
([D6]DMSO, 75 MHz, 25 8C): d� 172.9, 171.4, 171.0, 168.5, 156.0, 153.3,
134.7, 128.1, 125.4, 117.0, 111.0, 62.2, 52.2, 51.4, 41.6, 30.4, 29.2, 27.1, 26.1,
24.8, 19.9, 19.4; analytical HPLC: homogeneous single peak, tR� 14.7 min
(8 ± 70% B in 30 min); MALDI MS: calcd for C22H30N6O8 [M�Na]� 529.2,
found 529.4.


Compound 33 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (44 mg, 89%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 9.12 (d, J� 9.3v, 1H), 8.33 (d, J� 2.7 Hz,
1H), 8.15 (dd, J� 2.7, 9.3 Hz, 1H), 7.86 (d, J� 5.7 Hz, 1H), 7.62 (d, J�
7.8 Hz, 1H), 7.31 (s, 1 H), 7.14 (s, 1 H), 7.06 (d, J� 7.8 Hz, 1 H), 6.85 (d, J�
9.3 Hz, 1H), 4.83 (d, J� 4.5 Hz, 1 H), 4.26 ± 4.14 (m, 2H), 4.12 ± 4.04 (m,
1H), 4.02 ± 3.92 (m, 1 H), 3.30 ± 3.18 (m, 2H), 1.91 ± 1.70 (m, 3 H), 1.64 ± 1.45
(m, 4H), 0.99 (d, J� 2.7 Hz, 3H), 0.97 (d, J� 3.0 Hz, 3 H), 0.92 (d, J�
6.0 Hz, 1H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.2, 172.9,
170.1, 169.0, 153.8, 134.6, 128.4, 125.6, 115.4, 111.4, 66.3, 57.8, 55.5, 51.5, 41.4,
28.8, 24.9, 22.9, 21.9, 19.6; analytical HPLC: homogeneous single peak, tR�
17.4 min (8 ± 70 % B in 30 min); MALDI MS: calcd for C22H32N6O7


[M�Na]� 515.2, found 515.5.


Compound 34 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (45 mg, 67%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 14.2 (s, 2 H), 8.98 (s, 1 H), 8.92 (d, J�
6.9 Hz, 1H), 8.16 (dd, J� 2.7, 9.3 Hz, 1 H), 8.06 (d, J� 3.0 Hz, 1 H), 8.04 (d,
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J� 6.9 Hz, 1H), 7.80 (d, J� 7.8 Hz, 1 H), 7.47 (s, 1H), 7.44 ± 7.24 (m, 7H),
7.14 (s, 1H), 6.84 (d, J� 9.3 Hz, 1H), 4.62 (m, 1H), 4.70 ± 4.55 (m, 1H),
4.40 ± 4.20 (m, 1H), 3.25 ± 3.10 (m, 3 H), 3.00 ± 2.85 (m, 3 H), 1.80 ± 1.55 (m,
4H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 172.8, 171.7, 169.8, 168.3,
153.3, 137.8, 134.8, 133.9, 130.1, 129.1, 128.5, 128.1, 126.8, 125.0, 117.0, 111.3,
60.8, 57.4, 51.7, 41.8, 36.5, 29.5, 26.6, 25.1; analytical HPLC: homogeneous
single peak, tR� 15.7 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C27H30N8O6 [MH]� 563.2, found 563.5.


Compound 35 m : Rink amide AM resin (0.10 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (40 mg, 73%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 8.80 (d, J� 6.6 Hz, 1H), 8.53 (t, J�
6.3 Hz, 1H), 8.13 (dd, J� 2.7, 9.0 Hz, 1H), 8.06 (d, J� 2.7 Hz, 1H), 7.45
(s, 1 H), 7.13 (s, 1H), 7.10 (d, J� 9.6 Hz, 1 H), 6.70 (d, J� 9.3 Hz, 1 H), 6.39
(s, 1 H), 4.61 (dd, J� 2.4, 8.1 Hz, 1H), 4.45 ± 4.26 (m, 3 H), 4.18 (dd, J� 6.3,
13.5 Hz, 1 H), 3.53 (dd, J� 8.7, 18.1 Hz, 1H), 3.42 ± 3.32 (m, 1 H), 3.28 ± 3.20
(m, 1H), 3.15 (dd, J� 4.8, 13.5 Hz, 1H), 3.15 ± 3.02 (m, 1 H), 2.91 (dd, J�
10.8, 13.5 Hz, 1H), 2.32 ± 2.16 (m, 1H), 2.12 ± 2.00 (m, 1 H), 1.98 ± 1.77 (m,
6H), 1.58 ± 1.41 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 172.8,
172.7, 170.2, 169.5, 166.6, 151.6, 135.2, 127.3, 122.8, 121.1, 110.2, 60.5, 53.7,
51.7, 48.7, 42.8, 38.6, 30.7, 30.0, 29.5, 24.3, 24.1, 22.7; analytical HPLC:
homogeneous single peak, tR� 14.3 min (8 ± 70 % B in 30 min); MALDI
MS: calcd for C23H30N7O7S [M�Na]� 572.2, found 572.6.


Compound 36 m : Rink amide AM resin (0.20 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin (105 mg crude material was obtained), the crude (98 mg) was
subjected to preparative HPLC and lyophilization to give a yellowish
powder (65 mg, 52%). 1H NMR (300 MHz, [D6]DMSO, 25 8C): d� 12.3
(br, 1 H), 8.88 (d, J� 6.3 Hz, 1 H), 8.68 ± 8.60 (m, 1H), 8.58 (d, J� 2.1 Hz,
1H), 8.17 (dd, J� 2.7, 9.3 Hz, 1H), 7.72 (s, 1H), 7.69 (br, 3H, TFA salt of Lys
side chain), 7.61 (d, J� 8.4 Hz, 1H), 7.35 (s, 1H), 7.09 (s, 1H), 6.90 (d, J�
9.6 Hz, 1 H), 4.39 (dd, J� 8.4, 14.1 Hz, 1 H), 4.25 ± 4.08 (m, 2H), 3.55 ± 3.40
(m, 1 H), 3.34 ± 3.20 (m, 1H), 2.82 ± 2.70 (m, 2 H), 2.50 ± 2.43 (m, 2 H), 2.10 ±
1.98 (m, 2H), 1.80 ± 1.17 (m, 12H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C):
d� 174.1, 173.5, 171.8, 171.2, 168.8, 153.8, 134.6, 128.4, 126.1, 114.3, 111.1,
55.6, 52.1, 51.8, 31.8, 31.3, 30.9, 26.9, 26.7, 26.4, 22.3, 22.2; analytical HPLC:
homogeneous single peak, tR� 19.3 min (5 ± 40 % B in 30 min); MALDI
MS: calcd for C24H35N7O8 [MH]� 550.2, found 550.3.


Synthesis of 37m : Rink amide AM resin (0.25 mmol, 0.66 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin (125 mg crude material was obtained), the crude (60 mg) was
subjected to preparative HPLC and lyophilization to give a yellowish
powder (40 mg, 52 %). 1H NMR (300 MHz, [D6]DMSO, 25 8C): d� 8.70 (d,
J� 7.8 Hz, 1 H), 8.38 (d, J� 2.4 Hz, 1 H), 8.30 ± 8.23 (m, 1H), 8.17 (dd, J�
2.7, 9.3 Hz, 1H), 7.82 (d, J� 8.4 Hz, 1H), 7.69 (br, 3 H, TFA salt of Lys side
chain), 7.53 (d, J� 8.4 Hz, 1 H), 7.35 (s, 1H), 7.08 (s, 1 H), 6.89 (d, J� 9.3 Hz,
1H), 4.41 (dd, J� 7.8, 14.1 Hz, 1H), 4.24 ± 4.14 (m, 1H), 4.02 (t, J� 7.5 Hz,
1H), 3.55 ± 3.42 (m, 1 H), 3.32 ± 3.18 (m, 1H), 2.81 ± 2.68 (m, 2 H), 2.04 ± 1.90
(m, 1 H), 1.80 ± 1.17 (m, 14H), 0.97 (d, J� 6.6 Hz, 3 H), 0.93 (t, J� 7.2 Hz,
3H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 173.5, 171.1, 170.9, 168.6,
153.3, 134.5, 128.3, 125.7, 115.4, 111.0, 60.3, 51.9, 44.7, 41.3, 35.5, 32.0, 31.6,
27.1, 26.8, 25.8, 22.4, 22.2, 15.9, 11.1; analytical HPLC: homogeneous single
peak, tR� 15.9 min (8 ± 70% B in 30 min); MALDI MS: calcd for
C25H39N7O6 [MH]� 534.2, found 534.3.


Compound 38m : TentaGel S PHB resin (0.10 mmol, 0.18 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (16 mg, 23%). 1H NMR
(300 MHz, [D6]DMSO, 25 8C): d� 12.4 (br, 2H), 8.72 (br, 1 H), 8.41 (br,
1H), 8.18 (s, 1H), 8.15 (s, 1 H), 7.83 (br, 5 H), 6.88 (d, J� 9.0 Hz, 1H), 6.58
(br, 1 H), 4.44 (br, 1H), 4.34 (br, 1H), 4.06 (br, 1 H), 3.70 ± 3.40 (br, 2H,
covered under the signal of water), 2.75 (br, 2 H), 2.01 (br, 5H), 1.78 (br,
2H), 1.55 (br, 3H), 1.43 (br, 1H), 1.26 (br, 3H); analytical HPLC: single
peak, tR� 15.3 min (5 ± 40% B in 30 min); MALDI MS: calcd for
C24H33N7O10 [MH]� 581.2, found 581.1.


Compound 39m : TentaGel S PHB resin (0.10 mmol, 0.30 mmol gÿ1) was
used to prepare this compound. After the peptide was cleaved from the
resin, the crude material was subjected to preparative HPLC separation
and lyophilization to give a yellowish powder (35 mg, 59%). 1H NMR


(300 MHz, [D6]DMSO, 25 8C): d� 12.4 (br, 2H), 8.80 (d, J� 6.3 Hz, 1H),
8.41 (d, J� 2.4 Hz, 1 H), 8.34 (t, J� 5.7 Hz, 1 H), 8.17 (dd, J� 2.7, 9.6 Hz,
1H), 7.94 (d, J� 7.8 Hz, 1 H), 7.73 (d, J� 7.8 Hz, 1H), 7.69 (br, 3H), 7.51 (d,
J� 8.1 Hz, 1 H), 6.85 (d, J� 9.3 Hz, 1 H), 4.40 ± 4.29 (m, 2 H), 4.10 (dd, J�
6.9, 13.5 Hz, 1H), 3.90 ± 3.67 (m, 2H), 2.83 ± 2.70 (m, 2H), 2.50 ± 2.40 (m,
2H), 2.00 (dd, J� 6.9, 14.7 Hz, 1H), 1.82 ± 1.62 (m, 4 H), 1.62 ± 1.40 (m, 4H),
1.36 ± 1.18 (m, 2H); 13C NMR ([D6]DMSO, 75 MHz, 25 8C): d� 174.0,
171.9, 171.4, 171.2, 168.7, 153.6, 134.6, 128.2, 125.4, 115.9, 111.1, 56.0, 52.1,
51.2, 31.3, 30.8, 30.7, 29.7, 29.5, 26.8, 25.9, 24.7, 23.7, 22.3; analytical HPLC:
single peak, tR� 17.1 min (5 ± 40% B in 30 min); MALDI MS: calcd for
C25H35N7O10 [MH]� 595.2, found 595.5.
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Conformations of Peptidomimetics Formed by SNAr Macrocyclizations:
13- to 16-Membered Ring Systems[=]


Zhicheng Wang, Song Jin, Yangbo Feng, and Kevin Burgess*[a]


Abstract: The SNAr macrocyclization
products 1 a ± d were designed to present
two amino acids residues in b-turn con-
formations. Compound 1 b in the series
should give the most ideal fit because it
could adopt a ªturn ± extended-pseudo-
turnº orientation. To test this hypothe-
sis, compounds 1 a ± d were examined by
a combination of CD and NMR spec-


troscopic techniques, and simulated by a
computational approach that did not use
constraints from spectroscopic data.
Good correspondence between the


spectroscopic data and the calculated
conformations was obtained. All the
compounds appear to be capable of
adopting type I b-turns (or closely
related states) but the bias towards this
structure was most prevalent for the 14-
membered macrocycle 1 b, as predicted
for the desired turn ± extended-pseudo-
turn conformation.


Keywords: b-turn ´ conformation
analysis ´ macrocycles ´ molecular
dynamics ´ peptidomimetics


The term ªb-turn mimicº has been applied to diverse
structures designed for different purposes.[1±3] For instance,
many b-turn mimics designed for biophysical chemistry serve
only to link peptide fragments in the same way as the i�1/i�2
residues of a natural b-turn.[4±8] Compounds A[7] and B[9] fall
into that category; they might be more accurately described as
ªb-turn templatesº than b-turn mimics. Another class of b-
turn analogues is that consisting of bicyclic and medium ring
compounds designed to project side chains in turnlike
orientations, such as structures C to F.[10±19]


Our group is interested in developing efficient solid-phase
syntheses of b-turn mimics containing amino acid residues
corresponding to key loop regions of target protein structures.
Structures 1 evolved from sampling molecular models of
organic fragments that, when connected to the C- and
N-termini of a dipeptide, appeared capable of inducing b-
turn conformations. Ready access to such compounds in high-
throughput parallel syntheses would help bridge the gap
between discovery of peptide leads and identification of small
molecules with the similar pharmacological profiles.[20] Details
relating to preparations of compounds 1 are given in the
preceding paper, and have been communicated.[20] This
manuscript concerns their conformations in solution.


Target molecule 1 b (n� 1) was identified as a key
compound in the series 1 a ± 1 d. It has the correct atom-count
to exist in a conformation characterized by fused C10-rings
sharing an NH ´´´ OC edge. We hypothesized that 1 b might
therefore adopt a ªturn ± extended-pseudo-turnº arrange-
ment similar to cyclic hexapeptides. The latter are well known
to favor orientations with two C10 rings separated by an amino
acid at each side, that is turn ± extended-turn conforma-
tions.[1±3] Systems 1 a, 1 c, and 1 d, where n� 0 and 2 ± 3, were
predicted to be less able to attain the ideal turn ± extended-
pseudo-turn conformations.


[a] Prof. K. Burgess, Z. Wang, S. Jin, Dr. Y. Feng
Texas A & M University, Chemistry Department
P. O. Box 30012, College Station, TX 77842 (USA)
Fax: (�1) 409 845-8839
E-mail : burgess@mail.chem.tamu.edu


[=] Supporting information for this article is available from the author.
This includes 1D 1H NMR, phase-sensitive COSY, ROESY, temper-
ature coefficient, and CD data for compounds 1 a ± d.
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Other considerations also indicate structures 1, and 1 b in
particular, would be well suited to present dipeptides in b-
turnlike conformations. Compounds 1 are smaller macro-
cycles than cyclic hexapeptides (14-membered rings for n� 1
versus 18-membered cyclic hexapeptides), and the smaller
ring size should favor rigidity. Moreover, whereas cyclic
hexapeptides can exist in several turn ± extended-turn con-
formations,[21] there should be less conformational ambiguity
associated with structures 1 because they have less alternative
possible intramolecular NH ´´´ OC interactions.


This paper reports data from experiments designed to test
for preferred conformations of structures 1. It provides
experimental tests of the hypothesis presented above, that is
that the structures 1 have a tendency to adopt turn con-
formations like those in cyclic hexapeptides.


Results and Discussion


Compounds 1 a ± d were studied by a combination of NMR
techniques including ROESY spectra, measurement of NH
temperature coefficients, determination of NH/ND exchange
rates, and determination of coupling constants. DMSO was
used as solvent in most of these experiments. Water was not
used because of limited solubility of the compounds, and
because our goal was to measure the conformation of these
turn mimics in an environment that resembles that at a
protein ± protein interface, that is neither extremely hydro-
philic nor extremely hydrophobic. Overall, these NMR
studies gave a set of data for comparison with the molecular
simulations outlined below.


Molecular simulations of 1 a ± d were performed by using
the quenched molecular dynamics (QMD) technique.[22] The
key feature of this approach is that a set of conformers is
generated without any bias from experimentally determined
constraints, hence the good correlation between the simulated
and the actually observed structure is highly informative.
Details of QMD simulations have been published elsewhere,
and applied several times in work from these labs.[22±30] Briefly,


a large ensemble of structures (600 in this work) is generated
under conditions designed to sample a large percentage of the
conformational space. These structures are minimized thor-
oughly, and the lowest energy conformations are isolated then
grouped into families. Representative members of these
families are then compared with the experimental data
generated from NMR experiments.


NMR studies of compounds 1 a ± d : NMR experiments were
performed to probe several parameters that would be
characteristic of b-turn conformations, if present. Figure 1


Figure 1. Compound 1 b constrained in type I and type II b-turn
conformations. Expected ROE contacts are marked with double ± headed
arrows, and the dashed arrows indicate couplings.


shows conformations of molecule 1 b wherein the dipeptide
fragment is artificially constrained in type I and in type II b-
turn orientations. Clearly, the NH of the template (i.e., the
i�3 NH) is somewhat uniquely projected inside the ring in
both these structures. Only the most stringent definitions of b-
turns require that this proton should be hydrogen ± bonded,
although it should have unusual properties in the absence of
this interaction, even if only because of solvent shielding.
These may be lower chemical shift values, small temperature
coefficients, and relatively slow rates of exchange in protic
deuterated solvents.


The critical difference between these two conformations
shown in Figure 1 is that the i�1 carbonyl and the i�1/i�2
amino acid side chains are at opposite faces of the ring in the
type I case, but on the same side in the type II orientation.
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This difference has significant implications on the ROE
connectivities that are to be expected. AubeÂ and co-workers
clearly summarized these differences in the context of another
b-turn system,[31] and their conclusions may be extrapolated to
this work. Type I conformations are characterized by ROE
crosspeaks between the i�1 and i�2, and between the i�2 and
i�3 NH protons. Conversely, type II turns feature ai�1 to
NHi�2 connectivities. These differences are also manifest in
3JH,Na coupling constants: values of approximately 4 and 9 Hz
are expected for the second and third residues of a type I b-
turn, while these values are 4 and 5 Hz for type II b-turns.[32]


Salient NMR data for compounds 1 a ± d are shown in
Table 1. The NHi�3 proton is of particular interest because in
the anticipated turn ± extended-pseudo-turn conformation of
these molecules this proton should be proximal, and possibly
hydrogen-bonded to the ArCO carbonyl. Temperature coef-


ficients for the NHi�3 of compounds 1 b and 1 d are the lowest
in the series, probably[33] indicative of solvent shielding and/or
hydrogen bonding,[34, 35] and imply well-populated turn con-
formers are most likely to be present for compounds 1 b and
1 d. The presence of NHi�1 to NHi�2 ROE crosspeaks, and the
absence of ai�1 to NHi�2 connectivities in all cases, indicate
that these turns are similar to type I structures. This inference
is supported by the NHi�2 to NHi�3 crosspeak observed for
compound 1 b, and by the smaller/larger relative 3JN,H-a(i�1)
and 3JN,H-a(i�2) coupling constants observed for all the
compounds in the series.


Circular dichroism studies for compounds 1 a ± d : Type I b-
turns tend to give CD spectra with a positive peak at about
190 nm, and a negative peak at around 208 nm.[36] CD spectra
of type II turns give no significant maximum ellipticity below
200 nm, and a maximum at about 203 nm. Figure 2 shows the
CD spectra of compounds 1 in H2O/MeOH 80:20. The
inference from these data is that all the compounds have CD
spectra similar in shape to those expected for type I turns, but
not type II. However, we cannot anticipate the effects of the
aryl chromophore in these molecules, as this could also have a
bearing on the shapes of the CD spectra observed.


Some practical issues of these CD studies require explan-
ation. First, the conclusion presented above is based on CD
spectra shapes but not intensities. No significance can be
placed on the relative intensities in Figure 2, because the
solutions probably had significantly different concentrations
despite our efforts to ensure equimolarity. Difficulties in
preparing equimolar solutions arose from weighing errors as a
result of the small sample amounts available and the hygro-
scopic characteristics of these compounds. Second, the choice


of solvent for the CD spectra
was made upon the following
considerations. Optimally, the
CD spectra should be recorded
in the same medium with the
same dipole moment as used
for the NMR studies, that is
DMSO, m� 45. However,
DMSO is unsuitable for CD
studies since it obscures most of


the regions of interest. A mixture of H2O/MeOH 35:65 has
the same dipole moment as DMSO.[27] We found that this
media gave noisy spectra at 190 nm, because methanol has a
significant absorbance in the 190 nm region. Thus the
proportion of methanol was reduced until it was found that
an H2O/MeOH 80:20 mixture gave acceptable CD spectra.


Molecular simulations of compounds 1 a ± d : The QMD
technique gives an ensemble of low energy structures that
are then grouped into families with a matching routine. In all
four compounds 1, one of the families had many more
conformers than the others, and also contained the overall
lowest energy structure located. In fact, in each of the
simulations the most populated family contained at least
48 structures, while the next most populated contained 20 or
less. Moreover, as described below, representatives of the
most populated families gave good correspondence with the
NMR data. For these reasons, only the most populated
conformers are considered in the text (Table 2); complete
details of the four simulations for compounds 1 are given in
the Supporting Information.


One incidental finding in the QMD studies was interesting
in the context of the current study. The overlay process
converged well to one major family for compounds 1 a and 1 b,
but the allowable conformations were less similar in the case
of 1 c and 1 d. This observation is entirely logical. As the ring
size is increased the compounds would be expected to be more
flexible and to adopt a more diverse set of conformational
states.


The next stage in the process was to compare the data from
the molecular simulations with ideal bond parameters for type
I and type II b-turns. Idealized f,y bond angles[37, 38] for the


Table 1. Important NMR data for compounds 1.


1 Ring
size


d NH NHi�3


Dd/DT
[ppb Kÿ1]


ROE values Coupling constants [Hz]
i�1
(Glu)


i�2
(Lys)


i�3
(varies)


NHi�1/
NHi�2


NHi�2/
NHi�3


3JN,H-a(i�1) 3JN,H-a(i�2)


a 13 8.445 7.164 8.300 ÿ 3.56 S ± 8.0 9.0
b 14 8.681 7.779 7.677 ÿ 2.04 M M 6.0 9.5
c 15 8.842 7.463 7.821 ÿ 4.56 S ± 6.0 8.0
d 16 8.853 7.66 ± 7.70 7.584 ÿ 2.40 M ± 6.0 8.5


Figure 2. Overlaid CD spectra of compounds 1 in H2O/MeOH 80:20.
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i�1 and i�2 residues of a type I b-turn are ÿ608, ÿ308 and
ÿ908, 08 respectively. The corresponding f,y angles for a type
II turn are ÿ608, �1208 and �808, 08. The comparison of the
data presented in Table 2 reveals that f,y angles of all the low
energy conformers correspond more closely to type I b-turn
conformations than type II. In fact, the bond angles indicated
may fit other turn types even more closely than a type I.


However, the differences between some of the various types
are subtle (e.g. the type III i�1 and i�2 f,y angles are ÿ608,
ÿ308 andÿ608,ÿ308, respectively, which is close to the type I
situation). Our assessment is that these differences are within
the margins of experimental error for molecular simulations.
Indeed, if all the structures in the dominant family are
averaged, and the resulting structure is minimized to relax
bonds that are distorted by the averaging process, another
conformation is then generated. Table 2 indicates that these
structures (for which f,y parameters listed under the heading
ªaverage from family containing lowest energy conformerº)
can differ from the lowest energy conformer. Those differ-
ences are greater than those between idealized type I and type
III turns; this indicates that the simulations do not distinguish
between these. However, the differences are less than those
between type I and type II turns hence the latter distinction is
valid.


Further support for the inference that compounds 1 can
adopt type I turn conformations was obtained by comparison
of allowable bond angles calculated from coupling constants
with those simulated. Throughout angles measured for the
averaged structures from each major family gave a good
correspondence with values calculated[32] from the experi-
mentally observed coupling constants (Table 3).


Conclusion


SNAr macrocyclizations provide a convenient means to
prepare 13- to 16-membered rings by solid-phase syntheses.
CD studies (Figure 2) and molecular dynamics simulations
indicate all the compounds 1 resemble type I b-turns. This
assertion is supported by the ROE data (Table 1) which


reveals that all the compounds
have the requisite NHi�1/NHi�2


crosspeak for such conforma-
tions, but do not have the ai�1/
NHi�2 crosspeaks that would be
expected for type II turns and
related conformers (Figure 1).
The evidence for population of
type I turn states is strongest for
compound 1 b in the series. This
compound has a low chemical
shift and temperature coeffi-
cient for the NHi hydrogen,
and its simulated structure fits
the idealized type I turn param-
eters relatively well. This find-
ing supports the hypothesis
made at the beginning of this
study, that the 14-membered
ring should resemble closest
the turn ± extended-turn con-
formation of cyclic hexapepti-
des. However, the nature of the
heteroatom used in the cycliza-
tion (in all cases nitrogen was
used here) may also have some


Table 2. Important details from the QMD simulations.


Com-
pound


Ring
size


Parameter Lowest
energy
conformer


Average from family
containing lowest
energy conformer


1a 13 i�1 (Glu) f ÿ 68 8 ÿ 78 8
i�1 (Glu) y ÿ 47 8 ÿ 46 8
i�2 (Lys) f ÿ 71 8 ÿ 96 8
i�2 (Lys) y ÿ 31 8 ÿ 22 8
COi ± NHi�3 distance [�] 2.93 3.71
turn type bIII bI


1b 14 i�1 (Glu) f ÿ 67 8 ÿ 78 8
i�1 (Glu) y ÿ 33 8 0 8
i�2 (Lys) f ÿ 74 8 ÿ 160 8
i�2 (Lys) y ÿ 32 8 48 8
COi ± NHi�3 distance [�] 2.69 3.10
turn type bIII bVIII


1c 15 i�1 (Glu) f ÿ 79 8 ÿ 78 8
i�1 (Glu) y ÿ 40 8 ÿ 19 8
i�2 (Lys) f ÿ 63 8 ÿ 93 8
i�2 (Lys) y ÿ 61 8 38 8
COi ± NHi�3 distance [�] 2.77 3.17
turn type bIII bI


1d 16 i�1 (Glu) f ÿ 87 8 ÿ 77 8
i�1 (Glu) y ÿ 28 8 ÿ 47 8
i�2 (Lys) f ÿ 68 8 ÿ 91 8
i�2 (Lys) y ÿ 35 8 101 8
COi ± NHi�3 distance [�] 3.40 4.97
turn type bIII bIII


Figure 3. Lowest energy conformers located in the QMD study of compounds 1 (see Figure 1 for the atom key;
the dashed lines highlight distances between the ArCO carbonyl and the NHi�3 proton which are similar to the
proposed turn ± extended-pseudo-turn structures).
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conformational effects. This issue was not explored in this
particular study but will be addressed in subsequent work.


Experimental Section


NMR studies : NMR spectra were recorded on a Varian UnityPlus 500
spectrometer (500 MHz). The concentrations of the samples were approx-
imately 5 mm in [D6]DMSO. One-dimensional (1D) 1H NMR spectra were
recorded with a spectral width of 8000 Hz, 32 transients, and a 2.5 s
acquisition time. Vicinal coupling constants were measured from 1D
spectra at 25 oC. Assignments of 1H NMR resonances in DMSO were
performed by using sequential connectivities. Temperature coefficients of
the amide protons were measured by several 1D experiments in the
temperature range 25 ± 50 oC adjusted in 5 oC increments with an equilibra-
tion time of more than 10 min after successive temperature steps.


Two-dimensional (2D) NMR spectra were recorded at 25 oC with a spectral
width of 8000 Hz. Through-bond connectivities were identified by CO-
SY,[39] and through-space interactions by ROESY spectra,[40] recorded in
512 t1 increments and 32 scans per t1 increment with 2 K data points at t2 .
ROESY experiments were performed with mixing times of 100, 200, 300,
400 ms; normally a mixing time of 300 ms was superior. The intensities of
the ROESY crosspeaks were assigned as S (strong), M (medium), and W
(weak) from the magnitude of their volume integrals.


CD studies : CD measurements were obtained on an Aviv (model 62 DS)
spectrometer. For these experiments the cyclic peptidomimetics were
dissolved in H2O/MeOH (80:20 v/v, c� 0.1 mg mLÿ1, 0.1 cm path length).
The CD spectra were recorded at 25 oC.


Molecular simulations : CHARMm (version 23.2, Molecular Simulations
Inc.) was used for the molecular simulations performed in this work.
Explicit atom representations were used throughout the study. The residue
topology files (RTF) for all the peptidomimetics were built with QUAN-
TA97 (Molecular Simulations Inc.).


Quenched molecular dynamics simulations (QMD) were performed by
using the CHARMm standard parameters. All four molecules were
modeled as neutral compounds in a dielectric continuum of m� 45
(simulating DMSO). Thus, the starting conformers were minimized with
200 steps of steepest descent (SD) and 1000 steps of the adopted basis
Newton ± Raphson method (ABNR), respectively. The minimized struc-
tures were then subjected to heating, equilibration, and dynamics
simulation. Throughout, the equations of motions were integrated by using
the Verlet algorithm with a time step 1 fs. SHAKE was used to constrain all
bond lengths containing polar hydrogens. Each peptidomimetic was heated
to 1000 K over 10 ps and equilibrated for another 10 ps at 1000 K, then
molecular dynamics runs were performed for a total time of 600 ps with
trajectories saved every 1 ps. The resulting 600 structures were thoroughly
minimized by using 200 steps of SD followed by ABNR until an RMS
energy derivative of �0.001 kcal molÿ1 �ÿ1 was obtained. Structures with
energies less than 3.50 kcal molÿ1 relative to the global minimum were
selected for further analysis.


The QUANTA97 package was used again to display, overlay, and classify
the selected structures into conformational groups. The best clustering was


obtained by using a grouping method
based on calculation of RMS deviation
of a subset of atoms; in this study these
were the ring backbone atoms. Thus,
threshold cutoff values between
0.60 � and 0.75 � were selected to
obtain families with reasonable homo-
geneity. The lowest energy from each
family was considered as a typical
representative of the family as a
whole. Additionally, a second ap-
proach was also used to obtain a
representation of each family. In this
alternative protocol, the coordinates
of all the heavy atoms in each family
were averaged in Cartesian space. The
protons were rebuilt on those heavy
atoms with standard geometries for


each atom type, then the resulting structures were minimized with 50 ± 100
steps of SD to smooth the bond lengths and angles. Finally, interproton
distances and dihedral angles from both the lowest energy and the averaged
structure were calculated for comparisons with the ROE data.
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cis-5-Amino-6-hydroxycyclohexadiene as a Chiral Building Block:
An Asymmetric Synthesis of (ÿ)-Swainsonine


Barry M. Trost* and Daniel E. Patterson[a]


Abstract: A new asymmetric building block, cis-5-hydroxy-6-aminocyclohexa-1,3-
diene in which the double bonds are differentiated as the Diels ± Alder adduct with
anthracene, is available in an enantiomerically pure form in three or four steps from
anthracence and benzoquinone. The key step is a palladium-catalyzed desymmetri-
zation of a meso-2-en-1,4-diol. It serves as a chiral precursor of the anticancer agent
swainsonine. Diastereoselective dihydroxylation dictated by the dihydroanthracence
unit sets the four stereogenic centers of swainsonine. The sequence then first creates
the pyrrolidine ring followed by the piperidine ring. The effectiveness of the synthesis
is evident from the overall yield of 15 % for the 15-step protocol.


Keywords: alkaloids ´ asymmetric
synthesis ´ natural products ´ palla-
dium ´ swainsonine ´ total synthesis


Introduction


Asymmetric synthesis utilizing
transition metal catalysis has
the advantage of providing
equivalent access to either
enantiomer of the product. Ex-
ploring the properties of both
enantiomeric forms becomes
increasingly important. For ex-
ample, in the development of nucleoside analogues as anti-
HIV agents, the l-nucleosides sometimes are clinically
preferred over the ªnaturalº d-isomers because they have
lower toxicity.[1] We have been developing the utility of the
AAA (asymmetric allylic alkylation) reaction with palladium,
molybdenum, and tungsten catalysis.[2±4] Recently, we estab-
lished that the bis-urethanes of meso-2-ene-1-4-diols can be
cyclized to vinyloxazolidin-2-ones with near perfect enantio-
selectivity as shown in Scheme 1.[5] This reaction serves as the
equivalent of an asymmetric and regioselective cis-amino-
hydroxylation of a diene. We envisioned that an equivalent of
the oxazolidin-2-one 1, in which the double bonds were
differentiated as in 2, would be a useful asymmetric building
block. Using the method of Scheme 1, the achiral precursor
becomes diol 3 which derives in two steps from anthracene
and benzoquinone (Scheme 2).[6]


This strategy was examined in the context of a synthesis of
the anticancer agent (ÿ)-swainsonine (5). Polyhydroxylated
indolizidine alkaloids such as swainsonine have received
considerable attention because of their activity as glucosidase
inhibitors and because of their structural complexity.[7] These
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Scheme 2. The key intermediates.


compounds have shown anticancer, antiviral, and immunor-
egulatory properties. Swainsonine was first isolated from the
fungus Rhizoctonia leguminicola in 1973.[8] It has shown
activity as a potent inhibitor of both lysosomal a-mannosidase
and mannosidase II, and has been selected for clinical testing


[a] Prof. Dr. B. M. Trost, D. E. Patterson
Department of Chemistry, Stanford University
Stanford, CA 94305-5080 (USA)
Fax: (�1) 650 725-0002
E-mail : bmtrost@leland.stanford.edu


FULL PAPER


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3279 $ 17.50+.50/0 3279


NH HN
O O


PPh2 Ph2P


N


O


O


Ts
N


O


O


Ts


HNNH
OO


Ph2PPPh2O O O


NHTs


O


TsNH


ent-4


99% ee


[(dba)3Pd2]•CHCl3


(C2H5)3N
99% ee


[(dba)3Pd2]•CHCl3
(C2H5)3N


4


Scheme 1. Enantioselective synthesis of vinyloxazolidin-2-ones.







FULL PAPER B. M. Trost and D. E. Patterson


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3280 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113280


as an anticancer drug.[9] Because of its biological importance,
swainsonine has been the focus of extensive synthetic effort.
Most of the syntheses reported to date use carbohydrate
starting materials,[10] but there have been four total syntheses
from achiral starting materials.[11] We report an effective
synthesis of (ÿ)-swainsonine starting from achiral starting
materials that utilizes the palladium-catalyzed desymmetriza-
tion of meso-bis-carbamates.


The present strategy for the synthesis of swainsonine is
shown in Scheme 3. Swainsonine is available from A via a two-
carbon homologation followed by ring closure. Aldehyde A
could arise from B by a reductive ozonolysis followed by a
Mitsunobu cyclization and oxidation. Cyclohexene B was
proposed to arise from oxazolidinone 2 by diastereoselective
dihydroxylation followed by a retro Diels ± Alder reaction.
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Scheme 3. Retrosynthesis of (ÿ)-swainsonine.


The present synthesis uses the desymmetrization of diol 3
(readily available in two steps from anthracene and benzo-
quinone in 85 % overall yield)[6] to set the stereochemistry of
the 1,2-amino alcohol functionality found in swainsonine.
Treatment of 3 with tosyl isocyanate (room temperature to
60 8C, THF) provided the desired bis-carbamate 6 in 90 %
yield. Desymmetrization with [dba3Pd2] ´ CHCl3 (tris-diben-
zylideneacetone-bis-palladium, chloroform solvate) and chi-
ral ligand 4 afforded oxazolidinone 2 in 80 % yield and >99 %
ee (Scheme 4). The enantiomer-
ic excess was determined to be
>95 % by chiral shift analysis,
and >99 % by chiral HPLC
analysis on the amino alco-
hol.[10] Because of the low sol-
ubility of 6 in most organic
solvents, a mixed solvent sys-
tem of THF/DMSO (5:1) gave
the best results. The bis-carba-
mate may be formed in situ
from diol 3 and the chiral
palladium catalyst subsequently
added, but the yield was lower
although the ee was still excel-
lent. It is best to recrystallize
the bis-carbamate for reprodu-
cible results.


With enantiopure oxazolidin-
2-one 2 in hand, its dihydrox-
ylation proceeded from the less
hindered face to give a single
diastereomer of diol 7 in 95 %
yield (Scheme 5). Diol 7 con-
tains the four contiguous ster-
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Scheme 4. Synthesis of 2.


eocenters of swainsonine in the correct configuration. Pro-
tection of the diol as the acetonide 8 proceeded in 94 % yield,
and basic hydrolysis of the oxazolidinone provided the desired
amino alcohol 9 in 96 % yield. The protected double bond of 9
was unmasked by flash vacuum thermolysis (500 8C,
0.05 mm Hg, 91 %). The ªdeblockingº can also be done at
the stage of oxazolidin-2-one 8, but the FVT yields were
lower. The choice of the alcohol protecting group is important
for the next stage of the synthesis. With many silyl ethers, after
ozonolysis and reductive work-up, they had a propensity to
migrate from the secondary alcohol to the neighboring
primary alcohol. For example, the TBDPS group extensively
migrated. We therefore turned to the MOM (methoxymethyl)
protecting group but were thwarted as a result to N-alkylation
competing with O-alkylation. A satisfactory solution was
found in the use of the triisopropylsilyl (TIPS) ether but even
here, the temperature during the reduction phase had to be
carefully controlled. The hydroxyl group of 10 was protected
as the TIPS ether in standard fashion to give cyclohexene 11 in
95 % yield. Ozonolysis of 11 followed by treatment with
dimethyl sulfide gave the corresponding hemiaminal, which
could be isolated if desired. Normally, it was directly reduced
to the acyclic amino diol 12 with sodium borohydride in
methanol in 62 % yield. Exposure of 12 to Mitsunobu
conditions closed the five-membered ring in 86 %. There is
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Scheme 5. Synthesis of fragment A (14). a) OsO4, NMO, CH2Cl2, RT, 12 h, 95%; b) 2,2-dimethoxypropane,
p-TsOH ´ H2O, acetone, RT, 2 h, 94%; c) K2CO3, MeOH/H2O (9:1), 60 8C, 1.5 h, 96 %; d) FVT 500 8C,
0.05 mm Hg, 91%; e) TIPSOTf, 2,6-lutidine, CH2Cl2, RT, 3 h, 95%; f) O3, CH2Cl2, ÿ78 8C, 15 min, then Me2S,
ÿ78 8C!RT, 2 h, then NaBH4, MeOH, 0 8C, 1 h, 62%; g) DIAD, Ph3P, THF, 0 8C, 45 min, 86%; h) Dess ± Martin
periodinane, NaHCO3, CH2Cl2, RT, 45 min, 98%.
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no need to protect the other primary alcohol since azetidine
formation is much less favorable than pyrrolidine formation.
Oxidation of the primary alcohol 13 with Dess ± Martin
periodinane afforded key aldehyde 14 nearly quantitatively.


Two routes were investigated for the synthesis of swainso-
nine from aldehyde 14. In route A, the six-membered ring of
swainsonine was envisioned to be closed by a 6-endo
palladium-catalyzed allylic amination. To investigate route
A (Scheme 6), aldehyde 14 was treated with vinylmagnesium
bromide in THF (95 %). Conversion of the resulting mixture
of diastereomeric allyl alcohols 15 to the methyl carbonate
required use of a strong base such as n-butyllithium. Removal
of the toluenesulfonyl protecting group with sodium ± mer-


cury amalgam in methanol buffered with sodium dibasic
phosphate[12] effected a cyclization of the amine onto the
carbonate to form the bicyclic carbamate 16 directly in 69 %
yield. All attempts to convert 15 into the desired allyl amine
17 using palladium catalysis however, were unsuccessful and
resulted in simply the epimerization of the starting material at
the carbamate chiral center, or decomposition. This result
suggests that the desired p-allyl palladium intermediate was
formed, but the desired decarboxylation and intramolecular
amination never occurred. Support for this interpretation
derives from the fact that use of an external nucleophile such
as p-methoxyphenol under otherwise identical conditions
does lead smoothly to alkylation of the phenol by the
vinylcarbamate 16.


Because of the inability to effect the cyclization of 16 to
form 17, route B was examined (Scheme 7). In route B,
olefination followed by lactamization would install the last
two carbons and close the ring. Horner ± Wadsworth ± Em-
mons olefination[13] of aldehyde 14 provided the trans-enoate
18 in 90 % yield, which was hydrogenated over platinum oxide
to afford ester 19 in 99 % yield. Detosylation of 19 with
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Scheme 7. Route B: Completion of the synthesis. a) Triethyl phosphono-
acetate, LiCl, DBU, CH3CN, RT, 2 h, 90%; b) PtO2, H2 (1 atm), EtOH, RT,
1.5 h, 99%; c) 3% Na(Hg), Na2HPO4, MeOH, RT, 3 h, 72%; d) BH3 ´
Me2S, THF, RT, 2 h, then EtOH, 95%; e) 6n HCl, THF, RT, 14 h, 88%.


concomitant lactamization gave bicyclic lactam 20 in 72 %
yield. The final two steps were similar to several previous
syntheses of swainsonine.[10, 15] Borane reduction went
smoothly in 95 % yield to give protected swainsonine 21.
Acidic deprotection afforded (ÿ)-swainsonine 5 in 88 % yield.


Conclusion


(ÿ)-Swainsonine of >99 % ee was synthesized in 15 steps
from achiral starting materials in 15 % overall yield. The four
contiguous stereocenters were efficiently set from a palla-
dium-catalyzed desymmetrization of a meso-bis-carbamate


followed by a diasteroselective
dihydroxylation. Either isomer
of swainsonine is readily avail-
able depending only on the
choice of the chiral ligand.
More generally, the adduct 2,
readily available enantiomeri-
cally pure in four steps (three
steps if urethane formation is
done in situ) should prove to be
a versatile synthon related to 1


wherein each of the remaining double bonds can be selec-
tively and sequentially modified and with high diastereose-
lectivity.


Experimental Section


General methods : Reactions were generally conducted under a positive
pressure of dry argon or nitrogen in flame-dried glassware. THF was
distilled from sodium benzophenone ketyl. Methylene chloride and
acetonitrile were distilled from calcium hydride. Methanol and ethanol
were distilled from magnesium methoxide and magnesium ethoxide,
respectively. Acetone was distilled from calcium sulfate. Dimethyl sulf-
oxide was distilled at 60 8C at 0.1 mm Hg. Common reagents and materials
were purchased from commercial sources and purified by distillation or
recrystallization. Anhydrous solvents and reaction mixtures were trans-
ferred by oven-dried syringe or cannula. Flash chromatography employed
ICN silica gel (Kieselgel 60, 230 ± 400 mesh), analytical TLC was per-
formed with 0.2 mm silica-coated glass plates (E. Merck, DC-Platten
Kieselgel 60 F254). Melting points were not corrected. Microanalyses were
performed by M-H-W Laboratories, Phoenix AZ.


Synthesis of oxazolidin-2-one (2): Toluenesulfonyl isocyanate (6.56 g,
33.3 mmol) was added to a slurry of diol 3[6] (5.0 g, 17.24 mmol) in THF
(38 mL). The resulting solution was stirred at room temperature for 30 min
and at 60 8C for 15 min. The resulting white slurry was cooled to 0 8C and
the solid was collected by filtration and dried to give bis-carbamate 6 as a
white solid (1:1.8 bis-carbamate/THF, 12.5 g, 90%). M.p. 230 ± 232 8C
(THF); IR (neat) 3212, 2927, 1725, 1458, 1347, 1237, 1160 cmÿ1; 1H NMR
(300 MHz, CDCl3/[D6]DMSO): d� 7.98 (d, J� 8.1 Hz, 4 H), 7.75 (s, 2H),
7.38 (d, J� 8.3 Hz, 4H), 7.15 (m, 4H), 7.07 (m, 4 H), 5.09 (s, 2 H), 4.75 (s,
2H), 4.25 (s, 2H), 2.72 (s, 2H), 2.46 (s, 6 H); 13C NMR (50 MHz, CDCl3/
[D6]DMSO): d� 149.2, 142.8, 142.3, 139.9, 135.2, 128.1, 126.1, 124.5, 124.3,
123.2, 122.4, 121.8, 69.6, 42.1, 38.8, 19.8. The compound was taken directly
to the next step.


DMSO (8 mL) was added to a slurry of the bis-carbamate 6 (7.85 g,
9.751 mmol) in THF (26 mL). An orange solution of [dba3Pd2] ´ CHCl3


(252 mg, 0.252 mmol) and ligand 4 (504 mg, 0.730 mmol) in THF (15 mL)
was then added in two portions. The resulting orange solution was stirred at
room temperature for 12 h. The reaction was diluted with methylene
chloride (100 mL), washed with water (100 mL), and concentrated.
Column chromatography on silica (25 % petroleum ether/CH2Cl2) gave a
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Scheme 6. Route A: Attempted palladium-catalyzed allylic amination. a) Vinylmagnesium bromide, THF,
ÿ78 8C, 10 min, 95%; b) nBuLi, methyl chloroformate, THF, ÿ78 8C, 15 min, 62%; c) 3% Na(Hg), Na2HPO4,
MeOH, RT, 30 min, 68%.
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white solid which was washed with 20% ethyl acetate/petroleum ether and
filtered to give 2 as a white solid (3.7 g, 80 %)in >95 % ee as determined by
1H NMR Eu(hfc)3 chiral shift experiment. [a]25


D ��76.3 (c� 1.54 in
CH2Cl2); m.p. 250 ± 252 8C (EtOAc/hexane); IR (neat): nÄ � 3068, 3041,
2926, 1780, 1596, 1458, 1364, 1316 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.81 (d, J� 8.3 Hz, 2H), 7.29 (m, 5H), 7.10 (m, 3 H), 6.95 (m, 2H), 5.91 (d,
J� 10.3 Hz, 1H), 5.63 (d, J� 10.5 Hz, 1H), 5.00 (t, J� 7.3 Hz, 1H), 4.64 (m,
1H), 4.59 (s, 1 H), 4.27 (s, 1 H), 2.70 (m, 1 H), 2.59 (m, 1H), 2.44 (s, 3H);
13C NMR (75 MHz, CDCl3): d� 150.9, 145.3, 144.1, 143.0, 140.9, 140.2,
135.1, 133.7, 129.7, 128.3, 126.4, 126.3, 126.1, 126.0, 125.5, 124.0, 123.7, 123.0,
121.9, 73.9, 54.7, 49.7, 45.5, 38.0, 37.0, 21.7); anal. calcd for C28H23NO4S: C
71.62, H 4.94; found: C 71.86, H 5.08.


Synthesis of diol (7): 4-Methylmorpholine-N-oxide (6 g, 51.17 mmol) was
added to a solution of oxazolidinone 2 (8.0 g, 17.05 mmol) and osmium
tetraoxide (1.08 mL, 4 % solution in water, 0.17 mmol) in methylene
chloride (70 mL). The resulting solution was stirred at room temperature
overnight. Sodium sulfite (19 g) and water (40 mL) were added and the
solution was stirred 20 min. The reaction mixture was diluted with
methylene chloride (150 mL) and water (100 mL). The aqueous phase
was extracted with methylene choride (100 mL). The combined organic
extracts were dried (MgSO4), filtered, and concentrated. Filtration through
silica gel (45 % EtOAc/petroleum ether) gave diol 7 as a white solid (8.01 g,
95%). [a]25


D ��55.1 (c� 1.7 in CH2Cl2); m.p. 200 ± 205 8C (EtOAc/hex-
ane); IR (neat): nÄ � 3453, 3069, 2925, 1784, 1596, 1467, 1357 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.84 (d, J� 8.3 Hz, 2 H), 7.33 (d, J� 8.3 Hz, 2H),
7.27 (m, 4H), 7.09 (m, 4H), 4.93 (m, 1H), 4.43 (s, 1H), 4.40 (s, 1H), 4.24 (d,
J� 8.1 Hz, 1H), 3.51 (m, 2H), 3.17 (br s, 1H), 2.52 (m, 2 H), 2.45 (s, 3H),
2.38 (s, 1H); 13C NMR (75 MHz, CDCl3): d� 150.7, 146.0, 144.1, 143.4,
141.4, 140.4, 134.1, 129.9, 128.4, 126.3, 126.1, 126.0, 125.8, 124.6, 123.6, 123.1,
72.5, 69.2, 65.8, 62.1, 60.4, 46.3, 44.9, 39.8, 38.8, 21.7, 21.0, 15.2, 14.1; HRMS:
calcd for C28H25NO6S: 503.1402 [M]� ; found: 503.1411.


Synthesis of acetonide (8): A solution of diol 7 (8.0 g, 16.19 mmol), 2,2-
dimethoxypropane (9 mL, 73.19 mmol) and p-toluenesulfonic acid mono-
hydrate (100 mg, 0.525 mmol) in acetone (90 mL) was stirred for 2 h. The
solution was concentrated and column chromatography on silica (25 %
EtOAc/petroleum ether) gave 8 (7.8 g, 94%) as a white solid. [a]25


D ��67.6
(c� 1.92 in CH2Cl2); m.p. 236 ± 237 8C (EtOAc/hexane); IR (neat): nÄ �
2987, 2934, 1790, 1732, 1597, 1467, 1379, 1306 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 7.91 (d, J� 8.4 Hz, 2H), 7.1 ± 7.4 (m, 7H), 7.0 ± 7.1 (m, 3H), 4.91
(t, J� 6.4 Hz, 1H), 4.41 (s, 2H), 4.34 (dd, J� 1.5, 6.4 Hz, 1H), 3.59 (dd, J�
5.1, 7.3 Hz, 1H), 3.40 (dd, J� 5.1, 1.5 Hz, 1H), 2.49 (m, 1H), 2.43 (s, 3H),
2.31 (m, 1H), 1.45 (s, 3H), 1.28 (s, 3H); 13C NMR (75 MHz, CDCl3): d�
150.9, 145.8, 144.5, 142.1, 140.8, 140.4, 134.6, 129.8, 128.3, 126.8, 126.6, 126.1,
126.0, 125.9, 124.7, 124.0, 122.7, 108.2, 75.7, 75.6, 75.5, 60.7, 60.3, 46.4, 45.1,
39.4, 38.1, 28.0, 26.1, 21.6, 14.1; HRMS calcd for C31H29NO6S: 543.1715
[M]� ; found: 543.1726.


Synthesis of amino alcohol (9): A solution of 8 (4.0 g, 7.35 mmol) and
potassium carbonate (2.0 g, 14.5 mmol) in methanol/water (9:1 v/v 100 mL)
was heated to 60 8C for 1.5 h. Acetic acid (1 mL) was added and the
reaction was concentrated in vacuo. The resulting residue was diluted with
methylene chloride (100 mL) and water (50 mL). The aqueous layer was
extracted with methylene chloride (50 mL). The combined organic extracts
were dried and concentrated to give 9 as a white solid (3.65 g, 96%). [a]25


D �
�10.3 (c� 1.53 in CH2Cl2); m.p. 185 ± 150 8C (EtOAc/hexane); IR (neat):
nÄ � 3529, 3278, 1466, 1326 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.73 (d,
J� 8.1 Hz, 2H), 7.41 (m, 1 H), 7.29 (m, 6H), 7.10 (m, 4 H), 5.00 (d, J�
7.1 Hz, 1 H), 4.41 (s, 1H), 4.32 (s, 1 H), 4.26 (s, 1H), 3.73 (t, J� 6.4 Hz, 1H),
3.58 (m, 1 H), 3.25 (t, J� 7.6 Hz, 1 H), 2.40 (s, 3 H), 2.12 (m, 1 H), 2.03 (m,
1H), 1.33 (s, 3 H), 1.04 (s, 3 H); 13C NMR (75 MHz, CDCl3): d� 144.3,
143.0, 142.6, 141.9, 141.8, 137.8, 129.2, 127.2, 126.4, 126.2, 125.9, 108.1, 78.5,
76.0, 73.7, 59.3, 46.6, 46.0, 44.4, 41.5, 27.8, 25.0, 21.3; HRMS calcd for
C30H31NO5S: 517.1923 [M]� ; found: 517.1924.


N-(5-Hydroxy-2,2-dimethyl-[3a,4,5,7a]-tetrahydro-benzo[1,3]dioxol-4-yl)-
4-methyl-benzenesulfonamide (10): Alcohol 9 (500 mg, 0.965 mmol) was
subjected to flash vacuum thermolysis (500 8C, 0.05 mm Hg). Column
chromatography on silica (30 ± 60% EtOAc/petroleum ether) gave 10 as a
white solid (298 mg, 91%) in>99 % ee as determined by HPLC (Chiralpak
AD column), elution time (flow rate 1 mL minÿ1, 15% isopropyl alcohol in
heptane, l� 254 nm): (ÿ)-isomer: 13.25 min, (�)-isomer: 14.73 min.
[a]25


D �ÿ99.8 (c� 1.50 in CH2Cl2); m.p. 138 ± 141 8C (EtOAc/hexane); IR
(neat): nÄ � 3312, 1599, 1455, 1430, 1375, 1334 cmÿ1; 1H NMR (300 MHz,


CDCl3): d� 7.78 (d, J� 8.1 Hz, 2 H), 7.26 (d, J� 8.1 Hz, 2 H), 5.99 (dd, J�
4.9, 10.0 Hz, 1 H), 5.89 (dd, J� 3.4, 10.0 Hz, 1H), 5.64 (d, J� 5.9 Hz, 1H),
4.54 (m, 1H), 4.33 (s, 1H), 4.25 (m, 1H), 3.24 (m, 1H), 3.17 (s, 1 H), 2.38 (s,
3H), 1.25 (s, 3H), 1.00 (s, 3H); 13C NMR (75 MHz, CDCl3): d � 143.6,
136.4, 131.1, 129.6, 127.4, 126.7, 109.6, 73.3, 71.5, 64.9, 56.4, 27.1, 25.7, 21.4;
anal. calcd for C16H21NO5S: C 56.62, H 6.24 N 4.13; found: C 56.75, H 6.45,
N 4.24.


N-(5-Triisopropylsilyloxy-2,2-dimethyl-[3a,4,5,7a]-tetrahydro-benzo[1,3]-
dioxol-4-yl)-4-methyl-benzenesulfonamide (11): A solution of alcohol 10
(1.73 g, 5.10 mmol), triisopropylsilyl trifluoromethanesulfonate (1.7 mL,
6.32 mmol), and 2,6-lutidine (0.84 mL, 7.21 mmol) in methylene chloride
(20 mL) was stirred at room temperature for 3 h. The reaction was diluted
with methylene chloride (50 mL) washed with water (2� 25 mL), dried
(MgSO4), filtered and concentrated. Column chromatography on silica
(10 % EtOAc/petroleum ether) gave the triisopropylsilyl ether 11 as a
colorless oil (2.368 g, 95 %). [a]25


D �ÿ83.0 (c� 3.10 in CH2Cl2); IR (neat):
nÄ � 3290, 1599, 1453, 1380, 1338 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.77
(d, J� 8.1 Hz, 2 H), 7.27 (d, J� 8.1 Hz, 2H), 5.81 (m, 2 H), 4.88 (d, J�
5.1 Hz, 1H), 4.59 (m, 1 H), 4.53 (t, J� 6.4 Hz, 1H), 4.46 (m, 1 H), 3.47 (q,
J� 5.1 Hz, 1 H), 2.39 (s, 3 H), 1.30 (s, 3H), 1.16 (s, 3H), 0.95 (m, 21H);
13C NMR (75 MHz, CDCl3): d� 143.4, 136.7, 130.9, 129.5, 127.4, 127.3,
109.4, 73.9, 71.3, 65.6, 56.3, 27.3, 26.0, 21.4, 17.9, 17.8, 12.2; anal. calcd for
C27H41NO5SSi: C 60.57, H 8.34 N 2.83; found: C 60.39, H 8.16, N 2.80.


N-[3-Hydroxy-1-(5-hydroxylmethyl-2,2-dimethyl-[1,3]dioxolan-4-yl)-2-tri-
isopropylsilyloxy-propyl]-4-methyl-benzenesulfonamide (12): Ozone was
bubbled through a solution of protected alcohol 11 (1.01 g, 2.07 mmol) in
methylene chloride (8 mL) at ÿ78 C for 15 min. Nitrogen was bubbled
through the solution for 5 min. Dimethyl sulfide (0.6 mL) was added and
the reaction was allowed to warm to room temperature. The reaction was
stirred at room temperature for 1 h and concentrated. Methanol (8 mL)
was added and the reaction was cooled to 0 8C and sodium borohydride
(171 mg, 4.51 mmol) was added slowly. The reaction was stirred at 0 8C for
1 h. The reaction was quenched with water and extracted with methylene
chloride (2� 50 mL). The combined organic extracts were dried (MgSO4),
filtered and concentrated. Column chromatography on silica (30 % EtOAc/
petroleum ether) gave diol 12 as a colorless oil (680 mg, 62 %). [a]25


D �ÿ6.7
(c� 2.61 in CH2Cl2); IR (neat): nÄ � 3289, 1600, 1463, 1380, 1337, 1217,
1164 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.77 (d, J� 8.3 Hz, 2H), 7.29
(d, J� 8.1 Hz, 2 H), 5.15 (d, J� 6.8 Hz, 1 H), 4.41 (t, J� 4.9 Hz, 1 H), 4.16 (q,
J� 6.6 Hz, 1H), 3.91 (m, 2 H), 3.68 (dd, J� 3.2, 12.2 Hz, 1 H), 3.44 (m, 4H),
2.41 (s, 3H), 1.26 (s, 3H), 1.23 (s, 3 H), 1.03 (m, 21 H); 13C NMR (75 MHz,
CDCl3): d� 143.5, 137.7, 129.5, 127.3, 107.7, 77.6, 75.3, 73.0, 62.9, 61.0, 52.1,
27.2, 24.9, 21.5, 18.0, 17.9, 12.6; HRMS calcd for C22H38NO7SSi: 488.2138
[Mÿ iC3H7]� ; found: 488.2140.


2-[2,2-Dimethyl-5-(toluene-4-sulfonyl)-tetrahydro-[1,3]dioxolo[4,5-c]pyr-
rol-4-yl]-2-triisopropylsilyloxy-ethanol (13): Triphenylphosphane (228 mg,
0.87 mmol) was slowly added at 0 8C to a solution of diol 12 (338 mg,
0.637 mmol mmol) and diisopropyl azodicarboxylate (DIAD, 0.193 mL,
0.98 mmol) in THF (5 mL). The resulting solution was stirred for 45 min.
The reaction was concentrated and column chromatography on silica (25 %
EtOAc/petroleum ether) gave 13 (281 mg, 86%) as a colorless oil. [a]25


D �
ÿ59.8 (c� 1.52 in CH2Cl2); IR (neat): nÄ � 3541, 1464, 1382, 1346,
1216 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.73 (d, J� 8.3 Hz, 2H), 7.33
(d, J� 8.1 Hz, 2H), 4.53 (m, 1H), 4.14 (m, 2 H), 4.03 (dd, J� 6.0, 12.7 Hz,
1H), 3.77 (m, 2H), 3.62 (q, J� 6.8 Hz, 1H), 3.17 (m, 1 H), 3.03 (dd, J� 8.6,
12.9 Hz, 1H), 2.44 (s, 3H), 1.43 (s, 3 H), 1.18 (s, 3 H), 1.08 (m, 21H);
13C NMR (75 MHz, CDCl3): d� 144.6, 134.6, 130.2, 127.4, 113.4, 80.4, 77.6,
71.4, 63.6, 62.4, 52.7, 27.9, 25.3, 21.6, 18.2, 18.1, 12.7; anal. calcd for
C25H43NO6SSi: C 58.45, H 8.44, N 2.73; found: C 58.60, H 8.45, N 2.96.


[2,2-Dimethyl-5-(toluene-4-sulfonyl)-tetrahydro-[1,3]dioxolo[4,5-c]pyrrol-
4]-yl-2-triisopropylsilyloxy-acetaldehyde (14): Dess ± Martin periodinane
(417 mg, 0.423 mmol) was added at 0 8C to a solution of alcohol 13 (440 mg,
0.858 mmol) and sodium bicarbonate (101 mg, 1.2 mmol) in methylene
chloride (8 mL). The resulting white slurry was stirred for 45 min at room
temperature. The reaction was concentrated, filtered through silica gel, and
concentrated to give aldehyde 14 (430 mg, 98 %) as a colorless oil. [a]25


D �
ÿ77.3 (c� 4.19 in CH2Cl2); IR (neat): nÄ � 2728, 1733, 1598, 1463, 1382,
1354 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 9.74 (d, J� 1.5 Hz, 1 H), 7.70
(d, J� 8.3 Hz, 2H), 7.32 (d, J� 8.1 Hz, 2 H), 4.55 (dd, J� 1.5, 5.9 Hz, 1H),
4.41 (q, J� 6.8 Hz, 1 H), 4.36 (q, J� 6.6 Hz, 1H), 4.20 (q, J� 6.6 Hz, 1H),
3.73 (dd, J� 7.3, 12.9 Hz, 1H), 3.36 (dd, J� 6.6, 13.2 Hz, 1H), 2.43 (s, 3H),
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1.50 (s, 3H), 1.18 (s, 3H), 1.12 (m, 21 H); 13C NMR (75 MHz, CDCl3): d�
202.7, 144.2, 134.5, 130.0, 127.5, 114.7, 79.4, 78.3, 77.7, 64.2, 53.2, 26.7, 24.9,
21.6, 18.0, 12.3; HRMS calcd for C24H38NO6SSi: 496.2186 [MÿCH3]� ;
found: 496.2200.


1-[2,2-Dimethyl-5-(toluene-4-sulfonyl)-tetrahydro-[1,3]dioxolo[4,5-c]pyr-
rol-4-yl]-1-triisopropylsilyloxy-but-3-en-2-ol (15): Vinylmagnesium bro-
mide (1.09 mL, 1m in THF, 1.09 mmol) was added to a solution of aldehyde
14 (430 mg, 0.841 mmol) in THF (8 mL) atÿ78 8C. After 10 min atÿ78 8C,
the reaction was quenched with wet diethyl ether and water. The reaction
was allowed to warm to room temperature and was diluted with diethyl
ether (50 mL) and saturated aqueous ammonium chloride (50 mL). The
organic layer was dried (MgSO4) and concentrated to give a 2.1:1 mixture
of diastereomers of vinyl alcohol 15 (425 mg, 95%) as a colorless oil. IR
(neat): nÄ � 3508, 2944, 2867, 1351 cmÿ1; 1H NMR (300 MHz, CDCl3) major
diastereomer: d� 7.65 (d, J� 8.3 Hz, 2 H), 7.32 (d, J� 7.8 Hz, 2H), 6.00 (m,
1H), 5.45 (m, 1 H), 5.23 (m, 1 H), 4.4 ± 4.6 (m, 3H), 3.6 ± 3.9 (m, 4H), 3.20
(m, 1 H), 2.43 (s, 3 H), 1.48 (s, 3 H), 1.20 (s, 3H), 1.14 (m, 21 H); 13C NMR
(75 MHz, CDCl3) mixture of diastereomers: d� 144.2, 138.9,137.1, 134.4,
130.1, 127.5, 127.4, 115.9, 115.0, 113.6, 80.9, 80.3, 77.9, 75.2, 74.1, 71.6, 63.7,
61.4, 53.0, 52.8, 27.7, 27.5, 25.2, 25.0, 21.5, 18.5, 18.4, 18.2, 18.1, 18.0, 13.4, 12.7,
12.3; HRMS calcd for C24H38NO6SSi [Mÿ iC3H7]�: 496.2189; found:
496.2212.


2,2-Dimethyl-4-triisopropylsilyloxy-5-vinyl-hexahydro-1,3,6-trioxa-[7-a]-
aza-cyclopenta[a]inden-7-one (16): n-Butyllithium (2.2 mL, 1.2m in hex-
ane, 2.62 mmol) was added to a solution of vinyl alcohol 15 (430 mg,
0.798 mmol) in THF (5 mL) at ÿ78 8C. Methyl chloroformate (0.40 mL,
5.22 mmol) was added and the reaction was stirred at ÿ78 8C for 15 min.
The reaction was quenched with wet diethyl ether and water. The reaction
was allowed to warm to RT and was diluted with diethyl ether (50 mL) and
saturated aqueous ammonium chloride (50 mL). The organic layer was
dried (MgSO4), concentrated, and filtered through silica to give the crude
methyl carbonate (295 mg, 62 %) as a colorless oil which was used directly
in the next step.


3% Sodium ± mercury amalgam (177 mg, 0.231 mmol) was added to a
solution of the above methyl carbonate (23 mg, 0.0385 mmol) and sodium
dibasic phosphate (49.2 mg, 0.347 mmol) in methanol (0.5 mL). The
resulting slurry was stirred for 30 min. Water (5 mL) and diethyl ether
(5 mL) were added. The aqueous layer was extracted with diethyl ether
(2� 5 mL). The combined ether extracts were concentrated. Column
chromatography on silica (15 % ethyl acetate/petroleum ether) gave 16 as a
colorless oil (11 mg, 68%) of a 5:1 mixture of diastereomers. Major
diastereomer: IR (neat): nÄ � 2926, 2868, 1720, 1426 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 5.96 (m, 1 H), 5.55 (dt, J� 1.3, 17.2 Hz, 1 H), 5.52
(dt, J� 1.1, 10.6 Hz, 1H), 4.74 (t, J� 5.3 Hz, 1H), 4.69 (m, 1 H), 4.48 (m,
1H), 4.19 (dd, J� 7.9, 9.2 Hz, 1H), 4.10 (m, 1 H), 3.41 (dd, J� 3.8, 7.9 Hz,
1H), 3.22 (dd, J� 5.1, 13.2 Hz, 1 H), 1.43 (s, 3 H), 1.30 (s, 3 H), 1.08 (m,
21H); 13C NMR (75 MHz, CDCl3): d� 152.5, 132.6, 120.1, 112.2, 80.9, 79.2,
78.5, 66.5, 66.0, 52.3, 26.3, 24.5, 18.1, 17.8, 12.8; HRMS calcd for
C21H37NO5Si [M]�: 411.2441; found 411.2443; minor diastereomer: IR
(neat): nÄ � 2942, 2868, 1715, 1431, 1217 cmÿ1; 1H NMR (300 MHz, CDCl3):
d� 6.13 (ddd, J� 3.4, 11.0, 17.6 Hz, 1 H), 5.45 (d, J� 25.4 Hz, 1 H), 5.39 (d,
J� 19.0 Hz, 1 H), 4.83 (m, 1 H), 4.65 (m, 2H), 4.48 (dd, J� 5.1, 8.5 Hz, 1H),
4.04 (d, J� 13.2 Hz, 1H), 3.30 (dd, J� 2.8, 8.3 Hz, 1 H), 3.23 (m, 1H), 1.43
(s, 3 H), 1.30 (s, 3 H), 1.10 (m, 21H); 13C NMR (75 MHz, CDCl3): d� 151.3,
131.3, 118.3, 112.2, 79.6, 77.9, 64.5, 62.0, 52.8, 26.5, 24.6, 17.9, 12.3; HMRS:
calcd for C20H34NO5Si: [MÿCH3]�: 396.2206; found: 396.2207.


Ethyl-(E)-4-[2,2-dimethyl-5-(toluene-4-sulfonyl)-tetrahydro-[1,3]dioxolo-
[4,5-c]pyrrol-4-yl]-4-triisopropylsilyloxy-2-butenoate (18): DBU (0.079 mL,
0.527 mmol) and aldehyde 14 (270 mg, 0.527 mmol) were added to a slurry
of the triethyl phosphonoacetate (165 mg, 0.738 mmol) and lithium
chloride (31.3 mg, 0.738 mmol) in acetonitrile (5 mL). The resulting slurry
was stirred at room temperature for 2 h. The reaction was diluted with
diethyl ether (50 mL) and water (50 mL). The organic layer was concen-
trated and subsequent column chromatography on silica (15 % EtOAc/
petroleum ether) gave enoate 18 as a colorless oil (277 mg, 90%). [a]25


D �
ÿ29.3 (c� 2.73 in CH2Cl2); IR (neat): nÄ � 1720, 1463, 1359, 1270 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 7.70 (d, J� 8.3 Hz, 2H), 7.28 (d, J�
8.3 Hz, 2H), 7.07 (dd, J� 6.4, 15.6 Hz, 1H), 5.89 (d, J� 15.6 Hz, 1H),
4.77 (t, J� 5.9 Hz, 1 H), 4.71 (t, J� 6.6 Hz, 1H), 4.34 (t, J� 5.4 Hz, 1H),


4.20 (m, 3H), 3.80 (dd, J� 7.1, 12.7 Hz, 1H), 2.93 (dd, J� 7.8, 12.7 Hz, 1H),
2.42 (s, 3 H), 1.51 (s, 3 H), 1.29 (t, J� 7.1 Hz, 3 H), 1.26 (s, 3H), 1.08 (m,
21H); 13C NMR (75 MHz, CDCl3): d� 166.1, 147.8, 143.7, 136.4, 129.7,
127.4, 122.6, 114.4, 80.0, 78.5, 71.7, 65.7, 60.3, 52.5, 27.1, 25.0, 21.5, 18.1, 18.0,
14.2, 12.3; HRMS calcd for C26H40NO7SSi [Mÿ iC3H7]�: 538.2295; found:
538.2296.


Ethyl-4-[2,2-dimethyl-5-(toluene-4-sulfonyl)-tetrahydro-[1,3]dioxolo[4,5-
c]pyrrol-4-yl]-4-triisopropylsilyloxy-butyrate (19): A slurry of enoate 18
(266 mg, 0.457 mmol) and platinum oxide (6 mg, 0.023 mmol) in ethanol
(4 mL) was stirred under 1 atm of hydrogen for 1.5 h. The reaction was
filtered through celite and concentrated to give ester 19 as a colorless oil
(265 mg, 99 %). [a]25


D �ÿ57.5 (c� 1.62 in CH2Cl2); IR (neat): nÄ � 1733,
1461, 1353 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.74 (d, J� 8.3 Hz, 2H),
7.32 (d, J� 7.8 Hz, 2 H), 4.56 (t, J� 6.4 Hz, 1 H), 4.31 (q, J� 6.4 Hz, 1H),
4.13 (q, J� 7.1 Hz, 2 H), 4.05 (t, J� 6.6 Hz, 1 H), 3.92 (q, J� 6.8 Hz, 1H),
3.76 (dd, J� 7.1, 13.2 Hz, 1H), 3.02 (dd, J� 8.3, 12.9 Hz, 1 H), 2.5 ± 2.7 (m,
2H), 2.44 (s, 3 H), 2.19 (m, 1 H), 2.02 (m, 1H), 1.45 (s, 3 H), 1.26 (t, J�
7.1 Hz, 3 H), 1.20 (s, 3H), 1.10 (m, 21 H); 13C NMR (75 MHz, CDCl3): d�
173.8, 144.6, 135.7, 129.9, 127.4, 113.9, 80.4, 78.1, 70.2, 65.1, 60.2, 52.7, 29.9,
29.5, 27.4, 25.1, 21.5, 18.3, 18.0, 14.2, 12.9; anal. calcd for C29H49NO7SSi: C
59.66, H 8.46, N 2.40; found: C 59.80, H 8.53, N 2.63.


[1S,2R,8R,8aR]-8-Triisopropylsilyloxy-1,2-(isopropylidenedioxy) indolizi-
din-5-one (20): Sodium dibasic phosphate (270 mg, 1.90 mmol) was added
to a solution of ester 19 (115 mg, 0.197 mmol) in methanol (0.7 mL),
followed by 3 % sodium ± mercury amalgam (865 mg, 1.13 mmol). The
resulting slurry was stirred at room temperature for 3 h. The reaction was
poured into diethyl ether (25 mL) and water (25 mL). The aqueous layer
was extracted with ether (25 mL). The combined ether extracts were dried
(MgSO4), filtered and concentrated to give lactam 20 as a white solid
(54 mg, 72 %). [a]25


D �ÿ16.9 (c� 1.98 in CH2Cl2); m.p. 76 ± 77 8C (EtOAc/
hexane); IR (neat): nÄ � 2968, 2861, 1655, 1455, 1373, 1214 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 4.69 (m, 2H), 4.28 (m, 1 H), 4.12 (d, J� 13.4 Hz,
1H), 3.28 (dd, J� 2.9, 6.8 Hz, 1H), 3.06 (dd, 4.2, 13.7 Hz, 1H), 2.46 (dt, J�
4.9, 17.4 Hz, 1H), 2.31 (m, 1 H), 2.00 (m, 1H), 1.84 (m, 1H), 1.37 (s, 3H),
1.27 (s, 3 H), 1.06 (s, 18 H), 0.9 ± 1.2 (m, 3H); 13C NMR (75 MHz, CDCl3):
d� 168.7, 111.6, 79.6, 77.4, 67.3, 65.8, 50.6, 30.7, 29.2, 26.4, 24.5, 17.9, 12.3;
HRMS calcd for C17H30NO4SSi: [Mÿ iC3H7]�: 340.1944; found: 340.1944.


[1S,2R,8R,8aR]-8-Triisopropylsilyloxy-1,2-(isopropylidenedioxy) indolizi-
dine (21): Borane/dimethyl sulfide complex (0.24 mL, 2m solution in THF,
0.48 mmol) was added at 0 8C to a solution of lactam 20 (46 mg,
0.120 mmol) in THF (2.5 mL). The reaction was stirred at 0 8C for 30 min
and at room temperature for 2 h. Ethanol (1.5 mL) was added (Caution :
hydrogen evolution), and the reaction was concentrated to a thick oil which
was redissolved in ethanol (3 mL) and refluxed for 2 h. Removal of solvent
in vacuo gave 21 as a colorless oil (42 mg, 95%). [a]25


D �ÿ61.9 (c� 1.93,
CH2Cl2); IR (neat): nÄ � 2784, 1463, 1378, 1208, 1152 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 4.64 (t, J� 4.6 Hz, 1H), 4.53 (t, J� 4.6 Hz, 1H),
3.93 (m, 1 H), 3.09 (d, J� 10.7 Hz, 1 H), 2.94 (bd, J� 10.3 Hz, 1 H), 2.04 (m,
2H), 1.80 (m, 1 H), 1.61 (m, 3 H), 1.45 (s, 3 H), 1.27 (s, 3H), 1.22 (m, 1H),
1.07 (m, 21H); 13C NMR (75 MHz, CDCl3): d� 110.5, 79.2, 77.7, 74.1, 68.2,
60.4, 51.8, 34.6, 25.9, 24.4, 24.1, 18.1, 12.6; HRMS calcd for C20H39NO3Si
[M]�: 369.2699; found: 369.2691.


[1S,2R,8R,8aR]-1,2,8-Trihydroxyindolizidine [(ÿ)swainsonine] (5): A sol-
ution of 21 (41 mg, 0.110 mmol) in THF (0.45 mL) was treated with 6n HCl
(0.45 mL) at room temperature for 14 h. The reaction was concentrated
and the residue was dissolved in methanol and ion-exchange resin (Dowex
1� 8 ± 50, HOÿ, 2 g) was added and stirred for 15 min. The reaction was
filtered and concentrated to give (ÿ)-swainsonine 5 as a white solid
(16.8 mg, 88%). [a]25


D �ÿ74.9 (c� 1.15 in MeOH) [lit. : [a]25
D �ÿ75.7 (c�


2.33 in MeOH)][10] ; m.p. 136 ± 139 8C (lit. : m.p. 140 ± 142 8C[16] , 139 ±
142 8C[10]), 141 ± 143 8C[17] ; IR (neat): nÄ � 3340, 2931, 2855, 2802, 1654,
1330 cmÿ1; 1H NMR (300 MHz, D2O): d� 4.20 (ddd, J� 2.8, 5.9, 8.0 Hz,
1H), 4.08 (dd, J� 3.5, 5.8 Hz, 1H), 3.63 (td, J� 4.6, 10.3 Hz, 1H), 2.73 (m,
2H), 2.46 (dd, J� 8.1, 10.8 Hz, 1H), 1.86 (m, 3H), 1.53 (m, 1H), 1.30 (qt,
J� 4.1, 13.2 Hz, 1H), 1.06 (qd, J� 4.5, 12.3 Hz, 1 H); 13C NMR (75 MHz,
D2O, MeOH internal standard): d� 72.5, 69.3, 68.7, 65.9, 60.1, 51.4, 32.1,
22.8; HRMS calcd for C8H15NO3 [M]�: 173.1052; found: 173.1050. The
spectral data agree with those previously reported.[10, 15]
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Optical Switching and Fluorescence Modulation Properties of Photochromic
Metal Complexes Derived from Dithienylethene Ligands


Alvaro FernaÂndez-Acebes and Jean-Marie Lehn*[a]


Abstract: Organic photochromic sys-
tems represent a starting point for the
preparation of light-triggered molecular
switching devices. The novel dithienyle-
thene-tungsten (1,2), rhenium (3,4), and
ruthenium (5) complexes were synthe-
sized from their parent ligands. The bis-
cyano photochromic complexes 14 and
16 were also prepared although their
metallic complexes could not be isolat-
ed. All the compounds described exhib-
ited pronounced photochromic proper-


ties. Irradiation of the open forms of
complexes 1 ± 4 with UV light resulted in
essentially quantitative photocyclization
to the deeply colored closed forms; the
colorless open forms could be regener-
ated by irradiation with visible light of
l> 600 nm. Compounds 1 ± 4 were


found to display a fluorescence discrim-
ination between their open and closed
forms when excited at wavelengths
(240 nm) that almost did not affect the
state of the system. Finally the closed
form of product 5, prepared from the
closed form of its parent ligand, was
photochemically stable. Thus, the mole-
cules 1 ± 5 represent two kinds of non-
destructive read-out models.


Keywords: diarylethenes ´ lumines-
cence ´ molecular devices ´ photo-
chromism ´ transition metals


Introduction


In the last few years much
attention has been devoted to
molecular switching processes
as they are crucial to the real-
ization of devices that can op-
erate at both molecular and
supramolecular levels.[1, 2] This
stems from their role in, among
others, photoswitchable host ±
guest events,[3, 4] materials for
nonlinear opticals,[5, 10] liquid
crystals[2, 6, 8] as well as various
optoelectronic devices such as optical memory,[2, 7, 8] photo-
optical switching, and display. In particular, molecular units
that allow the reversible modulation of a given electronic
property, for example, conjugation by an external trigger such
as light, are of potential interest as materials for optical data
storage. The photochromic materials used for such devices
must cope with several requirements[7, 8] to be suitable for a
practical device like thermal stability of both forms, low
photofatigue, high sensitivity at diode laser wavelength, rapid
reponse, and nondestructive read-out capability.


Dithienylethenes,[3, 4, 9±20] derived in particular from perfluor-
ocyclopentene,[3, 4, 9±19] have been studied to these ends, as they
display excellent photochromic properties and low photo-
fatigue. Irradiation of such compounds with light of well-
separated wavelengths[9±15] allows the interconversion be-
tween a nonconjugated (ªopen formº, colorless) isomer and a
conjugated (ªclosed formº, deeply colored) one (Figure 1).


A major problem arises from read-out instability. As a
consequence, much activity is presently being directed
towards the design of systems with nondestructive read-out
capability. Although some alternatives have already been
proposed,[11±14, 15a, 15b] further development of new systems is
warranted.


In view of the rich variety of properties of some metal ion
complexes (light absorption and emission, energy and elec-
tron transfer.. .) it was of interest to study the combination of
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Figure 1. Photochemical interconversion of compounds 1 ± 4 between their open and closed forms.
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metal ion coordination centers
with organic photochromic
units, especially with respect to
the possibility to photomodu-
late their features.[12, 13, 18, 21] In
an earlier communication[13a]


we have already reported the
photochemical properties of
some dithienylethene-tungsten
complexes, we herein describe
the synthesis and characteriza-
tion of the novel diarylethene
based molecular switches 1 ± 4
(see Scheme 1) bearing metal
ion complexes of tungsten, rhe-
nium, and ruthenium as well as
their photochromic properties.


Results and Discussion


Synthesis : The synthesis of the
photochromic complexes 1 ± 4
is outlined in Scheme 1. The
known photochromic com-
pound 8 was prepared from
2-methylthiophene by the de-
scribed method.[10] Palladium-
catalyzed Suzuki coupling of 6
with 4-bromoanisole in aque-
ous base containing THF gave
the thiophene 9 that was then
treated with perfluorocyclopen-
tene affording 10. Subsequent


Abstract in Spanish: Los fotocromos orgaÂnicos representan un
punto de partida para la preparacioÂn de sistemas fotomodula-
bles. Los nuevos complejos ditienileteÂnicos derivados de
wolframio (1,2), renio (3,4) y rutenio (5) fueron sintetizados
a partir de sus correspodiendes ligandos sin metalar. Asímismo,
se han preparado los fotocromos bis-ciano 14 y 16 aunque sus
complejos metaÂlicos no pudieron ser aislados. Todos los
productos descritos presentaron pronunciadas propiedades
fotocr-micas. IrradiacioÂn de las formas abiertas de los pro-
ductos 1 ± 4 con luz UV originoÂ esencialmente la fotociclacioÂn
cuantitativa a la fuertemente coloreada forma cerrada; las
formas incoloras abiertas pudieron ser regeneradas a traveÂs de
la irradiacioÂn con luz visible de l> 600 nm. Los compuestos
1 ± 4 mostraron una discriminacioÂn de fluorescencia entre sus
formas abiertas y cerradas al ser excitados a longitudes de onda
(240 nm) que apenas afectan al estado del sistema. Finalmente,
la forma cerrada del producto 5, preparada a partir de su
correspondiente ligando sin metalar cerrado, result- ser foto-
qu'micamente estble. Así pues, las moleÂculas 1 ± 5 representan
dos tipos de modelos de lectura no-destructiva.


Abstract in French: La mise au point de dispositifs moleÂcu-
laires commutables par la lumieÂre repose sur l�utilisation de
composeÂs organiques photochromes. Dans ce contexte les
nouveaux complexes dithieÂnyleÂthene-tunsgsteÁne (1,2), rheÂnium
(3,4) et rutheÂnium (5) ont eÂteÂ preÂpareÂs aÁ partir des ligands
libres correspondants. Les nitriles photochromes 14 et 16 ont
aussi eÂteÂ preÂpareÂs mais leur complexes meÂtalliques n�ont pas pu
eÃtre isoleÂs. Tous les produits deÂcrits preÂsentent des proprieÂteÂs
photochromes treÁs prononceÂes. L�irradiation des formes ou-
vertes 1 ± 4 par la lumieÁre UV engendre une photociclisation
conduisant quantitativement aux formes fermeÂes treÁs fortement
coloreÂes. Il est possible de revenir aux formes ouvertes
incolores par irradiation avec de la lumieÁre visible aÁ 600 nm.
Les composeÂs 1 ± 4 preÂsentent une discrimination de fluores-
cence entre leurs formes ouvertes et fermreÂes quand ils sont
exciteÂs avec une lumieÁre ayant une longueur d�onde (240 nm)
qui n�affecte presque pas l�eÂtat du systeÁme. La forme fermeÂe du
produit 5, preÂpareÂe aÁ partir de la forme fermeÂe du ligand non
complexeÂ, est photochimiquement stable. Ainsi, les moleÂcules
1 ± 5 repreÂsentent deux diffeÂrents modeÁles de lecture non-
destructive.


Scheme 1. Synthesis of the dithienylethene photochromic complexes 1 ± 4, 8, 11, 12. Reagents and conditions:
a) Br2, AcOH/CHCl3, RT; b) BuLi, B(OBu)3,ÿ78 8C, 2 h and then [Pd(PPh3)4], Na2CO3, THF, 4-bromopyridine,
reflux 12 h; c) BuLi, B(OBu)3, ÿ78 8C, 2 h and then [Pd(PPh3)4], Na2CO3, THF, 4-bromoanisole, reflux 12 h;
d) BuLi, THF, ÿ78 8C, perfluorocyclopentene (0.5 equiv) and 78 8C, RT; e) [W(CO)6] (1 or 2 equiv), UV
irradiation 30 min and addition of 8 (0.5 equiv) or 12 (1 equiv) in THF at RT; f) [Re(bpy)(CO)3(CH3CN)]CF3SO3


(2 equiv from 8 or 1 equiv from 11), THF, reflux; g) BuLi, THF, ÿ78 8C, perfluorocyclopentene (1 equiv) and
78 8C, RT; h) 7, BuLi, THF, ÿ78 8C, addition of 10 and 78 8C, RT; i) BBr3, CH2Cl2, reflux 4 h.
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coupling of 10 with the pyridylthiophene 7 followed by
deprotection of the product obtained (11) with BBr3 resulted
in the formation of the unsymmetrical photochromic diary-
lethene 12. The tungsten complexes 1 and 2 were obtained in
good yields (58 and 67 %) by the addition of solutions of 8 and
12 in THF, respectively, to [W(THF)(CO)5] prepared by the
UV irradiation of a solution of [W(CO)6] in THF with a 150-
W Hg lamp.[22, 23] The rhenium complexes 3 and 4 were also
obtained in good yields (63 and 48 %, respectively) by
refluxing the starting photochromic compounds (8 and 11)
with [Re(bpy)(CO)3(CH3CN)]CF3SO3 in acetone.[24] Finally,
the synthesis of the ruthenium complexes 5 o and 5 c was
carried out (Scheme 2) by treating the photochromic complex
8 in either its open form 8 o or its closed form 8 c with two
equivalents of [Ru(NH3)5(H2O)](PF6)2


[25] in acetone at am-
bient temperature for 48 h.


In view of the great affinity of metals like ruthenium(ii) for
the cyanide ion [29] it was of interest to prepare a new type of
molecular switches containing two nitrile groups as well as to
explore their applicability as ligands in metal complexation
processes. As shown in Scheme 3, the bis-cyano derivative 14
was prepared by palladium-cat-
alyzed Suzuki coupling of
13 with 4-bromobenzonitrile,
whereas the photochromic
compound 16 was prepared
from the bis-aldehyde 15 by a
modification of the Schmidt
reaction.[30] The reaction of
14 o or 16 o with [Ru(NH3)5-
(H2O)](PF6)2, under the same
conditions as described for 8,
afforded a yellowish solid
whose 1H NMR spectrum was
compatible with the expected
structure, however this complex
was very unstable and in the
presence of light it decomposed
quickly. Additional attempts to


obtain the corresponding tungsten or rhenium complexes
from either 14 o or 16 o were unsuccessful and only starting
material was recovered in both cases.


Photochromic properties : The UV/Vis spectra of the open
1 o ± 5 o and closed 1c ± 5c forms of compounds 1 ± 5 are con-
sistent with the remarkable photochromism demonstrated for
diarylethenes of this type.[9±14] As shown in Table 1 the open
forms of 1 ± 5 show absorptions bands with lmax values between
209 and 378 nm, whereas the highly colored closed forms 1 c ±
5 c display a typical broad absorption band in the visible
region at wavelengths between 604 nm (4 c) and 632 nm (2 c).


The photochemical interconversion properties of com-
pounds 1 ± 5 were monitored directly by both 1H NMR and
electronic absorption spectroscopy. The conversion o!c or
c!o for products 1 ± 5 was easily monitored by the relative
integrals of the corresponding pairs of proton signals for the
two isomers. Selected chemical shift data for both open and
closed isomers of 1 ± 5 are given in Table 1; in agreement with
previous results of our group[10b] photocyclization results in a
considerable upfield shift (of up to d� 0.7) of the thiophenic


Scheme 2. Synthesis of the dithienylethene photochromic complexes 5o and 5c from 8o and 8c, respectively.


Scheme 3. Synthesis of the bis-cyano dithienylethene photochromic complexes 14 and 16. Reagents and
conditions: a) BuLi, Et2O/TMEDA; ÿ78 8C, B(OBu)3; b) THF, Na2CO3, [Pd(PPh3)4], 4-bromobenzonitrile;
c) NaN3, H2SO4, benzene, RT, 12 h.







FULL PAPER J.-M. Lehn, A. FernaÂndez-Acebes


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3288 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113288


protons. Conversion to the closed forms of 1 o ± 4 o can be
achieved by irradiation at 312 nm (using a standard lamp for
visualizing TLC plates, see Experimental Section for details);
the colorless open form could
then be regenerated by irradi-
ation with visible light of l>


600 nm. Under the low inten-
sity conditions used, irradiation
times of about 15 min were
sufficient to give conversions
of up to 90 %.


The photochromic complex 5
was studied in a similar fashion.
Attempts to carry out the pho-
tocyclization of 5 o in chloro-
form failed and a few minutes
of UV irradiation resulted in
the decomposition of the prod-
uct. However, it is noteworthy
that the closed complex 5 c
(obtained from 8 c) is photo-
chemically stable; after irradi-
ation of a solution of 5 c in
chloroform with red light of l>


600 nm for 1 h, the presence of
the open form 5 o was not
detected by 1H NMR spectro-
scopy. Under the same condi-
tions, the closed forms 1 c ± 4 c
were completely decolorized
within 10 min.


Switching of fluorescence : The
fluorescence displayed by 1 ± 4
and the changes in the lumines-
cence properties can be brought
about by photochemical switch-
ing between their open and
closed forms (Table 2). The
closed form of 1 and 2 were
found to present strong emis-
sions when excited in the 200 ±


400 nm region. In contrast, the corresponding open forms
showed much weaker fluorescence, this effect being especially
pronounced for compound 2 (Figure 2). The rhenium com-
plexes 3 and 4 displayed also a fluorescence discrimination
(Table 2) when excited in the same region, the emission being
in these cases always stronger for the open forms 3 o and 4 o.


Excitation in the absorption bands of 1 ± 4 which allow a
fluorescence discrimination, has low photochemical activity
and thus affects only little the state of the system. To find out
which band was inactive in the closing process, 1 ± 4 were
irradiated with light of different wavelengths between 240 ±
350 nm using the monochromator of the fluorimeter. The
band at l� 240 nm showed low activity in the closing process,
(Table 3). The absorptions at 311 and 390 nm, which also
displayed fluorescence discrimination, are so active that in
comparable conditions 50 % of conversion to the closed forms
occurs after a few minutes.


Detailed emission data are available for a variety of
[W(CO)5L] type complexes.[26, 27] The first report of emission
for any type of metal carbonyl complex concerns a number of


Table 1. 1H NMR (200 MHz) and absorption spectral data for the open
1o ± 5 o and closed 1 c ± 5c forms of complexes 1 ± 5.


Compound 1H NMR[a,b] lmax [nm][c]


thiophene protons (e� 10ÿ3[cmÿ1mÿ1])


1o 7.54 (s) 209 (50)
1c 6.86 (s) 240 (10), 615 (4)
2o 7.12 (s), 7.51 (s) 203 (36), 233 (10)
2c 6.61 (s), 6.84 (s) 239 (16), 632 (4)
3o[d] 7.83 (s) 207 (22), 319 (18)
3c[d] 7.17 (s) 207 (22), 350 (8), 621 (6)
4o[d] 7.34 (s), 7.7 ± 7.9[e] 239 (8)
4c[d] 6.93 (s), 7.52 (s) 361 (6), 604 (4)
5o[d] 7.86 (s) 378 (8)
5c[d] 7.28 (s) 382 (6), 609 (6)


[a] Chemical shifts, d (multiplicity). [b] In CDCl3 unless otherwise
indicated. [c] In MeOH/H2O (5/1) (1,2) or MeOH (3,4). [d] In [D6]acet-
one. [e] Overlapping multiplet.


Table 2. Relative fluorescence and emission quantum yields for the open 1 o ± 4 o and closed 1c ± 4 c forms of
complexes 1 ± 4.


Compound Fluorescence Fluorescence intensity[b] Emission quantum yield fem
[d]


wavelength[a] (l of the excitation [nm]) (l of the excitation [nm])


1o 382 2.4� 106 (240); 8.2� 106 (311) 0.03 (240); 0.04 (311)
1c 382 7.8� 106 (240); 2� 107 (311) 0.08 (240); 0.12 (311)
ratio 1 c/1o 3.2 (240); 2.4 (311) 2.7 (240); 3 (311)
2o 400 5.6 �106 (240); 4.5� 105 (394)[c] 0.03 (240); 0.01 (394)
2c 400 4.1� 107 (240); 5� 106 (394)[c] 0.15 (240); 0.07 (394)
ratio 2 c/2o 7 (240); 11 (394) 5 (240); 7 (394)
3o 372 9.3� 105 (270); 2.7� 106 (320) 0.01 (270); 0.04 (320)
3c 372 3.4� 105 (270); 1.3� 106 (320) 4� 10ÿ3 (270); 0.02 (320)
ratio 3 o/3c 2.7 (270); 2.1 (320) 2.5 (270); 2 (320)
4o 368 1.1� 106 (270); 1� 107 (315) 0.03 (270); 0.18 (315)
4c 368 3.8� 105 (270); 5.4� 106 (315) 0.01 (270); 0.11 (315)
ratio 4 o/4c 2.9 (270); 1.8 (315) 3 (270); 1.6 (315)


[a] Fluorescence detected [nm]. [b] Arbitrary units; �10ÿ4 solutions of complexes in MeOH/H2O (5/1) (1,2) or
MeOH (3,4). [c] Fluorescence observed at 677 when excited at 394 nm. [d] All compounds are referenced to
naphthalene in cyclohexane (fem� 0.27[34]).


Figure 2. Fluorescence spectra of the closed 2 c and open 2 o forms of 2 (excitation at 240 nm).
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[W(CO)5L] species (with L is pyridine or other amines) as
pure solids in rigid organic glasses at 77 K.[26a, 27b] Matrix
isolation studies of [W(CO)5L(py)] have provided data on the
fluorescence from substituted metal carbonyls.[27] It is note-
worthy that two emission bands (3Ea!1A1 LF phosphores-
cence and 1Ea!1A1 fluorescence) were recorded for a
number of [W(CO)5(py)] complexes in either Ar or CH4


matrices at 12 K. Metal carbonyl complexes were not
expected to emit in solution at room temperature because
of rapid ligand dissociation and efficient nonradiactive
relaxation to the ground state. However, recent investigations
concerning room temperature luminescence of {W(CO)5}
centers have shown that complexes which possess a MLCT
(metal-to-ligand charge-transfer) state as the lowest energy
excited state undergo relatively slow radiactive deactivation
that can be readily detected under fluid conditions. Hence,
only the [W(CO)5L] complexes where L is a pyridine
derivative with an electron-withdrawing substituent, exhibit
luminescence at room temperature.[22, 27]


The fluorescence shown by the compounds 1 and 2 seems to
result from the presence of the thiophene unit attached to the
para position of the pyridine ring. To investigate this, we have
prepared the compounds 17 and 18 in good yields using the


procedure described for 1 and 2. Compound 17 displayed a
very strong fluorescence at 365 ± 370 nm when irradiated in
the 240 ± 320 nm region, whereas 18, in agreement with the
literature data,[22] was not fluorescent. The corresponding
parent ligands present a much weaker fluorescence. On the
other hand, mono- and dimetallic species of rhenium such as
[(bpy)Re(CO)3L] have been found to possess attractive spec-
troscopic, photophysical, and electrochemical properties.[31]


Such complexes display usually strong fluorescence in room
temperature fluid solution.[24, 31, 32] In particular when the
ligand is bpy, the emission is consistent with an MLCT origin.
In our case, since the rhenium is bonded to two different
nitrogen p-donor ligands the fluorescence detected for 3 and 4
could result from two possible excited states: Re!L8MLCT)
and Re!L' (MLCT) (with L� py and L'� bpy).


Chemical locking : Photochromic complexes 5 o and 5 c
represent switchable analogues of the dinuclear ruthenium


complexes reported by Creutz ant Taube,[25b, 25c] in which two
pentaaminerutheniun(ii) moieties can be either nonconjugat-
ed (5 o) or connected through a conjugated system (5 c). As
described above, these two forms cannot be photointercon-
verted and may only be prepared from their parent ligands 8 o
and 8 c. In terms of applicability in optical memory systems,
the photochemical stability of 5 c provides in principle an
alternative nondestructive read-out method. It is tempting to
suggest a system formed by an adequate solid matrix
impregnated with the photochromic complex 8 o in which
one might store information by irradiating with UV light.
Subsequent treatment of the matrix with a solution of RuII


could result in the transformation of 8 into 5 and therefore in
the chemical locking of the stored information. Nondestruc-
tive read-out should then be possible using visible light.


Conclusion


The photochromic complexes 1 ± 4 act as optical switches
presenting a light-triggered fluorescence by excitation of
absorption bands that have only little effect on the switching
process. The detected fluorescence seems to result from a
MLCT. In terms of potential use for optical data storage and
readout, compounds 1 ± 4 display a fluorescence discrimina-
tion between their open and closed forms when excited at
wavelengths that almost do not effect the equilibria. This
fluorescence switching could be the basis of a nondestructive
read-out method. Also photochromic complex 5, whose
closed form (5 c) is photochemically stable, provides in
principle a nondestructive read-out system; since one could
use the parent ligand 8 for the storage of information by 8 o,8 c
interconversion and visible light l> 600 nm for a nondestruc-
tive read-out on complexes 5, the complexation with Ru may
be considered to act as a chemical locking of the information.
These various processes are schematically summarized in
Figure 3.


Finally, the present results point to the interest of photo-
switchable metal complexes with respect to both photochem-
ical behavior and potential optical applications, for instance in
three-dimensional optical storage devices.[33] Modulation of
their redox properties may also be considered, as well as of
photoinduced electron transfer between heterometallic cen-
ters.


Experimental Section


General methods : Starting materials were commercially available (Al-
drich) and were used without further purification. Perfluorocyclopentene
was purchased from Fluorochem-Limited. Compounds 6,[10] 7,[10] 8,[10] 9,[11]


15,[10] and 18[22, 23] have been described. Metal complexes of W,[22, 23] Re,[24]


and Ru,[25] were prepared following standard conditions. Reactions were
monitored by TLC using aluminum-backed Kieselgel 60254 plates and
visualized by UV light. Flash column chromatography was performed using
either Kieselgel 60 (230 ± 400 mesh) silica gel or aluminum oxide 90 (70 ±
230 mesh). In the case of photochromic complexes, purifications were
carried out protected from light with aluminium foil. Colored open forms
can be originated for the presence of very low quantities of the closed
isomers.


Melting points were determined on an Electrothermal 1A9100 digital
apparatus and are uncorrected. 1H NMR spectra were recorded on a


Table 3. Percentage of conversion from the open forms (1 o ± 4o) to the
closed forms (1c ± 4 c) of complexes 1 ± 4 after irradiation at 240 nm.[a]


Compound Irradiation time
30 s [%] 2 min [%] 5 min [%]


1 4 12
2 < 1 3 7
3[b] < 1 3 9
4[b] < 1 2 3


[a] Same conditions as in Table 2; slit used: 1 mm, 4.5 nm. [b] Irradiation
at 270 nm.
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Bruker AM 200SY instrument. 1H NMR spectra were obtained at 200 MHz
with the residual proton signals as reference peaks (assigned chemical shifts
at d� 7.26, 2.04 for deuterated chloroform and acetone, respectively);
coupling constants (J) are given in Hertz. UV absorption spectra were
recorded on a Beckman DU 640 spectrophotometer in spectrograde
solvents. UV irradiations were performed (unless otherwise indicated) with
standard lamps used for visualizing TLC plates (VL6L; 6W, 312 nm tube
power 12 W). For visible irradiations, light from a 300-W tungsten source
was passed through a red filter (600 nm) and the samples were placed in a
glass chamber maintained at room temperature (RT). Fluorescence
emission spectra were recorded in spectrograde solvents on a Spex
FluoroMax spectrophotometer equipped with a 150-W ozone-free xenon
lamp. Irradiations at different wavelengths in the kinetic experiments of the
opening ± closing processes were carried out using the monochromator of
the fluorimeter. Elemental analysis were performed by the Service
ReÂgional de Microanalyse, UniversiteÂ Pierre and Marie Curie (Paris).


1-[5''-(4''''-Methoxyphenyl)-2''-methylthien-3''-yl]perfluorocyclopentene
(10): Butyllithium (1.6m in hexanes, 1.8 mL, 2.9 mmol) was slowly added to
a stirred solution of the bromothiophene 9 (767 mg, 2.7 mmol) in dry THF
(30 mL) at ÿ78 8C under nitrogen atmosphere. After 10 min, perfluorocy-
clopentene was added and, after an additional 1 h of stirring, the reaction
was allowed to warm to ambient temperature. The solvents were then
removed in vacuo and the obtained product extracted with CH2Cl2 and
washed with saturated aqueous sodium hydrogen carbonate. Finally, the
combined organic phases were dried, evaporated and the residue chroma-
tographed over silica gel (hexane/CH2Cl2 (4:1)). Pure product 10 was thus
obtained (408 mg, 38 %) as a colorless solid: m.p. 65 ± 66 8C; 1H NMR
(200 MHz, CDCl3): d� 2.46 (d, J� 3.2, 3 H), 3.84 (s, 3 H), 6.92 (AB system,
J� 8.8, 2H), 7.13 (s, 1H), 7.47 (AB system, J� 8.8, 2H); C17H11F7OS: calcd
C 51.52, H 2.80; found C 51.75, H 2.80.


1-[5''-(4''''-Methoxyphenyl)-2''-methylthien-3''-yl]-2-[2''''''-methyl-5''''''-(pyrid-4IV-yl)-
thien-3''''''-yl]perfluorocyclopentene (11): Butyllithium (1.6m in hexane,
1 mL, 1.6 mmol) was slowly added to a stirred solution of 3-bromo-2-
methyl-5-(4'-pyridyl)thiophene (7) (402 mg, 1.58 mmol) in THF at ÿ78 8C
under nitrogen atmosphere. After 10 min, a solution of cyclopentene 10 in
tetrahydrofuran was added and the resulting mixture was stirred at ÿ78 8C
for an additional hour. The solution was allowed to warm to ambient
temperature. HCl (0.5m, 5 mL) was then added and the solvents removed
in vacuo. The residue was extracted with CH2Cl2 and washed with saturated
aqueous sodium hydrogen carbonate. The combined organic phases were
then dried, and evaporated to a brown syrup. Chromatography over silica
with CH2Cl2/EtOAc (8:1 to 4:1) as the eluent afforded 11 as a yellowish
glass (515 mg, 65%); 1H NMR (200 MHz, CDCl3): d� 1.94 (s, 3 H), 2.00 (s,
3H), 3.84 (s, 3 H), 6.92 (AB system, J� 8.8, 2H), 7.15 (s, 1 H), 7.41 (AB
system, J� 6.2, 2H), 7.46 (AB system, J� 8.8, 2 H), 7.48 (s, 1H), 8.60 (AB
system, J� 6.2, 2 H); C27H19F6NOS2: calcd C 58.79, H 3.47, N 2.54; found C
58.19, H 3.54, N 2.54; exact mass calcd for C27H19F6NOS2: 551.0812, found
551.0811.


1-[5''-(4''''-Hydroxyphenyl)-2''-methylthien-3''-yl]-2-[2''''''-methyl-5''''''-(pyrid-4IV-yl)-
thien-3''''''-yl]perfluorocyclopentene (12): Boron tribromide (1m in CH2Cl2,


0.9 mL, 0.9 mmol) was added to a solution of 11 (150 mg, 0.27 mmol) in dry
CH2Cl2 (10 mL) and the reaction was heated to reflux under a nitrogen
atmosphere in the dark for 4 h. The reaction was then cooled and extracted
with dichloromethane, the combined organic phases were washed with
water and evaporated in vacuo yielding an orange solid, which was
dissolved in MeOH (5 mL) and aqueous sodium hydroxide (33 % w/w,
5 mL). The resulting mixture was stirred in the dark for 24 h at ambient
temperature, and then diluted with water and neutralized with concen-
trated hydrochloric acid. The resulting suspension was extracted with
EtOAc and washed with water. The combined organic phases were dried
and the solvent was removed in vacuo yielding a yellow solid. Chromatog-
raphy over silica gel (CH2Cl2/EtOAc (4:1)) afforded 12 (103 mg, 71 %) as a
yellow solid. M.p. 220 8C; 1H NMR (200 MHz, [D6]acetone): (open isomer):
d� 2.02 (s, 3 H), 2.10 (s, 3H), 6.88 (AB system, J� 8.7, 2H), 7.29 (s, 1H),
7.47 (AB system, J� 8.7, 2 H), 7.60 (AB system, J� 6.2, 2H), 7.78 (s, 1H),
8.58 (AB system, J� 6.2, 2 H), 8.64 (s, 1H); C26H17F6NOS2: calcd C 58.10, H
3.19, N 2.60; found C 58.37, H 3.45, N 2.47.


1,2-Bis[5''-(4''''-cyanophenyl)-2''-methylthien-3''-yl]perfluorocyclopentene (14):
1,2-Bis-(2'-n-heptylthiophen-3'-yl)-perfluorocyclopentene (13, 534 mg,
1 mmol) (prepared following the described procedure[12]) was dissolved
in anhydrous Et2O (15 mL containing 0.3 mL of TMEDA). To the resulting
solution cooled at ÿ78 8C butyllithium (1.6m in hexane, 0.63 mL, 1 mmol)
was added dropwise under nitrogen. Stirring at room temperature was
continued for 20 min and then B(OBu)3 (780 mg, 3.4 mmol) was added in
one portion. The red-brown solution was stirred for 1 h and then diluted
with anhydrous THF (12 mL). This solution was transferred without
further purification to a refluxing mixture containing: 4-bromobenzonitrile
(1.8 g, 10 mmol), [Pd(PPh3)4] (50 mg, 0.043 mmol), Na2CO3 (1.9m, 8 mL),
and THF (150 mL), and the resulting two-phase system refluxed overnight.
The solvents were then evaporated, extracted with CH2Cl2 (2� 50 mL),
washed with H2O (10 mL), dried over Na2SO4 and finally chromatographed
over silica gel (hexane/EtOAc (10:1)) affording 14 (200 mg, 35 %) as a
white solid. M.p. 124 ± 126 8C; 1H NMR (200 MHz, CDCl3): open isomer:
d� 0.78 (t, J� 6.8, 6H), 0.9 ± 1.3 (m, 20H), 2.2 (m, 4 H), 7.39 (s, 2 H), 7.66 (s,
4H), 8.78 (d, J� 6.7, 4 H); C41H40F6N2S2: calcd C 66.65, H 5.46, N 3.79;
found C 66.53, H 5.64, N 3.75.


1,2-Bis(5''-cyano-2''-methylthien-3''-yl)perfluorocyclopentene (16): To a stir-
red mixture of sodium azide (33 mg, 0.5 mmol) in benzene (10 mL),
concentrated sulfuric acid (0.03 mL) was added dropwise while the
temperature was maintained at 10 ± 15 8C. Then the bis-aldehyde 15
(51 mg, 0.1 mL) was added at the same temperature. Stirring was continued
at room temperature overnight. Excess ice was then added, the two layers
were separated, the aqueous layer was extracted with Et2O, and the ether
extracts were added to the benzene layer. The solvents were evaporated
and the residue chromatographed over silica gel (CH2Cl2/hexane (4:1))
affording 16 (153 mg, 30 %) as a white solid: m.p. 200 8C; 1H NMR
(200 MHz, [D6]acetone): open isomer: d : 2.05 (s, 6H), 7.94 (s, 2H);
13C NMR (50 MHz, [D6]acetone): open isomer: d : 24.7, 119.4, 123.5, 135.6,
148.7, 160.8 (signals of the perfluorocyclopentene ring are coupled with the
F); C17H8F6N2S2: calcd C 48.80, H 1.93, N 6.69; found C 48.64, H 2.08, N
6.58; exact mass calcd for C17H9F6N2S2: 419.0111, found: 419.0123.


Figure 3. Schematic representation of an erasable optical memory system with nondestructive readout capacity based on the photochromic and
luminescence properties of compounds 1 ± 5 ; hn1: UV light; hn2 , hn3 : visible light; hn4 : UV excitation light.
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1,2-Bis[2''-methyl-5''-(N-pentacarbonyltungsten(0)pyrid-4''''-yl)-thien-3''-yl]-
perfluorocyclopentene (1): A stirred solution of [W(CO)6] (243 mg,
0.69 mmol) in deaerated THF (50 mL) under nitrogen atmosphere was
irradiated with a 150-W Hg UV lamp for 30 min at ambient temperature. A
solution of 8 (180 mg, 0.34 mmol) in THF (20 mL) was then added to the
deep yellow solution, and the resulting mixture was stirred at ambient
temperature protected from the light with aluminum foil. After 30 h, the
solvents were evaporated and the resulting precipitate washed several
times with hexane and dissolved in acetone. Crystallization was carried out
by slow diffusion of hexane into the acetone layer. The resulting solid was
then filtered and dried in vacuo, to yield the complex 1 o as a dark powder
(231 mg, 58%). M.p.> 350 8C (decomp); 1H NMR (200 MHz, CDCl3):
open isomer 1 o : d� 2.01 (s, 6H), 7.35 (d, J� 6.7, 4 H), 7.54 (s, 2H), 8.78 (d,
J� 6.7, 4H); closed isomer 1 c : d� 2.20 (s, 6 H), 6.86 (s, 2 H), 7.33 (d, J� 6.7,
4H), 8.88 (d, J� 6.7, 4 H); C35H16F6N2O10S2W2: calcd C 35.92, H 1.38, N
2.39; found C 36.05, H 1.27, N 2.34.


1-[5''-(4''''-Hydroxyphenyl)-2''-methylthien-3''-yl]-2-[2''''''-methyl-5''''''-(N-pen-
tacarbonyltungsten(0)pyrid-4''''''''yl)thien-3''''''-yl]perfluorocyclopentene (2):
A solution of the photochromic complex 12 (30 mg, 0.05 mmol) in THF
(5 mL) was added to [W(CO)5(thf)] (0.024m in THF, 0.12 mmol) (prepared
as described above), and the reaction was stirred at ambient temperature in
the dark under a nitrogen atmosphere. After 30 h the solvents were
evaporated and the residue washed repeatedly with hexane. Chromatog-
raphy over alumina (hexane/EtOAc (4:1)) afforded a dark solid; product
2o was obtained pure (29 mg, 67%) as a blue powder following
crystallization by slow diffusion of hexane into acetone. M.p.> 350 8C
(decomp); 1H NMR (200 MHz, CDCl3): open isomer 2 o : d� 2.03 (s, 3H),
2.05 (s, 3H), 6.82 (d, J� 8.6, 2H), 7.12 (s, 1 H), 7.32 (d, J� 6.6, 2H), 7.41 (d,
J� 8.6, 2H), 7.51 (s, 1H), 8.71 (d, J� 6.6, 2H); closed isomer 2c : d� 2.16 (s,
3H), 2.17 (s, 3 H), 6.61 (s, 1 H), 6.84 (s, 1 H), 6.89 (d, J� 8.6, 2H), 7.30 (d, J�
6.6, 2 H), 7.51 (d, J� 8.6, 2 H), 8.82 (d, J� 6.6, 2 H); C31H17F6NO6S2W1:
calcd C 43.22, H 1.99, N 1.63; found C 43.05, H 1.99, N 1.63.


3-Bromo-2-methyl-5-(N-pentacarbonyltungstenpyrid-4''-yl)thiophene (17):
A solution of 3-bromo-2-methyl-5-pyridylthiophene (253 mg, 1 mmol) in
THF (40 mL) was added to [W(CO)5(thf)] (0.024m in THF, 42 mL,
1 mmol) (prepared as described for product 1) and the reaction was stirred
at ambient temperature in the dark under a nitrogen atmosphere. After
72 h, the solvents were evaporated and the residue washed repeatedly with
hexane. Chromatography over alumina (hexane/CH2Cl2 (3:1)) followed by
recrystallization from Et2O of the obtained residue afforded complex 17
(409 mg, 71 %) as an orange solid: M.p. 158 ± 160 8C; 1H NMR (200 MHz,
CDCl3): d� 2.49 (s, 3 H), 7.31 (d, J� 6.6, 2 H), 7.40 (s, 1H), 8.73 (d, J� 6.6,
2H); C15H8BrNO5SW: calcd C 31.17, H 1.40, N 2.42; found C 31.21, H 1.55,
N 2.40.


1,2-Bis{5''-[N-(2'''',2''''''-bipyridyl)tricarbonylrhenium(ii)pyrid''''''''-4-yl]-2''-meth-
ylthien-3''-yl}perfluorocyclopentane bistrifluorosulfonate (3): A solution of
8 (80 mg, 0.15 mmol) and [Re(bpy)(CO)3(CH3CN)]CF3SO3 (190 mg,
0.31 mmol) in deaerated THF (15 mL) was refluxed under nitrogen
atmosphere for 4 h. The solvents were then evaporated and the resulting
precipitate washed several times with hexane and finally crystallized from
hexane/acetone (5:1) affording complex 3 o (153 mg, 63%) as a blue
powder. 1H NMR (200 MHz, [D6]acetone): open isomer 3 o : d� 1.99 (s,
6H), 7.63 (d, J� 6.8, 4 H), 7.83 (s, 2 H), 8.0 (m, 4H), 8.4 ± 8.5 (m, 8 H), 8.76
(d, J� 8.2, 4 H), 9.46 (d, J� 5.4, 4H); closed isomer 3 c : d� 2.13 (s, 6H),
7.17 (s, 2 H), 7.68 (d, J� 5.4, 4H), 8.0 (m, 4 H), 8.4 ± 8.5 (m, 4 H), 8.60 (d, J�
5.4, 4H), 8.76 (d, J� 8.2, 4H), 9.47 (d, J� 5.4, 4H); C53H32F12N6O12S4Re2:
calcd C 38.03, H 1.93, N 5.01; found C 37.36, H 1.93, N 4.97.


1-[5''-(4''''-Methoxyphenyl)-2''-methylthien-3''-yl]-2-{5''''''-[N-(2IV,2V-bipyridyl)
tricarbonylrhenium(ii)pyridVI-4-yl]-2''''''-methylthien-3''''''-yl}perfluorocyclo-
pentene trifluorosulfonate (4): A solution of 11 (20 mg, 0.036 mmol) and
[Re(bpy)(CO)3(CH3CN)]CF3SO3 (23 mg, 0.036 mmol) in deaerated THF
(10 mL) was refluxed under nitrogen atmosphere for 24 h. The solvents
were then evaporated and the residue washed several times with hexane
and finally crystallized from Et2O/acetone (10:1) affording complex 4o
(153 mg, 48%) as a dark powder. This product displayed a limited stability
and decomposed after a few days even when stored under nitrogen in the
dark. 1H NMR (200 MHz, [D6]acetone): open isomer 4o : d� 2.0 (s, 3H,
overlapped), 2.19 (s, 3H), 3.82 (s, 3H), 6.97 (d, J� 8.9, 2 H), 7.34 (s, 1H),
7.55 (d, J� 8.9, 2 H), 7.7 ± 7.9 (m, 2 H), 8.3 ± 8.4 (m, 5 H), 8.70 (d, J� 8.1, 2H),
8.92 (d, J� 6.5, 2 H), 9.10 (d, J� 5.6, 2H); closed isomer 4c : d� 2.25 (s,
3H), 2.26 (s, 3 H), 3.90 (s, 3H), 6.93 (s, 1H), 7.08 (d, J� 8.9, 2 H), 7.52 (s,


1H), 7.8 ± 8.0 (m, 4 H), 8.3 ± 8.5 (m, 4 H), 8.69 (d, J� 8.2, 2 H), 8.97 (d, J�
6.1, 2H), 9.10 (d, J� 5.6, 2 H).


1,2-Bis[2''-methyl-5''-(N-pentaamineruthenium(iiii)pyrid-4''''-yl)thien-3''-yl)-
perfluorocyclopentene bisdihexafluorophosphate (5): A solution of 8o
(50 mg, 0.09 mmol) and [Ru(NH3)5(H2O)](PF6)2 (86 mg, 0.18 mmol) in
deaerated acetone (15 mL) was stirred under nitrogen atmosphere for 72 h.
The solvents were then evaporated and the resulting precipitate washed
several times with EtOAc and finally crystallized from hexane/acetone
(5:1) affording complex 5 o (120 mg, 88%) as a yellowish powder. The same
procedure applied to the photochromic complex 8c afforded 5 c (80 %) as a
deep blue powder. 1H NMR (200 MHz, [D6]acetone): open isomer: d�
2.02 (s, 6 H), 2.59 (s), 3.19 (s, 6 H), 7.51 (d, J� 6.4, 4 H), 7.86 (s, 2H), 8.80 (d,
J� 6.4, 4 H); closed isomer: d� 2.21 (s, 6H), 2.66 (s), 3.50 (s), 7.28 (s, 2H),
7.47 (d, J� 6.8, 4H), 8.97 (d, J� 6.8, 4 H); C25H46F30N12P4S2Ru2: calcd C
21.24, 3.28, N 11.89; found C 21.45, H 3.27, N 11.84.
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Axial and Equatorial Hydrogen Bonds in Pentamethylene
Sulfide ´´ ´ Hydrogen Chloride Complex


M. Eugenia Sanz, Juan C. LoÂ pez, and JoseÂ L. Alonso*[a]


Abstract: Axial and equatorial hydro-
gen bonds have been observed in the
heterodimer formed between pentam-
ethylene sulfide and hydrogen chloride
in a pulsed supersonic expansion by
using Fourier transform microwave
spectroscopy. The ground-state rotation-
al spectra of the isotopic species
(C5H10


32S, H35Cl), (C5H10
32S, H37Cl),


(C5H10
32S, D35Cl), and (C5H10


34S, H35Cl)
have been analyzed for the equatorial


conformer, and the first three of these
for the axial form in the frequency range
6 ± 18 GHz. Interpretation of the rota-
tional constants led to the conclusion
that the observed complexes have Cs


symmetry with the hydrogen chloride


pointing to the domain of axial or
equatorial lone pairs at the sulfur atom.
The equatorial form has been found to
be the most stable one, in contrast to the
observation in the related tetrahydro-
pyran ´´ ´ HCl complex (Angew. Chem.
1999, 111, 1889 ± 1892; Angew. Chem.
Int. Ed. 1999, 38, 1772 ± 1774). The
conformational preference is discussed
in the context of second-order interac-
tions.


Keywords: conformation analysis ´
hydrogen bonds ´ microwave spec-
troscopy ´ rotational spectroscopy


Introduction


Hydrogen bonding has been the subject of considerable
research effort over the years owing to its central role in many
chemical, physical, and biological phenomena.[1] The intrinsic
properties of the hydrogen bond can be obtained from the
study of isolated hydrogen-bonded dimers. In recent years
such studies have been undertaken in the collisionless
environment of supersonic jets where complexes are easily
formed and can be detected by using different spectroscopic
methods.[2] An important type of hydrogen-bond dimer B ´´´
HX (where X�F, Cl, Br, etc.) is that in which the proton-
acceptor atom B (B�O, S, etc.) carries two equivalent
nonbonding electron pairs. We have recently studied com-
plexes in which B is a five-membered heterocycle, such as
tetrahydrothiophene ´´´ HCl,[3] tetrahydrothiophene ´´´ HF,[4]


tetrahydrofuran ´´ ´ HCl,[5] and tetrahydrofuran ´´´ HF[6] by us-
ing molecular beam Fourier transform microwave spectro-
scopy. In all cases two equivalent equilibrium conformations
with pyramidal configurations at O or S have been found; the
HX molecule points to the domain of one of the two
equivalent nonbonding electron pairs. Such geometries are
consistent with a set of empirical rules[7] enunciated to predict
the structures of hydrogen-bonded complexes. However,


these rules do not deal with a situation where there are
nonequivalent nonbonded pairs, and thus it should be
interesting to examine what happens when one attempts to
apply these rules to complexes in which the acceptor molecule
B carries two nonequivalent electron pairs. The six-membered
rings tetrahydropyran and pentamethylene sulfide (PMS)[8, 9]


fall into this category with two nonequivalent binding sites at
the oxygen or sulfur atom. When complexed with HCl, the
hydrogen bond would be formed to the nonbonding electron
pair localized at the axial and/or equatorial position. We have
recently presented the results on the tetrahydropyran ´´ ´ HCl
complex[10] for which axial and equatorial forms have been
observed. Parallel to this study we investigated the PMS ´´´
HCl heterodimer for which axial and equatorial hydrogen
bond conformers such as those depicted in Scheme 1 are
expected. If formed in the adiabatic expansion they would
exhibit individual rotational spectra. Their analysis provides


Scheme 1. Axial and equatorial hydrogen bonds in pentamethylene
sulfide ´´ ´ HCl.
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unequivocal answers to the question of the binding sites and
yields the structure of hydrogen-bonded dimers in effective
isolation.


Results


Rotational spectra


From the structural models in Scheme 1 both axial and
equatorial PMS ´´´ HCl conformers have a plane of symmetry
containing the a and b or c axes of inertia. Preliminary
rotational constants were estimated from the structures of
PMS[8, 9] and HCl.[11] The geometrical parameters of the
hydrogen bond were taken from the related tetrahydrothio-
phene ´´ ´ HCl complex[3] using a linear hydrogen bond struc-
ture. Both forms were predicted to be nearly prolate
asymmetric tops with strong a-type transitions and relatively
weak b- or c-type transitions.


We surveyed several regions between 6 and 18 GHz, which
covered angular momentum from J� 3 to 10. Apart from the
PMS and the Ar ´´ ´ HCl lines used to test the gas mixture, the
dominant feature of the spectra is the presence of two series of
closely spaced transitions occurring approximately every 1900
and 1600 MHz which account for the B�C values of the axial
and equatorial conformers. The lines were identified as ma ,
R-branch transitions of C5H10


32S ´´´ H35Cl belonging to the
families (J�1)K'ÿ1


,K'�1
 JK''ÿ1


,K''�1
with Kÿ1 values ranging from 0


to 4. From further analysis, some weaker mb and mc R-branch
transitions were assigned to the axial and equatorial con-
formers, respectively. In order to gain more understanding
about the structures of the dimers, the isotopic species
C5H10


32S ´´´ H37Cl and C5H10
32S ´´´ D35Cl were also measured


for both axial and equatorial forms. In addition, the isotopic
species C5H10


34S ´´´ H35Cl was observed in its natural abun-
dance for the equatorial conformer. Apart from the system-
atic Doppler splitting, all transitions show a hyperfine
structure owing to the nuclear
quadrupole coupling with the Cl
nucleus (both 35Cl and 37Cl have
I� 3/2). The 35Cl nuclear quad-
rupole splitting is illustred in
Figure 1 which gives an over-
view of the 50,5 40,4 transition
for the equatorial form. Since
the hyperfine splitting is large
enough, the lines were assigned
in terms of the coupling scheme
J� I�F. Table 1 and 2 show a
selection of the measured tran-
sitions. In all cases the lines
corresponding to the equatorial
conformer were found to be
more intense (about three or
four times) than those for the
axial form in either Ar or He as
carrier gases.


For each isotopomer the anal-
ysis of the rotational data was


based on the Hamiltonian H�HR�HQ in which the matrix
was set up in the coupled basis I� J�F and diagonalized in
blocks of F. HR is the Watson�s asymmetric reduced Hamil-
tonian in the Ir representation truncated after quartic terms of
angular momentum.[12] HQ is the operator describing the Cl-
nuclear quadrupole coupling.[13] The associated observable
spectroscopic quantities are the elements cab of the quadru-
pole coupling tensor, which are linearly related to the electric
field gradient at the Cl nucleus with respect to the principal
inertial axis system of the complex [Eq. (1), where eQ is the
Cl-nuclear quadrupole moment].


cab�ÿ
eQ


h


� �
@2V


@a@b
(a, b to be permuted over a, b, c) (1)


Rotational constants, quartic centrifugal distortion con-
stants, and the three independent quadrupole coupling
constants caa, (cbbÿ ccc), and cac (equatorial) or cab (axial)
were fitted simultaneously using the program of Pickett.[14]


Since there were not enough data, the centrifugal distortion
constant DK had to be constraint to zero. The spectroscopic
constants are given in Tables 3 and 4. A root mean square
(rms) deviation (see Tables 3 and 4) comparable with the
estimated accuracy of the frequency measurements was
provided by releasing only one of the three possible off-
diagonal elements of the nuclear quadrupole tensor (cac or cab


for the equatorial or axial PMS ´´´ HCl respectively).


Structure


An analysis of the rotational parameters allows us to establish
several important structural properties of the axial and
equatorial PMS ´´´ HCl conformers. The planar moments Pb


(equatorial) and Pc (axial) which only depend on the b or c
coordinates respectively (see Tables 3 and 4 for definitions),
are effectively unchanged upon isotopic substitution of Cl, H,
or S atoms. This clearly shows that these atoms, which are


Figure 1. 50,5 40,4 transition of the equatorial C5H10
32S ´´ ´ H35Cl complex showing quadrupole coupling


components splitted by Doppler effect.
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Table 1. A selection of observed rotational transition frequencies (MHz) for the equatorial conformer of pentamethylene sulfide ´´ ´ HCl.


C5H10
32S ´´ ´ H35Cl C5H10


32S ´´ ´ H37Cl C5H10
32S ´´ ´ D35Cl C5H10


34S ´´ ´ H35Cl
J' K'ÿ1 K'�1 J'' K ''ÿ1 K ''�1 F' F''[a] obs. obs.-cal.[b] obs. obs.-cal.[b] obs. obs.-cal.[b] obs. obs.-cal.[b]


3 1 2 2 0 2 5 4 6762.656 0.002
4 3 6759.745 0.000
3 2 6759.843 0.000


5 0 5 4 0 4 7 6 8097.286 0.001 7872.728 0.001 8051.657 0.001 8080.012 0.001
6 5 8097.500 ÿ 0.001 7872.881 0.001 8051.871 0.000 8080.208 0.000
5 4 8097.111 ÿ 0.001 7872.571 0.000 8051.475 0.000 8079.821 0.001
4 3 8096.922 0.000 7872.434 0.000 8051.287 0.000 8079.651 0.001


6 1 6 5 1 5 8 7 9616.680 0.000 9353.592 0.000 9564.114 0.001 9606.017 0.002
7 6 9616.588 ÿ 0.001 9353.513 0.000 9564.019 0.001 9606.017 0.002
6 5 9616.588 ÿ 0.001 9353.513 0.000 9564.024 ÿ 0.003 9605.920 ÿ 0.002
5 4 9616.670 0.001 9353.584 0.002 9564.105 ÿ 0.002 9605.928 0.001


7 1 6 6 1 5 9 8 11470.776 0.000 11146.339 0.003 11403.492 0.000 11431.436 0.000
8 7 11470.762 0.000 11146.320 0.003 11403.477 0.001 11431.414 0.000
7 6 11470.486 ÿ 0.001 11146.102 0.003 11403.195 0.001 11431.138 ÿ 0.002
6 5 11470.494 ÿ 0.001 11146.117 0.002 11403.204 ÿ 0.002 11431.155 ÿ 0.002


8 2 7 7 2 6 10 9 12965.981 0.002 12605.129 ÿ 0.003 12892.470 0.000
9 8 12965.787 0.000 12604.971 ÿ 0.001 12892.271 ÿ 0.001
8 7 12965.733 0.001 12604.924 ÿ 0.003 12892.215 ÿ 0.001
7 6 12965.912 0.002 12605.076 0.000 12892.399 0.001


8 3 5 7 3 4 10 9 12980.354 ÿ 0.001 12906.169 0.001
9 8 12979.843 0.001 12905.661 0.002
8 7 12979.807 0.001 12905.612 0.003
7 6 12980.493 ÿ 0.002 12906.325 ÿ 0.002


9 2 7 8 2 6 11 10 14648.115 0.002 14233.564 ÿ 0.001 14562.597 ÿ 0.002
10 9 14647.670 0.002 14233.227 ÿ 0.001 14562.148 ÿ 0.002


9 8 14647.638 0.002 14233.199 ÿ 0.002 14562.116 ÿ 0.002
8 7 14648.076 0.002 14233.531 ÿ 0.002 14562.558 ÿ 0.001


[a] F: half integer rounded up to the next integer. [b] Obtained with the corresponding spectroscopic constants in Table 3.


Table 2. A selection of observed rotational transition frequencies (MHz) for the axial conformer of pentamethylene sulfide ´´ ´ HCl.


C5H10
32S ´´ ´ H35Cl C5H10


32S ´´ ´ H37Cl C5H10
32S ´´ ´ D35Cl


J' K'ÿ1 K'�1 J'' K ''ÿ1 K ''�1 F' F''[a] obs. obs.ÿ cal.[b] obs. obs.ÿ cal.[b] obs. obs.ÿ cal.[b]


4 2 2 3 2 1 6 5 7755.173 0.003 7534.285 ÿ 0.002 7715.897 ÿ 0.002
5 4 7752.491 ÿ 0.001 7532.123 0.002 7713.168 0.001
4 3 7753.475 ÿ 0.001 7532.914 0.001 7714.169 ÿ 0.002
3 2 7756.153 ÿ 0.003 7535.079 0.000 7716.902 ÿ 0.002


5 0 5 4 0 4 7 6 9609.333 0.001 9343.146 0.002 9560.865 0.001
6 5 9608.975 0.001 9342.880 0.001 9560.499 0.000
5 4 9608.521 0.001 9342.519 0.001 9560.036 0.000
4 3 9608.878 0.000 9342.769 0.003 9560.400 ÿ 0.001


5 1 5 4 0 4 7 6 10240.935 0.001
5 4 10239.279 ÿ 0.001
4 3 10240.811 0.000


6 1 6 5 1 5 8 7 11393.024 0.000 11077.561 0.001 11334.987 0.001
7 6 11392.716 ÿ 0.001 11077.322 0.001 11334.673 0.001
6 5 11392.350 ÿ 0.001 11077.032 0.000 11334.299 0.000
5 4 11392.655 ÿ 0.001 11077.270 0.000 11334.611 0.001


6 3 3 5 3 2 8 7 11611.562 0.000 11282.573 ÿ 0.001 11552.790 ÿ 0.002
7 6 11609.756 ÿ 0.001 11281.119 ÿ 0.001 11550.950 ÿ 0.001
6 5 11610.161 ÿ 0.001 11281.444 ÿ 0.001 11551.362 0.000
5 4 11611.960 ÿ 0.001 11282.892 ÿ 0.003 11553.196 ÿ 0.003


7 1 6 6 1 5 9 8 13697.262 ÿ 0.001 13310.756 ÿ 0.002 13628.669 0.000
8 7 13696.960 ÿ 0.002 13310.529 ÿ 0.003 13628.362 0.000
7 6 13696.875 ÿ 0.002 13310.458 ÿ 0.002 13628.276 0.000
6 5 13697.174 ÿ 0.002 13310.681 ÿ 0.003 13628.580 0.000


8 2 7 7 2 6 10 9 15425.026 ÿ 0.001 14993.371 0.001 15347.113 0.000
9 8 15424.576 0.001 14993.019 0.001 15346.653 0.000
8 7 15424.510 0.001 14992.963 0.000 15346.584 0.000
7 6 15424.955 ÿ 0.001 14993.314 0.001 15347.041 0.000


[a] F: half integer rounded up to the next integer. [b] Obtained with the corresponding spectroscopic constants in Table 4.
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involved in the hydrogen bond, lie in the ac (equatorial) or ab
(axial) principal inertial planes of the complexes. Further-
more, these quantities are almost identical to the planar
moment Pb� 111.19387(76) u�2 [9] of free PMS. Since the ac
inertial plane of PMS is the molecular symmetry plane, these
results are strong evidence that both ac (equatorial) and ab
(axial) inertial planes are also molecular symmetry planes for
the complex. The small differences between either Pb or Pc of
each conformer and Pb of PMS can be explained by taking
into account the additional contributions of the intermolec-
ular vibrations to the zero-point motion of the dimer. We
conclude therefore that the axial and equatorial PMS ´´´ HCl


complexes have Cs symmetry,
with the HCl subunit lying in
the symmetry plane of PMS
(see Figure 2). The failure of
the search for c-type (axial) or
b-type (equatorial) transitions
reinforces this conclusion. The
location of HCl in the symme-
try plane is also consistent with
the nonzero values of the cac


(equatorial) or cab (axial) off-
diagonal elements of the Cl-
nuclear quadrupole coupling
tensor and with the fact that
the ratios 35cbb/37cbb� 1.270(9)
for the equatorial and 35ccc/
37ccc� 1.269(5) for the axial are
in good agreement with the
theoretical value 35Q/37Q�
1.26878(15).[15] The changes in
the rotational constants on the
isotopic substitutions of H(D)
and 35Cl (37Cl) indicate that only
geometries of the hydrogen-
bonded type in which HCl is
the proton donor need to be
considered.


In order to determine the
structure of the complexes from
the rotational constants of Ta-
bles 3 and 4, we assumed that
the structures of PMS[8, 9] and
HCl[11] remain unchanged upon
complexation. It proved impos-
sible to determine the position
of the hydrogen atom because
of the small contribution that
this atom makes to the rota-
tional constants. Initially, a first
fit was performed to determine
preliminary values for the S ´´´
Cl distance and the angle f
between the S ´´ ´ Cl line and
the line bisecting the C-S-C
angle considering a collinear
arrangement of the S ´´´ HÿCl
system. However, further infor-


mation about the position of the hydrogen atom is provided if
the angle aaz between the HCl axis direction z and the a
inertial axis is available. A good approximation to this angle
can be obtained from the components of the Cl-nuclear
quadrupole coupling tensor through[16] Equation 2 in those
cases where ab (axial) is the molecular symmetry plane. A
similar expression applies when ac (equatorial) is the sym-
metry plane. Values of aaz so determined for the different
isotopomers of the axial and equatorial conformers are
collected in Tables 3 and 4.


aaz� 1�2tanÿ1[ÿ2cab(caaÿ cbb)ÿ1] (2)


Table 3. Spectroscopic constants for equatorial pentamethylene sulfide ´´ ´ HCl.


C5H10
32S ´´ ´ H35Cl C5H10


32S ´´ ´ H37Cl C5H10
32S ´´ ´ D35Cl C5H10


34S ´´ ´ H35Cl


A [MHz] 2598.1652(31)[a] 2591.996(43) 2593.412(51) 2560.15(14)
B [MHz] 828.99756(44) 805.10345(35) 823.94695(49) 825.10216(58)
C [MHz] 792.71763(43) 771.38095(31) 788.53727(47) 792.74241(48)
Pb


[b] [u�2] 111.2072(13) 111.2094(28) 111.2069(32) 111.2015(67)
DJ [kHz] 0.59496(90) 0.57018(80) 0.5890(10) 0.5842(20)
DJK [kHz] ÿ 1.8578(85) ÿ 1.812(21) ÿ 1.883(10) [ÿ1.8578][d]


DK [kHz] [0.0][c] [0.0][c] [0.0][c] [0.0][c]


dJ [kHz] ÿ 0.04423(93) ÿ 0.0415(11) ÿ 0.0452(11) ÿ 0.0485(24)
dK [kHz] ÿ 0.53(14) [ÿ0.53][d] ÿ 0.35(17) [ÿ0.53][d]


caa [MHz] ÿ 20.156(28) ÿ 16.261(46) ÿ 20.556(35) ÿ 20.18(11)
(cbbÿ ccc) [MHz] 32.313(46) 25.02(17) 32.92(15) 32.20(22)
j cac j [MHz] 38.67(29) 30.74(41) 39.51(30) [38.67][d]


N[e] 164 114 147 51
J max. 10 10 10 9
s[f] [kHz] 1.4 1.5 1.7 1.4
cxx


[g] [MHz] 26.19(29) 20.98(40) 26.79(30) ±
cyy [MHz] 26.235(37) 20.64(11) 26.738(93) ±
czz [MHz] ÿ 52.42(29) ÿ 41.62(40) ÿ 53.53(30) ±
aaz


[h] 39.843(36) 39.529(72) 39.843(36) ±


[a] Standard error in parentheses in units of the last digit. [b] Pb� (Iaÿ Ib�Ic)/2�Smibi
2. Conversion factor:


505379.1 MHz u�2. [c] Parameter kept fixed in the fit. [d] Parameters fixed to the C5H10
32S ´´ ´ H35Cl value.


[e] Number of fitted quadrupole components. [f] Root mean square (rms) deviation of the fit. [g] Principal
quadrupole coupling constants. [h] Angle, in degrees, between the a principal inertial axis and the z gradient field
axis.


Table 4. Spectroscopic constants for axial pentamethylene sulfide ´´ ´ HCl.


C5H10
32S ´´ ´ H35Cl C5H10


32S ´´ ´ H37Cl C5H10
32S ´´ ´ D35Cl


A [MHz] 1976.0638(42)[a] 1974.552(16) 1974.098(15)
B [MHz] 996.47280(46) 967.74215(49) 991.50923(48)
C [MHz] 935.95958(38) 910.24159(39) 931.14732(39)
Pc


[b] [u�2] 111.4801(13) 111.4785(21) 111.4816(20)
DJ [kHz] 0.7305(19) 0.6972(20) 0.7197(20)
DJK [kHz] 2.346(15) 2.309(18) 2.286(15)
DK [kHz] [0.0][c] [0.0] [0.0]
dJ [kHz] 0.0915(13) 0.0831(14) 0.0905(14)
dK [kHz] ÿ1.509(93) ÿ 1.46(12) ÿ 1.39(11)
caa [MHz] ÿ 29.424(23) ÿ 23.561(21) ÿ 30.021(19)
(cbbÿ ccc) [MHz] ÿ 22.030(51) ÿ 16.978(82) ÿ 22.545(80)
j cab j [MHz] 37.0(53) 26.4(30) 36.2(53)
N[d] 133 122 132
J max. 9 9 9
s[e] [kHz] 1.6 1.6 1.6
cxx


[f] [MHz] 27.7(49) 19.5(27) 26.8(49)
cyy [MHz] 25.727(37) 20.270(52) 26.283(50)
czz (MHz) ÿ 53.4(49) ÿ 39.8(27) ÿ 53.1(49)
aaz


[g] 32.9(17) 31.5(15) 32.5(18)


[a] Standard error in parentheses in units of the last digit. [b] Pc� (Ia� Ibÿ Ic)/2�Smici
2. Conversion factor:


505379.1 MHz u �2. [c] Parameters in square brackets were kept fixed in the fit. [d] Number of fitted quadrupole
components. [e] rms deviation of the fit. [f] Principal quadrupole coupling constants. [g] Angle, in degrees,
between the a principal inertial axis and the z gradient field axis.
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Figure 2. Structures of axial and equatorial conformers of pentamethylene
sulfide ´´ ´ HCl.


The hydrogen bond structural parameters for each con-
former have been finally obtained by iterative least-squares
fits of the rotational constants for all observed isotopic species
with aaz constrained to the values calculated for the parent
species of axial and equatorial forms. In this way, precise
determination of the r(S ´´ ´ Cl) distance and the angle f were
then possible. The results are given in Table 5 along with the
derived values for the hydrogen bond length r(S ´´´ H), the
angle f between the S ´´´ H bond and the line bisecting the
C-S-C angle, and the angle q of deviation of the S ´´´ HÿCl
nuclei from collinearity. The resulting geometry is drawn to
scale in Figure 2.


Discussion


A first rationalization of the structure of the axial and
equatorial forms can be made using a simple electrostatic
model. Thus the nearly equal values of the f angles for the
axial and the equatorial forms (see Table 5 and Figure 2) can
be understood in terms of an interaction between the
electrophilic region d�H of the HCl molecule with the high
electron density regions in the acceptor molecule. In PMS
these regions may be identified with the domains of the sulfur
atom nonbonding pairs. In this way, the direction of the HCl
molecule in the PMS ´´´ HCl complexes acts as a probe for the
direction of the nonbonding pairs at S.


Another interesting point to discuss concerning the struc-
tures of axial and equatorial forms is the nonlinearity of the
system S ´´´ HÿCl involved in the hydrogen bond. Whereas for
the axial form is observed a nearly collinear arrangement (q�
6(3)8, see Table 5), the equatorial form shows a pronounced
deviation from collinearity (q� 17.2(2)8). The nonlinearity of
hydrogen bonds in related dimers[3, 10, 16] has been interpreted
as arising from secondary interactions between the Cl atom
and the nearest H atoms of the methylene groups in the ring,
that is the H atoms of the a methylene groups in the
equatorial form and the corresponding ones of the b


methylene groups in the axial conformer (see Figure 2). The
distances between the atoms presumably involved in these
interactions have been calculated to be 3.34 � (equatorial)
and 3.12 � (axial). These values are comparable to those
reported for tetrahydrothiophene ´´´ HCl.[3] On this basis the
small nonlinearity observed for the axial form does not
exclude the existence of secondary hydrogen bond interac-
tions.


A second point of interest is the intensity ratio (ax:eq�1:4)
observed in the a-type rotational spectra of the axial and
equatorial conformers. It has been reported[17] that the
observation of different conformers in a supersonic expansion
sometimes has a dependence on the carrier gas. Heavier
carrier gases may produce a relaxation from higher energy
forms to the lower one when the barrier to interconversion
between them is lower than a certain limit (let say
�400 cmÿ1[17]). For PMS ´´´ HCl this effect is not observed.
The ratio between the axial and the equatorial conformers
remains qualitatively unaltered even when the carrier gas is
changed. This may be attributed to the existence of a barrier
to interconversion between the axial and equatorial forms
high enough to inhibit relaxation. The difference in the
intensity of the rotational spectra of the conformers could not
be caused by different values of the electric dipole moments
for both conformers since rough dipole moment calculations
gave similar values for the ma dipole moment components.
Thus, the observed intensities indicate that the equatorial
form is the most stable one. The shorter S ´´´ H distance (of
about 0.2 �) for the equatorial conformer (see Table 5) points
to the same conclusion if we accept that a shortening in the
bond length can be related to an increase in bond strength.


This result is strikingly different from what has been
observed for the related complex tetrahydropyran ´´ ´ HCl,[10]


where the axial form was found to be the most stable one. An
open question is how the second-order interaction contributes


Table 5. Hydrogen bond structural parameters of pentamethylene
sulfide ´´ ´ HCl (see Figure 2).


Axial Equatorial


r(S ´´ ´ Cl) 3.63(4)[a] � 3.44(2) �
f 98.3(11)8 91.8(9)8
r(S ´´ ´ H) 2.35(8) � 2.19(5) �
f 100.(2)8 98.1(10)
q 6.(3)8 17.2(2)8


[a] Standard errors in parentheses in units of the last digit.
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to the axial and equatorial conformational preference of
hydrogen bonding. While in the case of tetrahydropyran ´´´
HCl[10] evidence was found of the nonexistence of significant
secondary interactions for the equatorial conformer, in
PMS ´´´ HCl the noticiable nonlinearity of the atoms involved
in the hydrogen bond strongly indicates the existence of
second-order interactions which may favor the equatorial
form of the complex.


Experimental Section


All measurements were performed in the frequency range 6 ± 18 GHz using
the molecular beam Fourier transform microwave spectrometer which was
described earlier.[18] The isotopic species 35Cl, 37Cl, 32S, and 34S were
observed in their natural abundance. The assignment of the lines to the
complexes was confirmed by establishing that both PMS and HCl had to be
present in the adiabatic expansion for their observation. Gas mixtures of
about 1% of PMS (Aldrich) and 4% of HCl (Aldrich) or DCl (Euriso-top)
in Ar or He (total pressure 1 ± 1.5 bar) were pulsed into an evacuated
Fabry ± Perot cavity to generate dimers in high number density by virtue of
a very low effective temperature in the expanding gas. A delayed
microwave pulse then polarizes the dimer molecules when they are in
collisionless expansion into the cavity. The molecules subsequently emit
coherent radiation at their rotational transition frequencies which are
obtained after Fourier transformation of the time domain signal. Since the
nozzle (General Valve, series 9) is mounted slightly off center behind one
mirror, the gas pulse travels coaxially to the direction of propagation of the
microwaves giving rise to a Doppler doublet for each transition line.
Figure 1 provides an example of a typical transition collected for this study.
The average frequency of each doublet gives the rest frequency of the
molecular transition. The linewidth (FWHM) for a single line typically lies
between 5 and 8 kHz. Frequency measurements are estimated to have an
accuracy better of 5 kHz.
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First Total Synthesis of the Sex Pheromone of the Oleander Scale Aspidiotus
nerii : An Unusual Sesquiterpenic Functionalized Cyclobutane


IneÂs Petschen,[a] Alfredo Parrilla,[a] M. Pilar Bosch,[a] Cristina Amela,[a] Ana A. Botar,[b]


Francisco Camps,[a] and Angel Guerrero*[a]


Abstract: The first total synthesis of the
sex pheromone of the oleander scale
Aspidiotus nerii (5), an economically
important polyphagous pest, is descri-
bed. The synthesis is based on a stereo-
controlled and completely regioselective
intramolecular exo-cyclization of cis-ep-
oxynitrile 9 to afford cyclobutane alco-
hol t-10 stereoselectively. Introduction
of the unusual 4-methylpent-4-enyl
group onto the cyclobutane skeleton
was effected through Wittig reaction of
aldehyde 17 b with the bulky ylide 3,3-
(ethylenedioxy)butylidenetriphenyl-
phosphorane. This process requires pro-


tection of the primary hydroxy group of
10 with a nonbulky protecting agent, like
methoxymethyl (MOM) but not tetra-
hydropyranyl (THP), as confirmed by
molecular modelling studies. After se-
lective transformations to manipulate
the three acid-sensitive protecting func-
tionalities present, that is, the tert-butyl-
dimethylsilyl (TBDMS), ethylene ace-


tal, and MOM groups, compound 5 was
obtained in 26.4 % overall yield from
t-10 b. In a different approach, complete
cleavage of these protecting groups in
19 b furnished keto diol 31, which after
regioselective acetylation of the primary
alcohol and Wittig reaction afforded
acetate 5 in 21.4 % overall yield from
t-10 b. The synthetic material exhibited
spectroscopic features identical to those
of the natural material and showed
remarkable biological activity in field
tests.


Keywords: Aspidiotus nerii ´ natu-
ral products ´ pheromones ´ pro-
tecting groups ´ synthesis design ´
total synthesis


Introduction


Cyclobutane derivatives are remarkable compounds not only
as natural products,[1±6] but also in their versatility to be
transformed into a variety of compounds by ring enlargement
or ring-opening reactions.[7±14] Some of them, such as the
cyclobutane nucleosides cyclobut-A and cyclobut-G
(BHCG), are also important in the pharmaceutical field,
because they are potent inhibitors of the replication of herpes
simplex type-1 and type-2 viruses, varicella zoster virus and
human citomegalo virus, and they also exhibit activity against
HIV.[15±18] However, in the pheromone field very few struc-
tures containing a cyclobutane ring are known[19] (Scheme 1).
Grandisol (1R,2S)-(�)-cis-2-isopropenyl-1-methylcyclobuty-
lethanol (1), is the most important constituent of the
aggregation pheromone of the cotton boll weevil Anthono-


Scheme 1. Cyclobutane derivatives known in the pheromone field.


mus grandis,[20] and has been found in other beetles like
Tripodendron signatum,[21] Pityophthorus pityographus,[22]


Pityogenes bidentatus, P. quadridens and P. calcaratus[23] and
Curculio caryae.[24] Its trans isomer, fragranol (2), has been
identified in extracts of the plant Artemisia fragrans.[25]


Grandisol and its oxidation product grandisal (3) have also
been found as the aggregation pheromone components of
Pissodes strobi and P. nemorensis.[26, 27] A structurally related
analogue (1R,3R)-(�)-cis-2,2-dimethyl-3-isopropenylcyclo-
butylmethanol acetate (4), has been described as the sex
pheromone of the citrus mealybug Planococcus citri.[28]


The oleander scale Aspidiotus nerii (Homoptera: Diaspi-
didae) is a polyphagous pest of many tropical and subtropical
areas. It has been reported from hosts corresponding to more
than 100 plant families,[29] and is particularly important in the
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damage caused to lemon trees, olive trees, and ornamental
plants, like oleander. The scale is sap-sucking and produces
general weakening of the tree, discoloration of leaves and
severe deterioration of the fruit quality.[30] The sex pheromone
is presumably produced by the female�s pygidial gland and
released through the rectum, like in other scales.[31]


Very recently, we reported the complete structural charac-
terization and absolute configuration of the sex pheromone of
the oleander scale, as (1R,2S)-cis-2-isopropenyl-1-(4'-methyl-
pent-4'-en-1'-yl)cyclobutylethanol acetate (5), an unusual
sesquiterpenic functionalized cyclobutane[32] (Scheme 1).
Noteworthy structural features of 5 are the sterically con-
gested quaternary carbon of the cyclobutane ring, the
presence of the 4-methylpent-4-enyl group, an unusual
homoprenylated chain,[33] and the two differently substituted
isopropenyl functionalities. The
well-known difficulty associat-
ed with the construction of the
small-size rings, the strain in-
duced by the chains, particular-
ly on the quaternary carbon,
and the additional transannular
strain[34] made the total synthe-
sis of the pheromone a real
challenge. We describe herein
the first total synthesis of the
pheromone 5 through a con-
venient regio- and stereocon-
trolled intramolecular exo-cyc-
lization of a duly functionalized
cis-epoxynitrile 7.


Results and Discussion


Preparation of (Z)-hept-5-enenitrile (7) was performed by
three different reaction sequences: a) Wittig reaction of the
phosphonium salt of 5-bromovaleronitrile with acetaldehyde
in toluene and tBuOK as base in 60 % yield,[35] b) alkylation of
1-bromo-3-chloropropane with lithium acetylide followed by
methylation of the terminal acetylene, cyanation and reduc-
tion to the cis nitrile 7 (24% overall yield, 4 steps),[36] and
c) nucleophilic substitution of the mesylate of (Z)-hex-4-enol
(6) with sodium cyanide (83 % yield). Because of the
simplicity and overall yield, this latter route was preferred
for large-scale preparation of nitrile 7 (Scheme 2).


Initially, we decided to perform the proposed synthetic
sequence with R� tetrahydropyranyl. Monoalkylation of 7


was accomplished by metalation with lithium diisopropyl-
amide (LDA) followed by reaction with 2-(2-bromoethoxy)-
tetrahydropyran in THF/hexamethyl phosphoramide
(HMPA) 3:2. The monoalkylated product 8 a was obtained
in 58 % yield along with 20 % of the bis-alkylated derivative.
Epoxidation under standard conditions afforded cis-epoxide
9 a in 78 % yield (Scheme 2).


For the construction of the cyclobutane ring a number of
processes have been developed, such as photochemical cyclo-
addition of olefins,[37] thermal cycloaddition of electrophilic
and nucleophilic olefins,[38±40] cycloaddition of ketenes with
olefins,[41] or intramolecular cyclizations.[42±44] We decided to
follow the base-induced cyclization of d-epoxynitriles devel-
oped by Stork and Cohen.[45] These compounds cyclized to
give preferentially the smallest ring (cyclobutane vs. cyclo-
pentane) when both ends of the epoxide are equally
substituted, the regioselectivity is due to a more ready
attainment of the necessary co-planar arrangement of the
attacking group, epoxide carbon and oxide leaving groups.
The epoxide stereochemistry directs the regioselectivity of the
ring-opening, and thus while cis-epoxynitriles yielded cyclo-
butanes preferentially, similarly substituted trans-epoxides
afforded mixtures of four- and five-membered ring prod-
ucts.[36] In our case, a systematic study of the intramolecular
cyclization reaction of 9 a under a variety of conditions was
undertaken (Table 1).


Abstract in Spanish: Se describe la primera síntesis total de la
feromona sexual del piojo blanco Aspidiotus nerii (5), una
importante plaga polífaga. La síntesis se basa en una ciclacioÂn
exo intramolecular, estereocontrolada y completamente regio-
selectiva, del cis-epoxinitrilo 9 para dar lugar de manera
estereoselectiva al ciclobutano alcohol t-10. La introduccioÂn
del poco frecuente grupo 4-metil-4-pentenilo en el esqueleto
ciclobutaÂnico se consiguioÂ por reaccioÂn de Wittig del aldehido
17b con el voluminoso iluro 3,3-(etilendioxi)butilidentrifenil-
fosforano. Este proceso requiere la proteccioÂn del grupo
hidroxilo primario de 10 con un agente protector poco
voluminoso, como el MOM pero no el THP, como se confirmoÂ
por estudios de modelizacioÂn molecular. Tras selectivas
transformaciones para manipular las tres funcionalidades
presentes sensibles al medio aÂcido, esto es los grupos TBDMS,
etilen acetal y MOM, se obtuvo el compuesto 5 en un 26.4 % de
rendimiento global desde t-10b. En otra aproximacioÂn, se
procedioÂ a la desproteccioÂn completa de los grupos protectores
en 19b para obtener el ceto diol 31, el cual por acetilacioÂn
regioselectiva del alcohol primario y reaccioÂn de Wittig
condujo al acetato 5 en un 21.4 % de rendimiento global desde
t-10b. El material sinteÂtico exhibioÂ ideÂnticas características
espectroscoÂpicas que las del producto natural y mostroÂ una
notable actividad bioloÂgica en pruebas de campo


Scheme 2. Synthesis of intermediate cyclobutane derivatives 10a and 10 b. i) 1) MsCl, Et3N, 2) NaCN/DMSO; ii)
LDA, Br(CH2)2OR/THF:HMPA
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The best conditions found for cyclization of 9 a were
utilization of lithium hexamethyldisilazide (LiHMDS) in a
substrate/base ratio of 1:3.3 in benzene, addition of the
epoxide at 0 8C for 20 min and reflux for 10 min (entry 2).
Under these conditions, cyclobutane 10 a was obtained (61 %)
as a mixture of trans and cis isomers in a 80:20 ratio along with
cyclopentane 11 a (14 %) (Scheme 2). The two compounds
resulted from the 4-exo- and 5-endo-attack of the cyano anion
on the epoxide.[46] In our hands, the conditions described by
Stork and Cohen[45] did not lead to the best yield of 10 a in
terms of stereo- and regioselectivity. The reaction was also
stereoselective, the major isomer (t-10 a) had the required
relative configuration, that is with the tetrahydropyranylox-
yethyl and 1-hydroxyethyl groups on the same side of the ring.
This result agrees with the assumption of Stork[45] that the
cyano anion in the allenic struc-
ture of the metal salt is more
sterically demanding than a
normal alkyl group.


The regioisomers 10 a and
11 a were characterized by
1H ± 1H correlation (DQCOSY)
and 1H ± 13C NMR (HETCOR)
experiments, as well as by PDC/
DMF oxidation to the corre-
sponding methyl ketone [IR:
nÄ � 1712 cmÿ1, 1H NMR: d�
2.19 (s, 3 H, CH3CO),
13C NMR: d� 204.6] and meth-
yl cyclopentanone [IR: nÄ �
1749 cmÿ1, 1H NMR: d� 1.25
(d, 3 H, J� 7.2 Hz, CH3CH),
13C NMR: d� 214.5], respec-
tively. The stereomeric cis and
trans configuration was deter-
mined by NOE experiments on the correponding tert-
butyldimethylsilyl (TBDMS) ethers c-14 a and t-14 a
(Scheme 3). Thus, selective irradiations of protons H1, H5


and H7 produced NOE effect (6 ± 7 %) between H1 and H5


in both compounds, and H1 and H7 (12%) in c-14 a , while no
effect was observed between these two protons in t-14 a. In
this way, the major stereoisomer with trans stereochemistry
was assigned to the structure with the two oxygenated
functions on the same side of the ring, as in target com-
pound 5.


With t-14 a in hand, the next objective was transformation
of the cyano group into the 4-methylpent-4-enyl group.
Conversion of nitrile 14 a into ketone 15 a, through the
intermediate imine, was not problematic since reaction with
the required 3-methylbut-3-enyllithium, prepared in situ by
metalation of 1-iodo-3-methylbut-3-ene with tBuLi in pen-
tane/diethyl ether,[47] occurred cleanly in a one-step process in
76 % yield. However, different approaches to proceed with
this synthetic sequence were not successful (Scheme 4). Thus,


extensive efforts to achieve Wolff ± Kishner reduction (tol-
uene-p-sulfonyl hydrazine/EtOH, hydrazine hydrate/EtOH)
of 15 a to effect the desired CO!CH2 transformation to 16 a
were unsuccessful. In another approach, ketone 15 a was
reduced to the corresponding alcohol (LAH/diethyl ether
76 %) but reductive cleavage of the hydroxy group after
transformation into a suitable leaving group (thiocarbonyl-
diimidazole/Bu3SnH,[48] NaH/CS2/MeI[49]) also proved futile.
In another approach, Wittig reaction of aldehyde 17 a,
obtained by reduction of 14 a with diisobutylaluminum
hdyride (DIBAH) (77 %), with the required ylide 3,3-(ethyl-
enedioxy)butylidenetriphenylphosphorane[50] under a variety
of conditions to build compound 18 a was also unsuccessful. In


Table 1. Cyclization reaction of epoxide 9a under different conditions.


Entry Base[a] Ratio Reaction conditions Products: yield[b] (t/c)
9 a :base addition of 9a ; reaction


1 LiHMDS 1:4 0 8C/3.5 h; 25 8C/5 h 10 a : 24 (n. d.); 11 a : 6
2 LiHMDS 1:3.3 0 8C/20 min; reflux 10 min 10 a : 61 (80/20); 11a : 14
3 LiHMDS 1:4 0 8C/20 min; reflux 1 h 10 a : 41 (n. d.); 11 a : 11
4 LDA[c] 1:2 ÿ 78 8C/15 min; ÿ20 8C/45 min, 0 8C/90 min 10 a : 39 (85/15); 11a : 7


[a] Benzene was used as solvent in LiHMDS reactions, while THF was preferred when LDA was used as base. [b] Yields of isolated product (mixture of
diastereomers) after careful purification by column chromatography on neutral alumina. [c] Inverse addition, that is the base was added to the epoxide.


Scheme 3. NOE experiments on t-14 a and c-14 a.


Scheme 4. Possible routes to diol-protected 16a. i) TBDMSCl, imidazole/DMF; ii) 1) 3-methylbut-3-enyllithium
(for R�THP), 2) Al2O3 chromatography; iii) DIBAH/hexane.
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order to explain this failure, we carried out energy minimi-
zation calculations of aldehyde 17 a and the intermediate
betaine in the latter Wittig reaction, and compared them with
those determined for analogous compounds with the OH-
protected as the less bulky methoxymethyl (MOM) ether
(17 b) and the corresponding betaine. The compounds were
built with the HYPERCHEM3.0 module, and fully geometry-
optimized with the molecular-mechanics force-field (method
AMBER) with a 0.01 kcal molÿ1 energy gradient convergence.
A systematic conformational search was performed on the
rotable CÿC bonds around the dihedral angles and involved
the alkyl chains with an increment of 1208. Every generated
conformation was minimized up to 2000 iterations. The results
showed that 17 a and its betaine presented minimum-energy
conformations of higher energy (ca. 7 kcal molÿ1 difference in
each case) than the corresponding analogues with the MOM
group. Moreover, in the conformations of the former struc-
tures a marked steric hindrance between the tetrahydropyr-
anyloxyethyl and the tert-butyldimethylsilyloxyethyl was appa-
rent, while this strain appeared to be relieved in the MOM-
containing conformations. This led us to consider substitution
of the THP protecting group of the primary alcohol by the less
bulky MOM moiety in the complete synthetic sequence.
Besides, utilization of the MOM protecting group implied
lack of any additional stereogenic centre, as occurred with the
THP function, and greatly facilitated interpretation of the
spectroscopic features of the cyclic structures.


Cyclization of the MOM derivative 9 b, prepared in a
similar manner to 9 a, was also attempted under several
reaction conditions (Table 2). The best conditions were found
to be addition of 9 b to LiHDMS at 0 8C, followed by stirring
at 20 8C for 20 min and then refluxing for a further 15 min
(entry 3). The reaction products consisted of a 79:21 mixture
of t/c-10 b (60 % yield) along with 2 % of t-13 b, and they were
separated by careful column chromatography. In none of the
cases studied was the cyclopentane derivative 11 b from the
5-endo attack detected, this implied that cyclization was
completely regioselective. The reaction was also stereoselec-
tive and the major isomer (t-10 b) had the required relative
configuration, that is with the methoxymethyloxyethyl and
1-hydroxyethyl groups on the same side of the ring. Assign-
ment of compounds was determined by DQCOSY and
HECTOR experiments.


Characterization of cis- and trans-10 b was carried out by
NOESY and ROESYexperiments on the silyl derivatives 14 b.
In the case of c-14 b a clear correlation was observed between
H5 with H7 and H7' , whereas no correlation was found in the


trans isomer (see Scheme 3 for numbering). In the same
regard, cyclobutane methine H1 resonates at lower field (d�
2.66, q, J� 9.9 Hz) in t-10 b than in c-10 b (d� 2.27, q, J�
9.5 Hz) due to the paramagnetic effect induced by the vicinal
cyano group. On the contrary and for the same reason,
methine H5 resonates at higher field in t-10 b (d� 3.80, m) than
in c-10 b (d� 4.07, dq, J� 9.5, J'� 6.5 Hz). Moreover, treat-
ment of c-10 b and t-10 b with neutral alumina in hexane/
AcOEt 1:1 for three days produced a partial cyclization of the
cis isomer to the corresponding lactone, while t-10 b remained
completely unaltered. Formation of the lactone can be
visualized through formation of the corresponding imine
intermediate followed by hydrolysis. Likewise, treatment of
both isomers with DIBAH in hexane produced reduction of
c-10 b to the aldehyde followed by concomitant cyclization to
the corresponding hemiacetal, while t-10 b underwent the
expected reduction with no hemiacetal detected.


Reduction of nitrile 14 b with DIBAH furnished the
corresponding aldehyde 17 b in 90 % yield, which was
subjected to the key Wittig reaction with the bulky ylide
3,3-(ethylenedioxy)butylidenetriphenylphosphorane. The re-
action was carried out at low temperature, in the presence of
5.6 equiv of ylide and in THF as solvent. To our satisfaction,
and as predicted from the molecular modeling studies, the
reaction proceeded successfully to give alkene 18 b (85 ± 98 %
Z) in 82 % yield (Scheme 5). This reaction represents a
convenient entry to the 4-methylpent-4-enyl group, an
unusual but biogenetically interesting chain. Hydrogenation
of the double bond was initially tried on PtO2/MeOH at
atmospheric or medium pressure. However, the reaction was
capricious and not reproducible, and led in many instances to
hydrogenolysis products. After extensive experimentation
with other catalysts under different conditions, we found that
Pd/C in 5 % molar concentration in EtOH at room temper-
ature provided complete hydrogenation of the double bond to
furnish 19 b in 90 % yield, without concomitant formation of
hydrolysis or hydrogenolysis products. Cleavage of the silyl
ether (TBAF/THF) followed by oxidation (PDC/DMF) gave
ketone 21 b, which was selectively hydrolyzed to diketone 22 b
with Amberlyst A15 resin in 92.5 % overall yield from 19 b
(Scheme 6). Bis-Wittig reaction of diketone 22 b was effected
with five equivalents of ylide per carbonyl group in THF, and
a slight excess of the phosphonium salt in order to ensure
complete absence of base in the reaction mixture. Under these
conditions, diolefin 23 b was obtained in 79 % yield without
epimerization of the configuration of the cyclobutane carbon
in the a-position to the carbonyl (Scheme 5).


Table 2. Cyclization reaction of epoxide 9 b under different conditions.


Entry Base[a] Ratio Reaction conditions Products: yield[b] (t/c)
9 b :base


1 LiHMDS 1:4 base to 0 8C� 9b, 0 8C/3.5 h, 20 8C/6 h 10b : 26 (91:9); 9b : 10; t-13b : 12; 12b : 5
2 LiHMDS 1:3.3 base to 0 8C� 9b, 20 8C/20 min, reflux 35 min 10b : 47 (79/21); 12b : 10; t-13b : 8; c-13b : 2
3 LiHMDS 1:3.3 base to 0 8C� 9b, 20 8C/20 min, reflux 15 min 10b : 60 (79/21); t-13b : 2
4 LiHMDS[c] 1:3.3 9b to 08C�base, 20 8C/20 min, reflux 15 min 10b : 45 (73/27); t-13b : 5; c-13b : 2
5 KHMDS 1:3.3 base to 0 8C� 9b, 20 8C/20 min, reflux 15 min 10b : 28 (89/11)
6 LDA 1:2.5 base to ÿ78 8C� 9b, ÿ20 8C/45 min, 0 8C/2 h 10b : 30 (67/33)


[a] Benzene was used as solvent in LiHMDS reactions, whereas THF was preferred when LDA was utilized as base. [b] Yields of isolated product after
careful purification by column chromatography on neutral alumina. [c] Inverse addition, that is the base was added to the epoxide.
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Before proceeding, a number of model studies for hydrol-
ysis of the MOM group in structures with a vinyl group were
undertaken. When 10-methoxymethylundecenyl ether was
subjected to various cleavage reagents (AcOH/MeOH/H2O
(2:2:1),[51] trifluoroacetic acid/MeOH,[52] BF3/Et2O,[53] Me3-
SiBr/CH2Cl2,[53] pyridinium p-toluenesulfonate (PPTS)/
EtOH, AG 50Wx4 resin[54] or Dowex 50Wx4 resin[55]/MeOH,
and Me3SiCl/Et4NBr,[56]), the best yields of the corresponding
alcohol were obtained with PPTS/EtOH (0.5 equiv at reflux
for 15 h: 97 %; 0.02 equiv at reflux for 73 h: 96 %), AG 50Wx4
resin (room temperature for 21 h: 99 %) and Dowex 50Wx4
resin (room temperature for 48 h: 92 %). The two latter resins
were, therefore, good candidates for the mild hydrolysis of a
close analogue of 23 b, like the MOM derivative of grandisol
24. However, for each resin up to six-fold in weight of resin
and several days of reaction at room temperature were
required to drive hydrolysis to completion. However, under
these conditions mixtures of the hydrolysis product 1, the
isomerized alcohol 25 and the cyclic ether 26 were obtained
(Scheme 6). In spite of this result, we decided to perform the
hydrolysis of 23 b since we could expect feasible transforma-
tion of ether 28 into alcohol 27 under basic conditions.
However, in this case, a 12-fold in weight of Dowex 50Wx4
resin was required and the target alcohol 27 was obtained in
only 20 % yield along with cyclic ether 28 (30 %). Use of
PPTS/EtOH needed 15 h at reflux for complete reaction, but
again mixtures of 27 and 28 were obtained as well as other
unidentified products. Trials to protect the exo-methylene
group of 24 with bromine unavoidably led to cleavage of the
MOM group with concomitant cyclization to form mono-


Scheme 6. Attempted hydrolysis of MOM derivative 23 b and its analogue
24. i) AG 50W-X4 resin/MeOH or Dowex 50W-X4 resin/MeOH; ii) Dowex
50W-X4 resin/MeOH or PPTS/EtOH.


brominated and nonbrominat-
ed cyclic ether 26. To circum-
vent the difficulties encoun-
tered with the MOM-cleavage
in the presence of the double
bond(s), we decided to hydro-
lyze the protecting group on
diketone 22 b (Scheme 7).
Treatment of this compound
with Dowex 50Wx4 resin in
MeOH afforded acetal 29,
which upon purification on sili-
ca gel was partly cleaved to
hemiacetal 30. Therefore, to


optimize the formation of the hemiacetal, crude 29 was
treated with SiO2 in hexane to afford the unstable hemiacetal
30. This was immediately subjected to a Wittig reaction with a
large excess of methylenetriphenylphosphorane (30 equiv/


carbonyl group) to provide alcohol 27 in 45 % overall yield
from 22 b. The alcohol was stereomerically pure, without
epimerization at the stereogenic center in the a-position to
the carbonyl group. Finally, acetylation of 27 under standard
conditions afforded acetate (�)-5 in 26.4 % overall yield from
14 b (Scheme 7).


In an alternative approach compound 19 b was fully hydro-
lyzed with HCl/MeOH to afford dihydroxy ketone 31 in 90 %
yield (Scheme 8). Then, regioselective acetylation of the
primary alcohol was accomplished through a modification of
the procedure described by Posner and Oda[57] (Al2O3 W-200-
N/AcOEt; 12 d, room temperature). Under these conditions
acetate 32 was obtained in 60 % yield, along with 25 % of
unreacted diol 31 which was recycled.[58] Oxidation of 32 with
pyridinium dichromate (PDC)/DMF furnished 33 (86 %
yield), which underwent a Wittig reaction with the required
ylide (5 equiv of salt per carbonyl group) to afford a mixture
of the expected pheromone 5 (30 % yield) and alcohol 27
(42 % yield). This latter compound was acetylated under
standard conditions in a quantitative manner to provide
acetate 5 in 71 % total yield. Overall, this new approach
allowed us to obtain the target product 5 in 21.4 % yield from
14 b (Scheme 8). The synthetic material exhibited spectro-
scopic features identical to those of the natural material
(Figures 1 and 2) and showed fairly good attractant activity in
the field, as it will be reported in due course.


Scheme 5. Synthesis of diene 23 b. i) DIBAH/hexane; ii) Ph3P�CHCH2C(OCH2CH2O)CH3/THF; iii) H2, Pd/C,
EtOH; iv) TBAF/THF; v) PDC/DMF; vi) Amberlyst A15 resin/acetone/H2O; vii) Ph3P�CH2 (5 equiv per
carbonyl)/THF.


Scheme 7. Route for the synthesis of pheromone 5 from 22 b. i) Dowex
50W-X4/MeOH; ii) SiO2/hexane; iii) Ph3P�CH2 (30 equiv per carbonyl)/
THF; iv) Ac2O/Et3N/DMAP/CH2Cl2.
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Figure 1. 1H NMR (600 MHz) spectrum of the natural pheromone in
C6D6.[32]


Figure 2. 1H NMR (500 MHz) spectrum of the synthetic pheromone (�)-5
in C6D6.


Experimental Section


General : Elemental analyses were carried out on Carlo Erba models 1106
and EA 1108. IR spectra were recorded on a FT-IR Bomem MB-120
instrument. 1H and 13C NMR spectra were obtained in CDCl3 solutions on
a Varian Gemini 200 and Unity 300 spectrometers, at 200 and 300 MHz for
1H and 25 and 75 MHz for 13C, respectively. In special cases for 1H NMR a
Varian VXR-500 (500 MHz) was also used. Chemical shifts are expressed
in d scale relative to internal Me4Si or to the CHCl3 signal (7.26 ppm)
present in CDCl3. GC analyses were run on Carlo Erba Series 4130 using a
SPB-5 (30 m� 0.25 mm i.d.) capillary column, or on a Fisons MFC 800
equipped with a EC-1 (30 m� 0.25 mm i.d.). GC-MS were run on a Fisons
MD800 coupled to a GC equipped with a HP-1 (30 m� 0.20 mm) or BP-20
(30 m� 0.22 mm) column. Exact mass measurements were done on a
Autospec-Q instrument at 70 eV and source temperature 225 8C. Analyt-


ical-grade reagents were obtained
from commercial sources and used
without further purification. Anhy-
drous solvents were prepared as fol-
lows: tetrahydrofuran, diethyl ether
and pentane by distillation over Na/
benzophenone, hexane and acetoni-
trile over calcium hydride, benzene
from sodium, methylene chloride over
P2O5, triethylamine and pyridine over
KOH, dimethyl sulfoxide over CaH2


under vacuum. Anhydrous dimethyl-
formamide was obtained commercial-
ly.


(Z)-5-Heptenenitrile (7): To a solution
of (Z)-hex-4-enol (6) (25 g, 0.25 mol)
in CH2Cl2 (625 mL) at ÿ10 8C was
added anhydrous triethylamine


(105 mL, 76 g, 0.75 mol). Then mesyl chloride (43 mL, 62.5 g, 0.55 mol)
was added dropwise over 30 min. The mixture was stirred for 10 min and
poured into ice. The organic phase was washed with HCl (1n), NaHCO3


(saturated solution), and brine. After drying (MgSO4) the mixture, the
solvent was removed under vacuum and the corresponding mesylate (44 g)
subjected to the next step without purification. The crude product was
dissolved in anhydrous DMSO (600 mL), and dried NaCN (55 g, 1.12 mol)
was added. The mixture was brought to reflux for 2 h, cooled and poured
into ice/water. The organic material was extracted with pentane, washed
with water, and dried (MgSO4) to leave a residue, which was purified by
distillation to furnish nitrile 7 (22.5 g, 83 % from 6), as a colorless oil. B.p.:
100 8C/20 mm Hg; IR (film): nÄ � 3014, 2937, 2867, 2246, 1656, 1454, 1427,
838, 702 cmÿ1; 1H NMR (200 MHz): d� 5.55 (m, 1 H), 5.30 (m, 1 H), 2.33 (t,
J� 7.2 Hz, 2H), 2.20 (q, J� 7.2 Hz, 2H), 1.72 (qt, J� 7.2 Hz, 2H), 1.62 (d,
J� 6.6 Hz, 3 H); 13C NMR (50 MHz): d� 127.6, 126.2, 119.8, 25.5, 25.2, 16.3,
12.8; MS (EI): m/z (%): 108 (6), 81 (30), 80 (19), 69 (29), 68 (21), 67 (23), 55
(79), 54 (29), 53 (19), 41 (100); anal. calcd (%) for C7H11N: C 77.01, H 10.16,
N 12.83; found: C 76.86, H 10.28, N 12.88.


(Z)-2-(2-Methoxymethyloxyethyl)hept-5-enenitrile (8 b): A solution of
nitrile 7 (6.64 g, 60.9 mmol) in anhydrous THF (180 mL) was cooled to
ÿ78 8C. To the solution was added dropwise with a cannula freshly
prepared LDA (50.7 mL of a 1.2m solution), and the mixture was stirred for
30 min under Ar at this temperature. The mixture was then added via a
cannula to a solution of 2-bromoethoxymethoxymethane (12.36 g,
73 mmol) in anhydrous THF (77 mL) and the resulting mixture stirred
for 30 min. The reaction was quenched with NH4Cl (saturated solution),
the aqueous layer extracted with pentane, and the organic phases
combined, washed with brine, and dried (MgSO4). The solvent was
removed and the residue purified by distillation under vacuum to yield the
expected product 8 b (7.32 g, 61 %) along with the bis-alkylated compound
(1.91 g, 11 %).


Compound 8b : B.p.: 75 ± 79 8C/12 mm Hg; IR (film): nÄ � 3014, 2931, 2237,
1420, 1213, 1149, 1112, 1043, 919 cmÿ1; 1H NMR (200 MHz): d� 5.50 (m,
1H), 5.30 (m, 1H), 4.60 (s, 2 H), 3.66 (t, J� 6.0 Hz, 2H), 3.35 (s, 3H), 2.80
(m, 1H), 2.25 (q, J� 7.4 Hz, 2 H), 1.85 (m, 2 H), 1.68 (m, 2 H), 1.62 (d, J�
6.8 Hz, 3 H); 13C NMR (50 MHz): d� 127.94, 126.01, 121.72, 96.51, 64.41,
55.35, 32.42, 31.97, 27.95, 24.40, 12.83; MS (CI, CH4): m/z (%): 198 (57)
[M��1], 167 (22), 166 (100); anal. calcd (%) for C11H19NO2: C 66.97, H 9.71,
N 7.10; found: C 66.85, H 9.76, N 7.02.
(Z)-2,2-Bis(2-methoxymethyloxyethyl)hept-5-enenitrile : B.p.: 115 ± 117 8C/
0.2 mm Hg; IR (film): nÄ � 3014, 2933, 2231, 1442, 1213, 1153, 1108, 1039,
918 cmÿ1; 1H NMR (300 MHz): d� 5.50 (m, 1H), 5.30 (m, 1H), 4.60 (s,
4H), 3.70 (t, J� 6.9 Hz, 4 H), 3.35 (s, 6H), 2.19 (m, 2 H), 1.96 (t, J� 6.9 Hz,
4H), 1.63 (m, 2 H), 1.60 (d, J� 6.6 Hz, 3 H); 13C NMR (300 MHz): d�
128.31, 125.32, 122.94, 96.52, 63.77, 55.42, 38.13, 36.66, 35.85, 22.07, 12.74;
MS (CI, CH4): m/z (%): 286 (20) [M��1], 254 (100); anal. calcd (%) for
C15H27NO4: C 63.13, H 9.54, N 4.91; found: C 63.20, H 9.65, N 4.91.


(Z)-2-(2-Tetrahydropyranyloxyethyl)hept-5-enenitrile (8a): Following a
similar procedure as above, compound 8 a was obtained in 58% yield
along with 20 % of the bis-alkylated product. B.p.: 98-99 8C/0.08 mm Hg; IR
(film): nÄ � 3000, 2935, 2860, 2240, 1650, 1440, 1350, 1140, 1120, 1070,
1030 cmÿ1; 1H NMR (diastereomeric mixture): d� 5.4 (dm, J� 10.5 Hz,
2H), 4.6 (m, 1 H), 3.9 (m, 2 H), 3.52 (m, 2 H), 2.82 (m, 1H), 2.26 (m, 2H),


Scheme 8. Alternative route for the synthesis of pheromone 5. i) HCl/MeOH; ii) Al2O3 W-200-N/AcOEt; iii)
PDC/DMF; iv) Ph3P�CH2; v) Ac2O/Et3N/DMAP/CH2Cl2.
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1.88 ± 1.4 (c, 10 H), 1.64 (d, J� 5.7 Hz, 3 H); 13C NMR (diastereomeric
mixture): d� 128.06, 125.9, 121.9, 99.4, 98.6, 64.4, 64.1, 62.6, 62.1, 32.5, 32.4,
32.0, 31.9, 30.6, 30.5, 38.05, 28.0, 25.4, 24.44, 24.4, 19.6, 19.3, 12.9; MS (EI):
m/z (%): 169 (4), 109 (15), 94 (9), 85 (100), 69 (12), 67 (18), 55 (25).


(Z)-5,6-Epoxy-2-(methoxymethyloxyethyl)heptanenitrile (9b): To a solu-
tion of the monoalkylated nitrile 8 b (9.29 g 47.2 mmol) in CH2Cl2 (155 mL)
was added at 0 8C m-chloroperbenzoic acid (70 %, 12.1 g, 48.9 mmol). The
mixture was stirred at room temperature for 4.5 h and washed successively
with Na2SO3 (saturated solution), NaOH (1n), and water, and dried
(MgSO4). The solvent was removed under vacuum to leave the expected
compound 9 b (9.3 g, 92%) after flash column chromatography purifica-
tion. IR (film): nÄ � 2993, 2954, 2237, 1454, 1392, 1211, 1151, 1110, 1039,
918 cmÿ1; 1H NMR (300 MHz): d� 4.609, 4.606 (s, 2 H), 3.68 (t, J� 6.0 Hz,
2H), 3.35 (s, 3H), 3.06 (m, 1 H), 2.90 (m, 2H), 1.9 ± 1.7 (c, 6 H), 1.28 (d, J�
5.4 Hz, 3 H); 13C NMR (300 MHz) (diastereomeric mixture): d� 121.41,
121.28, 96.49, 64.25, 56.19, 55.75, 55.36, 52.77, 52.52, 32.62, 32.28, 29.58,
29.00, 28.63, 28.12, 25.56, 24.95, 13.18, 13.14; MS (CI, CH4) m/z (%): 214 (7)
[M�], 182 (40), 152 (100); anal. calcd (%) for C11H19NO3: C 61.95, H 8.98, N
6.57; found: C 61.83, H 9.04, N 6.56.


(Z)-5,6-Epoxy-2-(2-tetrahydropyranyloxyethyl)heptanenitrile (9 a): Fol-
lowing a similar procedure as for 9 b, 9 a was obtained in 78 % yield after
column chromatography on alumina (III). IR (film): nÄ � 3000, 2940, 2870,
2240, 1450, 1350, 1135, 1070, 1030, 980, 870, 810 cmÿ1; 1H NMR (diaster-
eomeric mixture): d� 4.58 (m, 1H), 3.86 (m, 2H), 3.51 (m, 2H), 3.05 (m,
1H), 2.9 (m, 2 H), 1.9 ± 1.4 (c, 12H), 1.27 (d, J� 5.7 Hz, 3H); 13C NMR
(diastereomeric mixture): d� 121.5, 99.47, 99.44, 98.68, 98.63, 64.3, 63.97,
63.95, 62.71, 62.65, 62.2, 62.16, 56.25, 56.2, 55.8, 52.8, 52.6, 32.71, 32.66,
32.38, 32.31, 30.56, 30.48, 29.61, 29.54, 29.05, 28.98, 28.76, 28.7, 28.3, 28.21,
25.6, 25.35, 25.04, 24.97, 19.69, 19.66, 19.38, 19.34, 13.23, 13.18; MS (EI): m/z
(%): 253 ([M�], 2), 152 (9), 110 (9), 101 (12), 85 (100), 67 (16), 57 (22), 55
(19).


t-2-(1-Hydroxyethyl)-1-(2-tetrahydropyranyloxyethyl)cyclobutyl-r-1-carbo-
nitrile (10 a): At 0 8C anhydrous benzene (400 mL) was added to lithium
hexamethyldisilazide (67 mL of a 1m solution in hexane). Then, epoxide 9a
(5.2 g, 20.3 mol) in anhydrous benzene (45 mL) was added dropwise under
argon. The mixture was stirred for 15 min at room temperature and for
8 min at reflux. The reaction was quenched by treatment with HCl (0.5n),
and the organic material extracted with diethyl ether, washed with brine,
and dried. After evaporation of the solvent, the residue was purified by
column chromatography on alumina (III), eluting with hexane/ethyl
acetate (75:25) to obtain a mixture of isomers 10a (3.183 g, 61%), and
with hexane/ethyl acetate (65:35) to furnish a mixture of isomers 11a
(0.728 g, 14%).


Compound 10a (mixture of diastereomers) IR (film): nÄ � 3444, 2948, 2230,
1442, 1376, 1354, 1122, 1075, 1003 cmÿ1; 13C NMR (75 MHz): d� 123.94,
123.79, 99.26, 99.01, 66.75, 66.63, 64.60, 64.57, 62.31, 62.21, 50.68, 50.77,
35.06, 34.92, 30.62, 30.51, 30.01, 29.96, 29.39, 29.26, 25.23, 20.64, 20.07, 20.06,
19.32, 19.30.


Compound 11a (mixture of diastereomers) IR (film): nÄ � 3438, 2943, 2873,
2110, 1737, 1454, 1353, 1258, 1201, 1122, 1078, 1033, 870 cmÿ1; 1H NMR
(300 MHz): d� 4.61 (m, 1H), 4.05 (m, 1H), 3.85 (m, 2H), 3.69 (m, 1H),
3.54 (m, 1 H), 2.25 (m, 1H), 2.05 (m, 1H), 1.95 (m, 1H), 1.85 (m, 1 H), 1.8
(m, 1H), 1.65 (m, 1 H), 1.6 (m, 1H), 1.58 (m, 1 H), 1.54 (m, 1H), 1.52 (m,
1H), 1.4 (m, 1H), 1.22 (d, J� 6.9 Hz, 3H); 13C NMR (major diastereomer)
(75 MHz): d� 122.26, 99.04, 77.85, 64.28, 62.32, 51.36, 45.26, 37.3, 34.85,
31.87, 30.54, 25.33, 19.38, 13.62.
t-2-(1-Hydroxyethyl)-1-(2-methoxymethyloxyethyl)cyclobutyl-r-1-carboni-
trile (10 b): To a mixture of lithium hexamethyldisilazide (48 mL of a 1m
solution in hexane) and anhydrous benzene (260 mL) was added dropwise
epoxide 9b (3.1 g, 14.5 mmol) at 0 8C under an inert atmosphere. The
mixture was stirred for 20 min at room temperature, and then immersed in
an oil bath at 110 8C wherein it was further stirred for 15 min. After cooling,
the reaction mixture was treated with HCl (0.5n), and extracted with
diethyl ether, and the organic phases were combined and washed with
NaHCO3 and NaCl (saturated solution). After drying the mixture with
MgSO4, the solvent was removed under vacuum and the residue purified by
careful flash chromatography on silica gel. Cyclobutane 10 b was obtained
as a mixture of isomers (1.488 g, 48 % of t-10 ; 0.372 g, 12% of c-10) along
with trimethylsilyl derivative t-13b (0.064 g, 2 %).


Compound t-10: IR (film): nÄ � 3475, 2931, 2885, 2225, 1442, 1375, 1213,
1153, 1110, 1039, 921 cmÿ1; 1H NMR (300 MHz): d� 4.62 (s, 2 H), 3.82 (m,
1H), 3.80 (m, 1 H), 3.72 (dt, J� 9.9 Hz, J'� 6.0 Hz, 1 H), 3.36 (s, 3 H), 2.66
(q, J� 9.9 Hz, 1 H), 2.43 (m, 1H), 2.35 (dt, J� 14.4 Hz, J'� 6.9 Hz, 1H),
2.03 (m, 1 H), 2.02 (m, 1H), 1.93 (dt, J� 14.4 Hz, J'� 6.0 Hz, 1 H), 1.70 (m,
1H), 1.08 (d, J� 6.0 Hz, 3H); 13C NMR (300 MHz): d� 123.70, 96.54,
66.80, 64.75, 55.55, 50.74, 34.95, 30.55, 29.36, 20.65, 20.17; MS (EI): m/z (%):
152 (9, [M�ÿOCH2OCH3]), 125 (12), 94 (18), 81 (21), 45 (100).


Compound c-10: IR (film): nÄ � 3467, 2962, 2931, 2885, 2229, 1444, 1375,
1213, 1153, 1110, 1041, 919 cmÿ1; 1H NMR (500 MHz): d� 4.63 (s, 2 H), 4.07
(dq, J� 9.5 Hz, J�� 6.5 Hz, 1H), 3.79 (ddd, J� 10.4 Hz, J'� 7.5 Hz, J''�
5.4 Hz, 1H), 3.73 (dt, J� 10.5 Hz, J�� 6.0 Hz, 1H), 3.39 (s, 3 H), 2.33 (m,
1H), 2.27 (q, J� 9.5 Hz, 1H), 2.13 (ddd, J� 14.2 Hz, J'� 7.2 Hz, J''�
5.5 Hz, 1H), 2.01 (m, 1 H), 1.97 (m, 1H), 1.93 (m, 1H), 1.85 (m, 1 H), 1.12
(d, J� 6.5 Hz, 3 H); 13C NMR (300 MHz): d� 122.48, 96.42, 69.74, 64.49,
55.61, 51.62, 39.53, 38.71, 29.84, 20.72, 19.80; MS (EI): m/z (%): 152 (7), 125
(11), 110 (21), 45 (100).


Compound t-13 b : IR (film): nÄ � 2954, 2931, 2883, 2229, 1444, 1373, 1251,
1153, 1114, 1091, 1045, 919, 842, 750, 734 cmÿ1; 1H NMR (300 MHz): d�
4.62 (s, 2H), 3.90 ± 3.64 (c, 3H), 3.36 (s, 3H), 2.72 (q, J� 9.9 Hz, 1H), 2.4 ±
1.5 (c, 6H), 1.06 (d, J� 6.3 Hz, 3H), 0.12 (s, 9 H); 13C NMR (300 MHz): d�
123.80, 96.57, 68.02, 64.70, 55.29, 50.30, 34.66, 30.04, 28.13, 20.45, 20.41, 0.73;
MS (EI): m/z (%): 240 (11, [M�ÿCH2OCH3]), 210 (11), 117 (20), 75 (42),
73 (100), 45 (88); anal. calcd (%) for: C14H27NO3Si: C 58.91, H 9.53, N 4.91;
found: C 58.86, H 9.66, N 4.88.


t-2-(1-tert-Butyldimethylsilyloxyethyl)-1-(2-methoxymethyloxyethyl)cyclo-
butyl-r-1-carbonitrile (14 b): To a solution of t-10 b (2.52 g, 11.8 mmol) in
anhydrous DMF (50 mL) were added imidazole (4.74 g, 69.6 mmol) and
tert-butyldimethylsilyl chloride (5.05 g, 33.5 mmol). The mixture was
stirred at room temperature overnight, quenched with water and extracted
with CH2Cl2. The organic layer was washed with brine, dried (MgSO4), and
the solvent removed. The crude product was purified by flash column
chromatography on silica gel to afford 14 b (3.80 g, 98%). IR (film): nÄ �
2952, 2929, 2229, 1471, 1373, 1255, 1155, 1114, 1087, 1043, 925 cmÿ1;
1H NMR (300 MHz): d� 4.60 (s, 2H), 3.82 (dq, J� 8.7 Hz, J'� 6.3 Hz, 1H),
3.75 (ddd, J� 10.0 Hz, J'� 7.5 Hz, J''� 5.4 Hz, 1 H), 3.68 (dt, J� 9.9 Hz,
J'� 7.2 Hz, 1H), 3.35 (s, 3H), 2.72 (dt, J� 10.8 Hz, J'� 8.7 Hz, 1H), 2.30
(m, 1 H), 2.16 (m, 1H), 2.06 (m, 1H), 2.05 (m, 1 H), 1.88 (m, 1H), 1.76 (ddd,
J� 21.6 Hz, J'� 10.8 Hz, J''� 9.0 Hz, 1 H), 1.05 (d, J� 6.0 Hz, 3H), 0.88 (s,
9H), 0.06 (s, 6H); 13C NMR (300 MHz): d� 123.76, 96.51, 67.97, 64.63,
50.46, 50.31, 34.48, 29.75, 28.11, 25.78, 20.49, 20.45, 17.91, ÿ3.13, ÿ4.81; MS
(EI): m/z (%): 181 (10), 107 (10), 89 (30), 75 (32), 73 (31), 45 (100); anal.
calcd (%) for C17H33NO3: C 62.34, H 10.16, N 4.28; found: C 62.31, H 10.21,
N 4.31.


t-2-(1-tert-Butyldimethylsilyloxyethyl)-1-(2-tetrahydropyranyloxyethyl)cy-
clobutyl-r-1-carbonitrile (14 a): Following a similar procedure as for 14b,
the mixture of c/t-10a furnished a blend of cis- and trans-14a which could
be separated by careful column chromatography on alumina (II).
Compound t-14a was obtained in 67% yield as a mixture of diastereomers,
with c-14a in 17 % yield. t-14a : IR (film): nÄ � 2950, 2925, 2110, 1471, 1371,
1255, 1118, 1080, 1035, 833 cmÿ1; 1H NMR (300 MHz): d� 4.59 (m, 1H), 4.0
(m, 1 H), 3.85 (m, 1H), 3.83 (m, 1H), 3.59 (m, 1H), 3.5 (m, 1H), 2.72 (dt,
J� 11.6 Hz, J'� 10 Hz, 1 H), 2.3 (m, 1 H), 2.16 (m, 1 H), 2.08 (m, 1 H), 2.05
(m, 1 H), 1.88 (m, 1 H), 1.75 (m, 1H), 1.7 (m, 2 H), 1.6 (m, 1 H), 1.5 (m, 2H),
1.45 (m, 1H), 1.02 (d, J� 6 Hz, 3 H), 0.05 (ds, 6 H), 0.85 (s, 9H); 13C NMR
(mixture of diastereomers) (300 MHz): d� 123.9, 123.8, 99.0, 98.8, 67.9,
64.5, 64.2, 62.2, 62.1, 50.5, 34.7, 34.5, 30.5, 30.46, 29.65, 29.62, 29.1, 28.2, 25.7,
25.3, 20.43, 20.4, 19.4, 19.3, 17.9, ÿ3.18, ÿ4.8, ÿ4.9.


Ketone 15 a : In a 50-mL flask was placed, under oxygen-free argon, 1-iodo-
3-methylbut-3-ene (321 mg, 1.63 mmol) in anhydrous hexane/diethyl ether
3:2 (16 mL). The solution was cooled to ÿ78 8C and tBuLi (2.1 mL of a
1.6m solution in pentane) was added dropwise under vigorous stirring. The
reaction mixture was stirred for 5 min at ÿ78 8C and for 1 h at room
temperature. Then, the mixture was again cooled to ÿ78 8C and a solution
of cyclobutane 14a (300 mg, 0.82 mmol) in pentane (3 mL) added. After
15 min of stirring at this temperature and 1 h at room temperature, the
reaction mixture was treated with NH4Cl (saturated solution) and stirred
for a further 30 min. The organic material was extracted with diethyl ether
and washed with brine and dried (MgSO4). Evaporation of the solvent left a
residue which was chromatographed on alumina (III) to furnish ketone 15a
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(331 mg, 76 %) as a mixture of diastereomers. IR (film): nÄ � 3074, 2952,
1701, 1649, 1255, 1122, 1082, 1033, 833 cmÿ1; 1H NMR (300 MHz): d� 4.68
(s, 2 H), 4.54 (t, J� 3 Hz, 1H), 3.98 (dq, J� 9.2 Hz, J'� 6.1 Hz, 1 H), 3.69
(m, 1 H), 3.45 (dm, J� 9.6 Hz, 2H), 3.42 (m, 1H), 2.8 (m, 2 H), 2.52 (m,
1H), 2.45 (dt, J� 14 Hz, J'� 4.8 Hz, 1 H), 2.25 (m, 2 H), 2.20 (m, 1 H), 2.06
(dt, J� 14 Hz, J'� 4.8 Hz, 1H), 1.8 (m, 1 H), 1.76 (m, 1 H), 1.71 (m, 3H),
1.65 (m, 1 H), 1.56 (m, 1 H), 1.5 (m, 2 H), 1.48 (m, 1H), 1.46 (m, 2H), 1.02 (d,
J� 6.1 Hz, 3 H), 0.11 (s, 3H), 0.10 (s, 3H), 0.88 (s, 9 H); 13C NMR (mixture
of diastereomers) (300 MHz): d� 212.3, 212.1, 145.2, 145.1, 110.0, 99.3,
98.2, 69.6, 69.5, 63.7, 63.2, 62.3, 61.4, 54.4, 54.3, 48.5, 48.4, 34.7, 31.6, 31.0,
30.9, 30.4, 30.2, 26.1, 26.0, 25.4, 22.7, 22.6, 22.1, 21.8, 21.3, 19.6, 19.0, 18.9,
18.8, 18.0, ÿ3.6, ÿ3.7, ÿ3.9; anal. calcd (%) for C25H46O4Si: C 68.44, H
10.58; found: C 68.78, H 10.55.


t-2-(1-tert-Butyldimethylsilyloxyethyl)-1-(2-tetrahydropyranyloxyethyl)cy-
clobutyl-r-1-carbaldehyde (17 a): To a solution of nitrile 14a (60 mg,
0.16 mmol) in hexane (2 mL) was added at ÿ45 8C DIBAH (0.25 mL of a
1m solution) under argon. The mixture was stirred at 0 8C for 1 h. Then
MeOH (1 mL) and H2SO4 (1n, 1 mL) were added, and the product was
extracted with hexane, washed with NaHCO3 (saturated solution) and
water, and dried (MgSO4). The solvent was removed to leave a residue,
which was purified by column chromatography on silica gel to furnish
aldehyde 17 a (45 mg, 77%). IR (film) nÄ � 2952, 2929, 2896, 2856, 1716,
1471, 1257, 1120, 833 cmÿ1; 1H NMR (300 MHz): d� 9.49 (s, 1 H), 4.58 (m,
1H), 3.8 (m, 1 H), 3.6 (m, 1H), 3.5 (m, 1 H), 3.3 (m, 1H), 2.45 (m, 1 H), 2.3
(m, 1H), 2.25 (m, 1 H), 2.20 (m, 1H), 2.0 (m, 1H), 1.88 (m, 1H), 1.75 (m,
1H), 1.60 (m, 1 H), 1.50 (m, 2H), 1.4 (m, 1H), 0.85 (s, 9H), 0.07 (s, 3H), 0.05
(s, 3 H).


t-2-(1-tert-Butyldimethylsilyloxyethyl)-1-(2-methoxymethyloxyethyl)cyclo-
butyl-r-1-carbaldehyde (17 b): A solution of 14 b (1.08 g, 3.33 mmol) in
anhydrous hexane (95 mL) was cooled at ÿ55 8C under Ar. To the solution
was added dropwise DIBAH (6 mL of a 1m solution), the reaction mixture
was stirred for 1 h and quenched with H2SO4 (1n). After extraction with
hexane, the organic phases were combined and washed with NaHCO3


(saturated solution) and brine, and dried (MgSO4). The solvent was
removed under vacuum and the residue purified by flash column
chromatography on silica gel to afford the corresponding aldehyde 17b
(0.99 g, 90%). IR (film): nÄ � 2956, 2931, 2885, 2858, 1716, 1257, 1112, 1085,
1056, 918, 833, 775, 734 cmÿ1; 1H NMR (300 MHz): d� 9.49 (s, 1H), 4.51 (d,
J� 6.6 Hz, 1 H), 4.46 (d, J� 6.6 Hz, 1 H), 3.84 (dq, J� 9.0 Hz, J'� 6.0 Hz,
1H), 3.55 (m, 1H), 3.46 (m, 1H), 3.26 (s, 3H), 2.39 (m, 1H), 2.37 (m, 1H),
2.25 (q, J� 9.3 Hz, 1 H), 2.01 (dt, J� 14.0 Hz, J'� 5.0 Hz, 1H), 1.75 (m,
1H), 1.60 (m, 1H), 1.50 (m, 1 H), 1.01 (d, J� 6.0 Hz, 3 H), 0.86 (s, 9 H), 0.082
(s, 3H), 0.056 (s, 3H); 13C NMR (300 MHz): d� 202.93, 96.22, 68.27, 63.47,
55.20, 53.38, 49.40, 28.14, 25.9, 20.63, 19.18, 19.07, 17.83, ÿ4.55, ÿ3.23; MS
(CI, CH4): m/z (%): 299 (7), 270 (16), 269 (97), 211 (56), 169 (56), 159 (96),
137 (100); anal. calcd (%) for C17H34O4Si: C 61.77, H 10.37; found: C 61.60,
H 10.41.


Alkene 18b: Anhydrous THF (200 mL) was added under argon to a 250-
mL three-necked round-bottomed flask, containing dried 3,3-(ethylene-
dioxy)butyltriphenylphosphonium iodide (5.97 g, 11.8 mmol). The mixture
was cooled to ÿ65 8C and then nBuLi (5.5 mL of a 1.6m solution in hexane,
8.8 mmol) was added dropwise and stirred for 30 min. The mixture was
then warmed to 0 8C and stirred for a further 15 min. After cooling again to
ÿ65 8C, aldehyde 17 b (0.528 g, 1.6 mmol) in anhydrous THF (15 mL) was
added dropwise. The mixture was stirred for 30 min at ÿ65 8C and at room
temperature until the almost complete disappearance of the aldehyde
(monitored by TLC: 20 ± 40 min). After quenching with NH4Cl (saturated
solution), the organic material was extracted with hexane, washed with
NH4Cl (saturated solution) and brine, and dried (MgSO4). The solvent was
removed to leave a crude product, which was purified by flash column
chromatography on silica gel to yield alkene 18 b (0.561 g, 82%) as mixture
of Z/E isomers, with Z as the major isomer (85 ± 98%).


Z isomer : IR (film): nÄ � 3014, 2956, 2931, 2883, 2858, 1473, 1373, 1255, 1147,
1110, 1082, 835, 773 cmÿ1; 1H NMR (300 MHz): d� 5.63 (dt, J� 11.7 Hz,
J'� 1.8 Hz, 1H), 5.27 (dt, J� 11.4 Hz, J'� 6.9 Hz, 1 H), 4.59 (s, 2 H), 3.94 (s,
4H), 3.86 (dq, J� 9.6 Hz, J'� 6.0 Hz, 1H), 3.55 (m, 2H), 3.34 (s, 3H), 2.43
(ddd, J� 15.0 Hz, J'� 7.8 Hz, J''� 1.5 Hz, 1H), 2.18 (ddd, J� 15.0 Hz, J'�
6.7 Hz, Jº� 1.5 Hz, 1H), 2.17 (q, J� 9.6 Hz, 1 H), 2.08 (m, 1 H), 2.04 (m,
1H), 1.87 (m, 1H), 1.85 (m, 1H), 1.72 (m, 1H), 1.51 (m, 1H), 1.33 (s, 3H),
0.98 (d, J� 6.0 Hz, 3H), 0.86 (s, 9H), 0.061 (s, 3 H), 0.054 (s, 3 H); 13C NMR
(300 MHz): d� 139.37, 121.74, 109.73, 96.43, 69.12, 65.45, 64.71, 64.66, 55.07,


52.48, 44.92, 38.07, 32.40, 28.85, 25.97, 23.95, 21.08, 20.56, 17.94, ÿ4.50,
ÿ3.40; MS (CI, CH4): m/z (%): 159 (9), 89 (10), 87 (100); anal. calcd (%)
for C23H44O5Si: C 64.44, H 10.34; found: C 64.62, H 10.41.


1-(4,4-Ethylenedioxypentyl)-c-2-(1-hydroxyethyl)-r-1-(2-methoxymethyl-
oxyethyl)cyclobutane (20 b): Hydrogenation of alkene 18b was carried out
by addition of the alkene (135 mg, 0.32 mmol) at 0 8C to a hydrogen-
saturated mixture of Pd/C (17 mg, 0.016 mmol) and deoxygenated ethanol
(1 mL). The mixture was hydrogenated with a balloon of hydrogen and
stirred at room temperature for 2.5 h (control by GC). The crude product
was filtered through Celite, washed with ethanol and CH2Cl2, dried
(MgSO4), and the solvent removed. After purification by flash column
chromatography on silica gel, the pure hydrogenated product 19 b (122 mg,
90%) was obtained. IR (film): nÄ � 2952, 2929, 2883, 2858, 1463, 1373, 1257,
1151, 1108, 1068, 1041, 833, 775 cmÿ1; 1H NMR (300 MHz): d� 4.61 (s, 2H),
3.92 (m, 4 H), 3.82 (dq, J� 9.3 Hz, J'� 6.0 Hz, 1H), 3.58 (dt, J� 9.3 Hz,
J'� 6.9 Hz, 1H), 3.48 (dt, J� 9.3 Hz, J'� 6.9 Hz, 1 H), 3.35 (s, 3 H), 2.06 (q,
J� 9.3 Hz, 1 H), 1.87 (ddd, J� 9.1 Hz, J'� 6.4 Hz, J''� 2.7 Hz, 2H), 1.74
(m, 1 H), 1.56 (m, 2H), 1.53 (m, 2H), 1.48 (m, 1 H), 1.44 (m, 1 H), 1.36 (m,
1H), 1.32 (m, 2H), 1.32 (s, 3 H), 0.98 (d, J� 6.0 Hz, 3H), 0.87 (s, 9H), 0.083
(s, 3 H), 0.057 (s, 3H); 13C NMR (300 MHz): d� 110.17, 96.34, 69.28, 64.69,
64.49, 64.46, 55.06, 49.94, 42.45, 40.23, 39.75, 32.44, 27.16, 26.01, 23.64, 21.38,
19.47, 19.16, 17.95,ÿ4.16,ÿ3.45; MS (CI, CH4): m/z (%): 175 (38), 149 (48),
89 (63), 87 (100); exact mass: calcd for C23H46O5Si: 430.311453; found:
430.312062.


A mixture of 19b (93 mg, 0.22 mmol) in anhydrous THF (15 mL) was
cooled to 0 8C and then ªdryº TBAF (0.574 g, 2.2 mmol) in anhydrous THF
(15 mL) was added. The mixture was stirred at room temperature
overnight, the solvent removed under vacuum, and water/CH2Cl2 was
added. The organic phase was washed with brine and dried (MgSO4), and
the solvent evaporated. The residue was purified by flash column
chromatography on silica gel to obtain compound 20b (67 mg, 98 %). IR
(film): nÄ � 3477, 2948, 1885, 1461, 1377, 1215, 1149, 1109, 1060, 1039,
919 cmÿ1; 1H NMR (300 MHz): d� 4.60 (s, 2H), 3.91 (m, 4H), 3.79 (dq, J�
9.6 Hz, J'� 6.3 Hz, 1 H), 3.64 (dt, J� 9.6 Hz, J'� 7.5 Hz, 1H), 3.53 (ddd, J�
9.6 Hz, J'� 8.4 Hz, J''� 4.8 Hz, 1 H), 3.34 (s, 3H), 2.06 (dt, J� 14.1 Hz, J��
7.8 Hz, 1 H), 1.89 (q, J� 9.0 Hz, 1 H), 1.77 (m, 1 H), 1.71 (m, 1H), 1.59 (m,
1H), 1.58 (m, 1H), 1.52 (m, 1H), 1.42 (m, 1 H), 1.40 (m, 2 H), 1.35 (m, 1H),
1.32 (m, 1 H), 1.31 (m, 1H), 1.29 (s, 3 H), 1.02 (d, J� 6.3 Hz, 3 H); 13C NMR
(300 MHz), 110.06, 96.42, 68.14, 64.60, 55.34, 51.75, 42.31, 40.34, 39.81,
32.18, 29.26, 23.76, 20.74, 19.46, 18.64; MS (CI, CH4): m/z (%): 149 (49), 87
(100); anal. calcd (%) for C17H32O5: C 64.53, H 10.19; found: C 64.29, H
10.37.


Oxidation of 20 b : A solution of alcohol 20 b (56 mg, 0.18 mmol) in
anhydrous DMF (5 mL) was cooled to 0 8C and then pyridinium
dichromate (0.677 g, 1.80 mmol) was added. The mixture was stirred at
room temperature overnight, water was added and the organic material
extracted with hexane/diethyl ether (1:1). The organic layer was washed
with brine, dried (MgSO4), and the solvent was removed under vacuum.
The residue was purified by column chromatography to yield ketone acetal
21b (54 mg, 97%). IR (film): nÄ � 2950, 2933, 2883, 1703, 1151, 1109, 1060,
1041, 916, 732 cmÿ1; 1H NMR (300 MHz): d� 4.54 (s, 2H), 3.93 (m, 4H),
3.41 (t, J� 7.5 Hz, 2 H), 3.31 (s, 3 H), 3.04 (t, J� 8.1 Hz, 1H), 2.28 (m, 1H),
2.07 (s, 3H), 1.81 (m, 1H), 1.78 (m, 1H), 1.74 (m, 1H), 1.72 (m, 1H), 1.66
(m, 1H), 1.54 (m, 1 H), 1.52 (m, 2H), 1.45 (m, 1 H), 1.44 (m, 2H), 1.31 (s,
3H); 13C NMR (300 MHz): d� 208.82, 109.91, 96.36, 64.67, 63.76, 55.19,
53.79, 45.66, 40.13, 39.69, 32.79, 30.74, 28.60, 23.83, 18.88, 16.83; MS (EI):
m/z (%): 99 (27), 87 (100), 45 (83); anal. calcd (%) for C17H30O5: C 64.94, H
9.62; found: C 64.87, H 9.75.


Diketone 22b : To a mixture of the acetal 21 b (71 mg, 0.23 mmol) in
acetone (560 mL) and water (16 mL) was added Amberlyst A-15 resin
(11 mg). The mixture was stirred at room temperature overnight, filtered,
extracted with hexane, and washed with brine and dried (MgSO4). After
removal of the solvent, the crude product was purified by column
chromatography to furnish diketone 22 b (58 mg, 95 %). IR (film): nÄ �
2935, 2887, 1716, 1703, 1359, 1151, 1109, 1070, 1041, 918 cmÿ1; 1H NMR
(300 MHz): d� 4.54 (s, 2 H), 3.42 (td, J� 8.1 Hz, J'� 1.8 Hz, 2 H), 3.31 (s,
3H), 3.06 (t, J� 8.4 Hz, 1 H), 2.46 (t, J� 6.9 Hz, 2H), 2.28 (m, 1 H), 2.14 (s,
3H), 2.08 (s, 3 H), 1.80 (m, 1 H), 1.74 (m, 1 H), 1.71 (m, 2H), 1.65 (m, 1H),
1.60 (m, 2 H), 1.49 (m, 2H); 13C NMR (75 MHz): d� 208.72, 208.35, 96.35,
63.70, 55.16, 53.66, 45.51, 43.67, 39.29, 32.60, 30.62, 29.93, 28.51, 18.51, 16.91;
MS (EI): m/z (%): 209 (1), 149 (4), 147 (5), 123 (11), 107 (13), 95 (17), 79
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(10), 71 (14), 45 (100), 43 (63); anal. calcd (%) for C15H26O4: C 66.64, H
9.69; found: C 66.59, H 9.89.


c-2-Isopropenyl-r-1-(2-methoxymethyloxyethyl)-1-(4-methylpent-4-enyl)-
cyclobutane (23 b): In a three-necked round-bottomed flask were placed
methyltriphenylphosphonium bromide (0.394 g, 1.10 mmol), previously
dried overnight at 80 8C/0.1 mm Hg, and anhydrous THF (2 mL). The
mixture was cooled to ÿ78 8C and then nBuLi (0.50 mL of a 1.76m solution
in hexane, 0.88 mmol) was added dropwise. The ylide was stirred for 1 h at
room temperature, cooled again to ÿ78 8C and then diketone 22 b (29 mg,
0.11 mmol) dissolved in anhydrous THF (300 mL) was added. The reaction
mixture was stirred for 3 h at room temperature, quenched with NH4Cl
(saturated solution) and extracted with hexane. The organic phases were
washed with NH4Cl (saturated solution) and brine, and dried (MgSO4).
Removal of the solvent left a residue, which was chromatographed on silica
flash to afford diene 23b (22.5 mg, 79%). IR (film): nÄ � 3080, 2933, 2881,
1647, 1454, 1149, 1109, 1039, 887, 757 cmÿ1; 1H NMR (300 MHz): d� 4.87
(br, 1 H), 4.72 (br, 2H), 4.68 (br, 1 H), 4.59 (s, 2H), 3.47 (m, 2H), 3.35 (s,
3H), 2.64 (t, J� 9.0 Hz, 1H), 2.01 (m, 2 H), 1.97 (m, 1H), 1.78 (m, 1H), 1.75
(m, 1H), 1.72 (s, 3H), 1.69 (s, 3H), 1.67 (m, 1H), 1.64 (m, 1H), 1.56 (m, 1H),
1.47 (m, 1H), 1.44 (m, 2 H), 1.37 (m, 1 H); 13C NMR (75 MHz): d� 145.8,
145.2, 110.4, 109.9, 96.4, 64.6, 55.1, 49.1, 44.6, 39.9, 38.4, 32.6, 27.7, 23.9, 22.5,
22.3, 19.3; MS (EI): m/z (%): 177 (2), 151 (4), 121 (16), 109 (10), 107 (11), 95
(12), 93 (16), 81 (18), 79 (11), 68 (13), 67 (17), 55 (10), 45 (100); exact mass:
calcd for C17H30O2: 266.2246; found: 266.2251.


Hydrolysis of 24 with AG 50Wx4 resin : To AG 50Wx4 resin (180 mg),
previously washed with MeOH, was added compound 24 (30 mg,
0.15 mmol) in MeOH (2 mL). The suspension was protected from light
and stirred for five days at room temperature, and the resin was filtered and
washed thoroughly with MeOH and CHCl3. The solvent was removed
under vacuum, and the oily residue purified by column chromatography on
silica flash to afford cyclic ether 26 (4 mg, 17%) along with a mixture of
grandisol (1) and its isomer 25 (10 mg, 33%) in a 37:63 ratio, respectively.


Compound 26: IR (film): nÄ � 2970, 2950, 2529, 2862, 1463, 1215, 1072, 918,
734 cmÿ1; 1H NMR (300 MHz): d� 3.60 (m, 2 H), 2.0 ± 1.2 (c, 7H), 1.16 (s,
3H), 1.13 (s, 3H), 1.01 (s, 3H); 13C NMR (75 MHz): d� 70.8, 57.8, 47.8, 35.5,
34.1, 32.8, 28.1, 26.4, 24.9, 18.3; MS (EI): m/z (%): 154 ([M�], 1), 139 (87),
111 (52), 81 (93), 80 (14), 79 (16), 71 (28), 69 (100), 68 (39), 67 (42), 55 (27),
53 (16), 43 (39), 41 (44).


Compound 1: IR (film): nÄ � 3330, 3080, 2948, 2867, 1647, 1456, 1375, 1053,
885 cmÿ1; 1H NMR (300 MHz): d� 4.83 (q, J� 1.2 Hz, 1 H), 4.64 (br, 1H),
3.66 (m, 2 H), 2.54 (t, J� 9.3 Hz, 1H), 2.05 ± 1.30 (c, 7 H), 1.67 (s, 3 H), 1.17
(s, 3H); 13C NMR (75 MHz): d� 145.2, 109.7, 60.0, 52.5, 41.3, 36.9, 29.3,
28.4, 23.2, 19.1; MS (EI): m/z (%): 154 (M�, 0.6), 121 (6), 111 (8), 109 (24),
69 (17), 68 (100), 67 (73), 56 (17), 55 (13), 53 (18), 43 (8), 41 (23).


Compound 25 : 1H NMR (300 MHz): d� 3.67 (m, 2H), 2.1 ± 1.3 (c, 7H),
1.59 (s, 3 H), 1.47 (s, 3 H), 1.22 (s, 3H); 13C NMR (75 MHz): d� 138.9, 123.4,
60.7, 44.8, 42.2, 28.9, 26.4, 24.0, 19.4, 18.8; MS (EI): m/z (%): 154 ([M�], 12),
139 (25), 125 (14), 121 (41), 111 (38), 109 (31), 107 (20), 95 (23), 93 (35), 91
(23), 83 (31), 81 (48), 79 (35), 77 (24), 69 (42), 68 (27), 67 (100), 56 (22), 55
(65), 53 (34), 43 (43), 41 (56).


Hydrolysis of 23b with Dowex 50Wx4 resin : To Dowex 50Wx4 resin
(99 mg), previously washed with MeOH, was added compound 23b
(8.2 mg, 0.031 mmol) dissolved in MeOH (2 mL). The suspension was
protected from light and stirred for five days at room temperature, and the
resin was filtered and washed thoroughly with MeOH and CHCl3. The
solvent was removed and the residue purified by column chromatography
to give compounds 27 (approx. 20 % yield) and 28 (approx. 30% yield).


Compound 27: For spectroscopic data see below.


Compound 28 : 1H NMR (300 MHz): d� 4.72 (br, 1H), 4.68 (br, 1 H), 3.58
(m, 2 H), 2.1 ± 1.3 (c, 13 H), 1.71 (s, 3H), 1.14 (s, 3 H), 1.01 (s, 3H); 13C NMR
(75 MHz): d� 146.0, 109.8, 70.8, 57.8, 47.0, 39.6, 39.0, 38.2, 31.5, 29.7, 26.3,
25.2, 22.4, 22.1, 18.3; MS (EI): m/z (%): 207 ([M�ÿCH3], 20), 179 (34), 149
(24), 136 (13), 135 (21), 123 (75), 121 (23), 109 (21), 108 (17), 107 (25), 95
(33), 93 (45), 81 (43), 79 (35), 69 (100), 67 (51), 55 (48), 53 (29), 43 (73), 41
(95); exact mass: calcd for C15H26O: 222.198366; found: 222.197476.


Hydrolysis of 22b with Dowex 50 W4 resin : In a 10-mL flask was placed
Dowex 50Wx4 resin (22.1 mg), which was thoroughly washed with MeOH.
Then, 22b (30.6 mg, 0.11 mmol) in MeOH (0.7 mL) was added. The
mixture was light-protected and stirred for 48 h at room temperature. The
resin was filtered and thoroughly washed with MeOH and CHCl3. The


solvent was removed to leave cyclic acetal 29 (29 mg). IR (film): nÄ � 2983,
2943, 1716, 1373, 1218, 1168, 1080, 1043, 842 cmÿ1; 1H NMR (300 MHz):
d� 3.51 (c, 2 H), 3.14 (s, 3 H), 2.40 (t, J� 6.3 Hz, 2 H), 2.12 (s, 2 H), 1.96 ±
1.20 (c, 11 H), 1.08 (s, 3H); 13C NMR (75 MHz): d� 209.16, 98.53, 56.91,
47.62, 45.91, 44.06, 39.48, 38.38, 30.38, 29.91, 29.69, 19.20, 18.94, 18.31; MS
(EI): m/z (%): 225 (16), 151 (20), 127 (25), 123 (36), 108 (32), 95 (35), 93
(51), 85 (36), 81 (40), 80 (28), 79 (61), 71 (21), 67 (26), 55 (32), 43 (100).


Hemiacetal 30 : A mixture of the acetal 29, hexane (6 mL), and silica flash
(1.2 mg) (activated at 400 8C for 48 h and deactivated with 4.8% of water)
was stirred at room temperature for 4 h. The mixture was filtered, and the
silica washed successively with AcOEt and hexane. The solvent was
removed under vacuum and the residue, which was characterized as
hemiacetal 30 (28.7 mg), immediately subjected to the next step without
purification. IR (film): nÄ � 3419, 2939, 2887, 1714, 1371, 1359, 1166, 1076,
1064, 906 cmÿ1; 1H NMR (300 MHz): d� 3.82 (td, J� 12.0 Hz, J'� 2.4 Hz,
1H), 3.56 (ddd, J� 11.5 Hz, J'� 4.8 Hz, J''� 2.7 Hz, 1 H), 2.42 (t, J� 6.6 Hz,
2H), 2.13 (s, 3H), 2.01 (t, J� 9.6 Hz, 1H), 1.90 ± 1.30 (c, 11H), 1.22 (s, 3H);
13C NMR (75 MHz): d� 209.07, 96.03, 57.20, 44.95, 43.98, 39.38, 30.77, 29.95,
29.62, 26.49, 18.90, 18.32; MS (EI): m/z (%): 208 (12), 123 (42), 122 (64), 95
(57), 91 (30), 81 (48), 79 (53), 55 (24), 53 (23), 43 (100).


r-1-(2-Hydroxyethyl)-c-2-isopropenyl-1-(4-methylpent-4-enyl)cyclobutane
(27): A mixture of methyl triphenylphosphonium bromide (2.8 g, 7.8 mmol)
and anhydrous THF (4 mL) was cooled toÿ78 8C under argon. Then, BuLi
(4.6 mL of a 1.36m solution in THF, 6.24 mmol) was added and the mixture
stirred for 10 min at ÿ78 8C and at room temperature for 1 h. The mixture
was cooled again at ÿ78 8C and then a solution of hemiacetal 30 (28.7 mg,
0.13 mmol) in anhydrous THF (1 mL) was added. The mixture was stirred
for 10 min at ÿ78 8C and 24 h at room temperature, quenched with NH4Cl
(saturated solution), and extracted with hexane and diethyl ether. The
organic phases were combined and washed with NH4Cl (saturated
solution), brine and dried (MgSO4). The solvent was removed and the
crude product purified by column chromatography on silica flash to furnish
the expected alcohol 27 (11.2 mg, 45% overall yield from 22 b). IR (film):
nÄ � 3344, 3078, 2968, 2935, 2894, 1647, 1454, 1373, 1051, 885 cmÿ1; 1H NMR
(300 MHz): d� 4.87 (s, 1 H), 4.72 (s, 2 H), 4.68 (s, 1H), 3.60 (m, 2H), 2.63 (t,
J� 9.0 Hz, 1 H), 1.99 (m, 2 H), 1.96 (m, 1H), 1.79 (m, 1H), 1.72 (s, 3H), 1.70
(m, 1H), 1.69 (s, 3 H), 1.66 (m, 1H), 1.60 (m, 1 H), 1.55 (m, 1H), 1.43 (m,
2H), 1.34 (m, 1H); 13C NMR (75 MHz): d� 145.79, 145.38, 110.36, 109.93,
59.53, 49.18, 44.70, 39.97, 38.36, 36.05, 27.84, 23.88, 22.49, 22.36, 19.34; MS
(EI): m/z (%): 177 (5), 139 (36), 121 (38), 109 (24), 108 (61), 107 (35), 95
(36), 93 (46), 91 (81), 81 (66), 80 (43), 79 (38), 69 (100), 68 (97), 67 (64), 55
(30), 53 (88), 43 (36), 41 (66); anal. calcd (%) for C15H26O: C 81.02, H 11.78;
found: C 80.92, H 12.01.


r-1-(2-Acetoxyethyl)-c-2-isopropenyl-1-(4-methylpent-4-enyl)cyclobutane
(5): A mixture of the alcohol 27 (11.2 mg, 0.050 mmol) dissolved in
anhydrous CH2Cl2 (1 mL), anhydrous Et3N (18 mL, 0.13 mmol), and small
crystals of 4-(dimethylamino)pyridine (DMAP) was brought to 0 8C. Then
acetic anhydride (20.8 mL, 0.22 mmol) was added and the mixture stirred
for 1 h. After quenching with water, the organic material was extracted
with CH2Cl2, washed with NaHCO3 (saturated solution) and dried
(MgSO4). Evaporation of the solvent afforded a residue which, upon
purification on column chromatography on silica flash, yielded pheromone
5 (13 mg, 98%). IR (film): nÄ � 3080, 2964, 2933, 2858, 1741, 1647, 1454,
1368, 1238, 887 cmÿ1; 1H NMR (300 MHz): d� 4.88 (s, 1H), 4.72 (s, 2H),
4.69 (s, 1H), 4.02 (t, J� 8.1 Hz, 2H), 2.65 (t, J� 9.0 Hz, 1 H), 2.02 (s, 3H),
2.00 (m, 2H), 1.90 (m, 1 H), 1.82 (m, 1H), 1.75 (m, 1H), 1.72 (s, 3H), 1.68 (s,
3H), 1.67 (m, 1H), 1.65 (m, 1H), 1.57 (m, 1 H), 1.49 (m, 1 H), 1.44 (m, 2H),
1.37 (m, 1H); 13C NMR (75 MHz): d� 171.17, 145.74, 145.03, 110.61, 110.00,
61.68, 48.99, 44.55, 39.73, 38.36, 31.39, 27.59, 23.87, 22.48, 22.36, 21.08, 18.29;
MS (EI): m/z (%): 189 (5), 121 (79), 119 (25), 108 (33), 107 (49), 105 (25), 94
(30), 93 (70), 91 (24), 81 (54), 80 (47), 79 (66), 69 (28), 68 (100), 67 (54), 43
(69), 41 (32); anal. calcd (%) for C17H28O2: C 77.22, H 10.67; found: C 77.30,
H 10.96.


r-1-(2-Hydroxyethyl)-c-2-(1-hydroxyethyl)-1-(4-oxopentyl)cyclobutane
(31): To a 10-mL flask containing 19 b (65 mg, 0.15 mmol) was added HCl
(0.5 mL of a 1.2n solution in methanol). The mixture was stirred at room
temperature overnight and then diluted with CH2Cl2 and water. The
aqueous layer was separated and extracted with CH2Cl2. The organic phase
was washed with NaHCO3 (saturated solution) and brine. After drying
(MgSO4), evaporation of the solvent gave an oil which was purified by
column chromatography on silica gel to yield pure dihydroxy ketone 31
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(31 mg, 90 %). IR (film): nÄ � 3383, 2962, 2902, 1708, 1367, 1053, 732 cmÿ1;
1H NMR (300 MHz): d� 3.81 (m, 1H), 3.75 (m, 1H), 3.65 (m, 1 H), 3.25
(br s, 1 H), 2.41 (t, J� 6.9 Hz, 2H), 2.12 (s, 3 H), 2.08 (m, 1 H), 1.89 (m, 1H),
1.82 (m, 1 H), 1.63 (m, 1 H), 1.61 (m, 1 H), 1.54 (m, 1H), 1.52 (m, 1H), 1.48
(m, 1H), 1.47 (m, 1 H), 1.46 (m, 1 H), 1.34 (m, 1H), 1.02 (d, J� 6.3 Hz, 3H);
13C NMR (75 MHz); d� 209.6, 68.0, 59.2, 52.0, 44.0, 42.3, 39.6, 34.8, 30.0,
29.6, 20.7, 19.5, 18.2; MS (EI): m/z (%): 171 (1), 134 (19), 126 (19), 125 (11),
124 (15), 123 (17), 121 (10), 111 (15), 109 (28), 108 (74), 107 (18), 97 (23), 95
(38), 93 (25), 79 (27), 71 (26), 69 (21), 67 (19), 55 (35), 43 (100), 41 (29).


Acetylation of diol 31: r-1-(2-acetoxyethyl)-cis-2-(1-hydroxyethyl)-1-(4-
oxopentyl)-cyclobutane (32): A mixture of neutral Al2O3 W-200-N (1.1 g,
Woelm, activity super-I) and diol 31 (25.2 mg, 0.11 mmol), dissolved in
anhydrous ethyl acetate (3.3 mL) was stirred at room temperature for
12 days. The mixture was filtered over Celite, washed with ethyl acetate and
the solvent removed under vacuum. The crude product was purified by
flash column chromatography on silica gel to obtain starting diol (6.3 mg,
25%) and monoacetate 32 (18 mg, 60 %). IR (film): nÄ � 3240, 2964, 2935,
2902, 1737, 1714, 1367, 1245 cmÿ1; 1H NMR (300 MHz): d� 4.19 (m, 1H),
4.05 (m, 1H), 3.78 (dq, J� 13.0 Hz, J'� 6.0 Hz, 1H), 2.41 (t, J� 6.9 Hz,
2H), 2.13 (s, 3 H), 2.04 (s, 3H), 2.00 (m, 1 H), 1.90 (m, 1H), 1.85 (m, 1H),
1.80 (m, 1 H), 1.68 (m, 1 H), 1.55 (m, 2 H), 1.45 (m, 1H), 1.44 (m, 1H), 1.32
(m, 2H), 1.05 (d, J� 6.0 Hz, 3H); 13C NMR (75 MHz): d� 209.1, 171.2,
68.3, 61.6, 51.2, 44.0, 42.2, 39.8, 30.6, 30.0, 29.6, 21.4, 21.1, 19.3, 18.2; MS
(EI): m/z (%): 211 ([M�ÿOCOCH3], 1), 138 (11), 134 (19), 123 (15), 109
(20), 107 (18), 106 (19), 95 (58), 93 (17), 81 (23), 80 (22), 79 (27), 43 (100).


r-1-(2-Acetoxyethyl)-c-2-acetyl-1-(4-oxopentyl)cyclobutane (33): To a cold
solution (0 8C) of hydroxy acetate 32 (14 mg, 0.052 mmol) in anhydrous
DMF (1.5 mL) was added pyridinium dichromate (0.196 g, 0.52 mmol). The
mixture was stirred at room temperature overnight. Then, water was added
and the organic material extracted with hexane/diethyl ether (1:1). The
organic phase was washed with brine, dried (MgSO4), and the solvent
removed under vacuum, to leave a residue which was chromatographed on
silica flash. The diketone 33 was thus obtained in pure form (12 mg, 86%
yield). IR (film): nÄ � 2948, 2869, 1737, 1714, 1699, 1365, 1242 cmÿ1; 1H NMR
(300 MHz): d� 3.97 (m, 2 H), 3.09 (t, J� 8.0 Hz, 1H), 2.47 (t, J� 6.9 Hz,
2H), 2.31 (m, 1H), 2.14 (s, 3H), 2.09 (s, 3 H), 2.00 (s, 3 H), 1.85 (m, 1 H), 1.78
(m, 1H), 1.76 (m, 2 H), 1.66 (m, 1H), 1.62 (m, 2H), 1.50 (m, 2 H); 13C NMR
(75 MHz): d� 208.7, 208.3, 171.0, 60.7, 53.5, 45.2, 43.5, 39.1, 31.4, 30.6, 30.0,
28.4, 21.0, 18.4, 17.0; MS (EI): m/z (%): 208 ([M�ÿAcOH], 1), 123 (25),
107 (12), 95 (31), 92 (11), 81 (13), 80 (13), 79 (19), 71 (24), 43 (100).


Wittig reaction of diketone 33 : r-1-(2-acetoxyethyl)-c-2-isopropenyl-1-(4-
methylpent-4-enyl)cyclobutane (5): A solution of previously dried methyl
triphenylphosphonium bromide (0.133 g, 0.37 mmol) in anhydrous THF
(1 mL) was cooled to ÿ78 8C. Then nBuLi (0.26 mL of a 1.16m solution in
hexane, 0.30 mmol) was added and the mixture stirred for 10 min atÿ788C
and 1 h at room temperature. The reaction mixture was cooled again to
ÿ78 8C and then diketone 33 (10 mg, 0.037 mmol), dissolved in anhydrous
THF (0.3 mL), was added. The reaction mixture was stirred for a further
10 min at ÿ78 8C and for 2 h at room temperature, quenched with NH4Cl
(saturated solution) and brine, and dried (MgSO4). Removal of the solvent
led to a residue, which was purified by column chromatography on silica gel
to furnish compound 5 (3 mg, 30 %) along with the corresponding alcohol
27 (3.5 mg, 42%). This was acetylated (see above) and the obtained acetate
5 combined with the former material (71 % total yield).
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A Transition Metal Containing Rotaxane in Motion: Electrochemically
Induced Pirouetting of the Ring on the Threaded Dumbbell


Laurence Raehm, Jean-Marc Kern,* and Jean-Pierre Sauvage*[a]


Abstract: In this work we describe a
rotaxane in which a new type of motion,
pirouetting of the wheel around its axle,
can be electrochemically triggered. The
rotaxane was synthesized by using the
three-dimensional effect of copper(i). It
incorporates both a hetero-biscoordinat-
ing ring (containing both 2,9-diphenyl-
1,10-phenanthroline and 2,2':6',2''-ter-
pyridine units) and a molecular string
which contains only one 2,9-diphenyl-
1,10-phenanthroline. Both ends of the
string are functionnalized by a bulky
stopper (tris(p-tert-butylphenyl)(4-hy-
droxyphenyl)methane). Large molecu-
lar motions have been induced electro-
chemically in this molecule and were


detected by using cyclic voltammetry.
The driving force of the two rearrange-
ment processes observed is the high
stability of two markedly different coor-
dination environments for copper(i) and
copper(ii) ions. In the copper(i) state, two
phenanthroline units (one of the ring,
one of the string) interact with the metal
in a tetrahedral geometry (CuI


(4)),
whereas in the copper(ii) state the five-
coordinate geometry (CuII


(5)) is due to
the phenanthroline of the string and to


the terpyridine of the ring. The kinetic
rate constants of the two molecular
motion processes (from CuI


(5)) to
CuI


(4)) and fom CuII
(4)) to CuII


(5))) have
been determined and both rates are
much faster than the ones in previously
studied analoguous systems. In addition,
the rate of the pirouetting motion de-
pends greatly on the copper oxidation
state. The divalent four-coordinate cop-
per complex (CuII


(4))) rearranges in tens
of seconds, whereas the monovalent
five-coordinate copper system leads to
the four-coordinate complex in the milli-
second time scale.


Keywords: copper ´ molecular mo-
tions ´ phenanthroline ´ rotaxanes ´
supramolecular chemistry


Introduction


Molecular motors of various kinds are very common in
biology.[1] Roughly, biolological motors can be classified in
two families: linear and rotary motors. The most classical
examples of linear motors are the myosin ± actin complex[2±5]


present in muscles or the kinesin-containing system.[6, 7]


Rotary motors have recently attracted much attention since
the extremely common enzyme ATP synthase[8±12] has been
shown to behave in a fashion reminiscent of a rotary motor. A
¹shaftª (g protein) rotates inside a hollow stator (a3b3


aggregate of proteins, Figure 1) and this spinning motion
induces formation of ATP from ADP and inorganic phos-
phate (3 moles per round). Another example of a rotary
motor is that of bacterial flagella,[13] which are responsible for
bacteria mobility.


The number of synthetic molecular ensembles whose
dynamic behavior is reminiscent of biological motors is
presently very limited. In order for an object to be regarded


Figure 1. A schematic representation of ATP synthase, a biological rotary
motor. g (and c) are mobile whereas the aggregate a3b3 is fixed to the
membrane and constitutes the stator of the motor.


as a motor, several basic requirements have to be fulfilled.
Even without trying to apply a strict thermodynamic defi-
nition, the system will have to convert a certain type of energy
into another form of energy, while undergoing some kind of
continuous motion.


Very generally, creating molecules which can change shape,
change position in space, or whose certain parts can be set in
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motion at will under the action of an external signal, is a
challenging target in relation with natural systems mimics but
also as components of long-term potential information
storage or processing devices.


Results and Discussion


General principle, design, and synthesis


Artificial molecular machines have been described[14±17]Ð
among them the remarkable work achieved by Stoddart,
Balzani, Kaifer and their groups[18±21]Ðand special interest
was focused on transition metal containing systems.[22±41]


Indeed, the stereoelectronic requirements of a metal center
can strongly depend on its ox-
idation state. Thus, varying the
redox state of the metal can
lead to a large rearrangement
of the surrounding ligands. This
is particularly true for copper
complexes: CuI is most of the
time low-coordinate (coordina-
tion number �4), whereas CuII


is preferably square planar or
higher coordinate (coordina-
tion number� 5 or 6). In the
systems previously made and
investigated in our group,[42, 43]


the same general principle is
used: by reducing or oxidizing
the copper center, from a sit-


uation corresponding to a stable complex, the system is set out
of equilibrium. The relaxation process of the compound
implies a large amplitude motion which will bring the system
back to its new equilibrium
position (Figure 2).


In previous work, gliding mo-
tion of a ring around another
one (Figure 3 a) in the case of a
catenane[44] or translation mo-
tion along a molecular thread
(Figure 3 b) in the case of a
rotaxane[43] were studied. Pres-
ently, we would like to describe
a rotaxane in which a new mo-
tion, pirouetting of the wheel
around its axle (Figure 3 c), can
be electrochemically triggered.


The driving force of this mo-
tion is here again based on
different geometrical preferen-
ces for CuI and CuII. The wheel
of the rotaxane is a bis-coordi-
nating macrocycle containing
both a bidentate moiety, a 1,10-phenanthroline, and a
terdentate unit, a 2,2',6',2¹-terpyridine (terpy). The axle
incorporates only one bidentate moiety.


The three-dimensional template effect of CuI, introduced
fifteen years ago, made catenanes, rotaxanes, and related
systems reasonably accessible from a preparative point of
view.[45±47] The strategy leading to prepare catenanes is based
on a precursor consisting of two phenanthroline-type ligands
entwined around a CuI center. In the case where one of these
ligands is macrocyclic, the structure of the precursor is
particular: the acyclic ligand is threaded through the macro-
cycle. Reacting the end functions of the acyclic ligand of this
complex with an appropriate difunctionalized molecular
fragment leads to the formation of a catenane, whereas
reacting them with two monofunctionalized and bulky frag-
ments leads to a rotaxane.


An alternative strategy is to use a monostoppered species,
to form the prerotaxane intermediate and to add the second
stopper afterwards (Figure 4). The advantage of this method,


Figure 3. Molecules in motion:
a) gliding of a ring around
another one; b) translation of
a ring along its axle;[21] c) wheel
pirouetting around its axle.


Figure 4. Principle of the synthesis of rotaxane 10(4)
�(see Figure 5): i) formation of a monostoppered axle; ii)


threading of the axle through the wheel; iii) dethreading of the macrocycle is prevented by adding a second
blocking group.


Figure 2. Principle of the electrochemically induced molecular motions in
a copper complex rotaxane. The stable four-coordinate monovalent
complex is oxidized to an intermediate tetrahedral divalent species. This
compound undergoes a rearrangement to afford the stable five-coordinate
copper(ii) complex. Upon reduction, the five-coordinate monovalent state
is formed as transient. Finally, the latter undergoes the reorganization
process that regenerates the starting complex (the black circle represents
CuI and the white circle represents CuII).
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which was chosen in the present work, is to limit dethreading
of the macrocycle during the stoppering reaction.


The rotaxane 10(4)
� (the nomenclature of the rotaxanes


described in this work is 10(N)
n�, where N refers to the


coordination number of the metal (4 or 5) and n to its charge)
synthesized herein is composed of two subunits: a macrocycle
and a molecular thread (Figure 5 bottom). The macrocycle[44]


1 (Figure 5 top) contains two different coordinating sites: a
terpyridine moiety and a 1,10-phenanthroline one. A phenan-
throline moiety in which the a-positions of the coordinating
atoms are substituted with phenyl groups (2,9-diphenyl-1,10-
phenanthroline, ¹dppª) was used. Indeed, it was shown that
the low oxidation state of dpp-based transition metal com-
plexes are strongly stabilized. This is particularly true for
copper complexes.[48] The two units are joined through two C3


chains which are linked to the 5,5''-positions of the terpyridine
on one side and to the 4,4'-positions of the phenanthroline-
attached phenyl goups through an oxygen atom each on the
other side. The resulting macrocycle 1 has a 33-membered ring.


The molecular thread contains the phenanthroline biden-
tate unit (dpp). The end groups of the thread, that is the
stoppers of the rotaxane, are tetraarylmethane derivatives.
These last species were selected as blocking groups since they
are large enough to prevent dethreading of the 33-membered
ring 1. In order to lower solubility problems, lipophilic groups
(tert-butyl fragments) were introduced on the para positions
of three of the aryl groups. The stoppers and the coordinating
site are linked through bisethoxy-ether spacers.


The tetraarylmethane derivative 7 was prepared in four
steps starting from compound 3 (tris(p-tert-butylphenyl)(4-
hydroxyphenyl)methane) whose synthesis has been described
by Gibson et al.[49] Compound 3 was treated with a small
excess of THP-protected 2-(2'-iodoethoxy)ethanol (THP�
tetrahydropyran-2-yl) to afford 4 in high yield. Transforma-
tion of 4 into bromo derivative 7 was done by treatment of the
mesylate ester 6 with NaBr in acetone, 6 being prepared by
esterification of the alcohol 5, obtained by hydrolysis of 4. The
monostoppered thread 8 was obtained by reacting the
electrophile 7 with a large excess of 2,9-di(p-hydroxyphen-
yl)-1,10-phenanthroline[50] (2) in basic (K2CO3) DMF medi-
um. Following this procedure, 8 was isolated in 50 % yield, and
most of the excess of diphenol 2 could be recovered.


Pre-rotaxane 9� was prepared in the following manner:
Cu(CH3CN)4BF4


[51] was added to a solution of 1 in CH2Cl2/
CH3CN. The resulting orange-red solution was then treated
with 8 to give almost quantitatively a brown-red solution of
semi-rotaxane [9�]BF4. For the preparation of the fully
blocked rotaxane 10(4)


�, 9� and 7 were dissolved in DMF,
during which the temperature was maintained between 55 and
60 8C, and the base Cs2CO3 was added portionwise over 4 h.
Indeed, it was observed that dethreading, which occurs in hot
and basic medium, is limited using this procedure. The
reaction was followed by counterion exchange (KPF6) to give
[10(4)


�]PF6. The overall yield of these two last steps is 30 %.
The rotaxane 10(4)


�was characterized by FAB-MS, 1H NMR
and UV spectroscopy. FAB-MS revealed the threaded
structure of the compound; intense peaks corresponding to
the loss of the counterion (m/z 2255.2) and to the loss of the
counterion and the thread (m/z 740.2) are observed.


Figure 5. Molecular representation of the metalated rotaxanes 10(4)
�,


10(5)
�, 10(4)


2�, 10(5)
2�, of the metal-free rotaxane 11 and of their precursors


1 ± 9�.
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1H NMR spectroscopy (Figure 6 a) confirmed the threaded
structure of 10(4)


� and the entwining of the two dpp subunits
around the metal. Indeed, it shows the usual upfield shifts of
the aromatic protons of the phenoxy moieties attached to the
phenanthrolines in such intertwined structures.[52] For in-
stance, a shielding of d� 1.11 ppm is observed from the meta
protons of the free ring 1 to the corresponding protons (Hm) in


Figure 6. 1H NMR spectra (field: 400 MHz, solvent: CD2Cl2) of a) the CuI


rotaxane 10(4)
� and b) the corresponding metal-free rotaxane 11, in the


aromatic region. The protons of the two different dpp units undergoing the
most significant shift when going from 10(4)


� to 11 are labeled; the proton
numbering is indicated in Figure 5.


10(4)
�. A similar shift happens for the meta protons of the


thread: the string precursor 8 contains two types of such
protons resonating at d� 7.12 (H'm1) and d� 6.98 (H'm2),
respectively. For 10(4)


�, one unique signal at d� 6.02 corre-
sponds to the four meta protons (H'm) of the string.


As expected, the high MLCT characteristic of the absorp-
tion band in the visible range for CuI(dpp)2-based complexes
is observed for 10(4)


� (lmax� 438 nm, e� 2830) .
The CuI complex rotaxane 10(4)


� could be easily demeta-
lated[50] by reaction with cyanide under mild conditions,
leading to rotaxane 11, with free coordination sites. The FAB-
MS of the metal-free 11 shows an intense peak at m/z 2192.2
corresponding to the molecular peak (�H�), and two peaks
corresponding to the loss of the ring and to the loss of the
thread (m/z 1513.8, m/z 678.3, respectively). In the 1H NMR
spectrum (Figure 6 b), a downfield shift of the aromatic


protons (Ho, H'o, Hm, H'm) of the phenoxy moieties attached
to the phenanthrolines is observed, indicating that the
intertwined structure of the two dpp fragments has disap-
eared. The chemical shift values observed for 11 are in the
same range as the ones for the free subunits 1 and 8.


Transformation of the free rotaxane 11 into the CuII


complex 10(5)
2� was quantitatively achieved by mixing 11 with


a CH3CN/CH2Cl2 solution of CuII(BF4)2. In this case, the
structure was confirmed by FAB-MS and the five-coordinate
state of the metal was evidenced by UV/Vis spectroscopy: lmax


is observed at 618 nm, and this wavelength range is character-
istic of CuII polyimine complexes.[51] The very low value of the
extinction coefficient (e� 104) indicates that the metal is five-
coordinate[42, 44] (which means in the case of 10(5)


2� that the
copper is surrounded by one dpp and one terpy ligand). For
CuII(dpp)2 complexes where the metal can not reasonably be
more than tetracoordinate, lmax is around 680 nm and the
extinction coefficient is significantly higher[51] (around 800).


Electrochemical study of the pirouetting motion


The electrochemical behavior of tetracoordinate CuI com-
plexes that is, Cu(dpp)2-based cores, is well established.[51, 53]


The reversible redox potential for the CuII/CuI transition is
around 0.6 ± 0.7 V vs. SCE. This relatively high potential
underlines the stability of the four-coordinate CuI complexes
versus the corresponding CuII ones. The redox potential of
pentacoordinate copper complexes[42, 43] is observed in a much
more cathodic range. For example, for the five-coordinate
complex Cu(1, dap)2�/� (dap� 2,9-di-p-anisyl-1,10-phenan-
throline), in which the terpy fragment of the ring is bound
to the metal, the redox potential is ÿ0.035 V. This potential
shift when going from tetracoordinate to pentacoordinate
copper systems is due to the better stabilization of the CuII


state thanks to the presence in the coordination sphere of five
donor atoms.


a) Electrochemical behaviour of chemically isolated 10(4)
� and


10(5)
2� :The electrochemical behavior of 10(4)


� in a CH2Cl2/
CH3CN solution has been studied by cyclic voltammetry (CV)
and is represented Figure 7 a. A reversible signal appears at
0.545 V. The difference of potential DEp between the anodic
and the cathodic peak is 70 mV for this signal. A very weak
redox peak at ÿ0.15 V can also be observed.


In the rotaxane 10(4)
�, where the metal is tetracoordinate,


the signal occurring at 0.54 V corresponds to the tetracoordi-
nate CuII/CuI couple. The ratio of the intensities of the anodic
and cathodic peaks ipc/ipa is 0.95 (ipc and ipa are the intensity
of the cathodic and anodic peaks, respectively), showing that
no transformation or reorganization of the coordination
sphere of the tetracoordinate CuII complex occurs in the time
scale of the measurements (sweep rate of the potential :
100 mV sÿ1). We checked that the signal at ÿ0.15 V and the
main redox signal are not related. It is probably due to the
presence of small amounts of 10(5)


2� (vide infra).
The cyclic voltammetry behavior of the CuII rotaxane


10(5)
2�(Figure 7 b), is very different from that of 10(4)


�. The
potential sweep for the measurement was started at �0.9 V, a
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Figure 7. Cyclic voltammetry curves recorded using a Pt working electrode
at a 100 mV sÿ1 sweep rate (CH3CN/CH2Cl2 (4:1), supporting electrolyte:
tetrabutylammonium tetrafluoroborate, 0.1 mol Lÿ1, Ag wire pseudo-refer-
ence). a) Compound 10(4)


�, b) chemically prepared 10(5)
2�. Curve ii) refers


to a second potential sweep following immediatly the first one (i).


potential at which no electron transfer should occur, regard-
less of the nature of the surrounding of the central CuII center
(penta- or tetracoordinate). Curve i) (first scan, recorded at
100 mV sÿ1) shows two cathodic peaks: a very small one,
located at �0.53 V followed by an intense one at ÿ0.13 V.
Only one anodic peak at 0.59 V appears during the reverse
sweep. If a second scan ii) follows immediately the first one i),
the intensity of the cathodic peak at 0.53 V increases notice-
ably.


The weak peak at 0.53 V (i, Figure 7 b) is due to the
presence of small quantities of 10(4)


�. The main cathodic peak
at ÿ0.15 V is characteristic of pentacoordinate CuII. Thus, in
10(5)


2� prepared from the free rotaxane by metalation with
CuII ions, the central metal is coordinated to the terdentate
terpyridine of the wheel and to the bidentate dpp of the axle.
On the other hand, the irreversibility of this peak means that
the pentacoordinate CuI species formed in the diffusion layer
when sweeping cathodically is transformed very rapidly and in
any case before the electrode potential becomes again more
anodic than the potential of the pentacoordinate Cu2�/Cu�


redox system. The irreversible character of the wave at
ÿ0.15 V and the appearance of an anodic peak at the value of
�0.53 V indicates that the transient species, formed by
reduction of 10(5)


2�, has undergone a complete reorganization,
which leads to a tetracoordinate copper rotaxane. The second
scan (ii) which follows immediatly the first one (i) confirms
this assertion. Indeed, a cathodic peak (�0.53 V) has ap-


peared, corresponding to the reduction of this tetracoordinate
species.


These two complementary cyclic voltammetry experiments
confirm that in this rotaxane, like in previously studied related
systems, the tetracoordinate CuI state is more stable than the
pentacoordinate one and the pentacoordinate CuII state is
more stable than the tetracoordinate one. Moreover, it was
observed that the rearrangement rates from the less to the
most stable geometries are drastically different for the two
oxidation states of the metal.


The irreversibility of the reduction peak of 10(5)
2�, com-


bined with the appearance of a reversible peak corresponding
to tetracoordinate copper, suggests that the reorganization of
the rotaxane in its pentacoordinate form 10(5)


� (that is, with
the copper being coordinated to terpy and to dpp units), to its
tetracoordinate form (10(4)


�, where the copper is surrounded
by two dpp units) occurs within the time scale of the cyclic
voltammetry. CV measurements at high potential sweep rates
is therefore a well-suited method to study the reorganization
kinetics of such systems. On the other hand, Figure 7 a
indicates the inertness of the reorganization of the tetracoor-
dinate CuII rotaxane, and cyclic voltammetry is thus inappro-
priate to study the kinetic of such a system. Therefore, a total
conversion of tetracoordinate 10(4)


� to tetracoordinate 10(4)
2�


was performed by preparative electrolysis and the subsequent
rearrangement of tetracoordinate 10(4)


2� into pentacoordinate
10(5)


2� was monitored by an amperometric method.


b) Determination of the kinetic rate constant k for the
transformation of pentacoordinate CuI into tetracoordinate
CuI : 10(5)


� !10(4)
�: Figure 8 illustrates the evolution of the


cyclic voltammetry response of pentacoordinate 10(5)
2� when


scanning the potential at different sweep rates, going from v�
500 mV sÿ1 to v� 8 V sÿ1. It was observed that the system
became progressively reversible.


The behavior of the I/E (current/potential) curves at
different sweep rates is typical for the case where an electron
transfer is followed by an irreversible chemical reaction
(transformation of pentacoordinate 10(5)


� into tetracoordi-
nate 10(4)


�). This qualitative observation was confirmed by the
numeric exploitation of the I/E responses, following the
method described by Nicholson and Shain.[54] For each curve,
the ipa/ipc ratio was measured as well as E1/2 (half-wave
potential). Thus, parameter t could be calculated from
Equation (1), where v� sweep rate and El� inversion poten-
tial.


t � (ElÿE1/2)/v (1)


Using the working curve established by the authors, the
value of log(kt) could be determined and thus, k extracted. In
order to obtain an accurate k value, several curves were
studied, varying both v and the inversion potential. An
average value of 17� 9 sÿ1 was found for k. In other words, in
this medium (acetonitrile/dichloromethane (4/1), Bu4NBF4


(10±1 mol Lÿ1), room temperature), the half-life time of
pentacoordinate CuI rotaxane is 56� 28 ms (t1/2� ln2/k).
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c) Determination of the kinetic rate constant k'' for the
transformation of tetracoordinate CuII into pentacoordinate
CuII : 10(4)


2�!10(5)
2� : As illustrated by the cyclic voltammetry


curve represented in Figure 7 a and discussed above, the
tetracoordinate CuII rotaxane generated in the diffusion layer
does not undergo any detectable rearrangement during the
reverse potential scanning. Indeed, at small sweep rates
(100 mVsÿ1 or 50 mVsÿ1), the ratio ipa/ipc remains near to
one and no increase of the cathodic peak at ÿ0.15 V occurs.
The E1/2 values of 10(4)


2�/10(4)
� and 10(5)


2�/10(5)
� are �0.55 V


and ÿ0.1 V, respectively. Thus, when polarizing the working
electrode at a potential between these two values, under
stationnary conditions (by using a rotating disk electrode, for
example), the cathodic current observed is representative of
the presence and concentration of 10(4)


2�, the tetracoordinate
CuII complex only. This remains true even if the electrolytic
solution contains pentacoordinate 10(5)


2� which will be
electrochemically silent in the potential range used.


A solution of 10(4)
�was anodically electrolyzed into the CuII


state as quickly as possible, using an electrolytic cell with an
high S/V value (S� electrode surface, V� volume of the
electrolytic solution). A rotating disk electrode was then
introduced in the solution and polarized at �0.3 V. Current
versus time was recorded and an exponential decrease of the
intensity of the current was observed. When the current was
near to 0, a new cyclic voltammetry curve of the solution was
measured, leading to a voltammogram similar to the one
represented Figure 7 b. This confirms that the electrogener-
ated tetracoordinate CuII rotaxane has undergone a rear-
rangement to form the pentacoordinate CuII rotaxane 10(5)


2�.
The kinetic constant of this transformation can be extracted


from the variation of the cathodic current. Indeed, the
logarithm of this current intensity vs. time is linear (Figure 9),
as expected for a monomolecular process. The value of k' is
given by the slope of this straight line. The average value of k'
in this rearrangement is 0.007� 0.003 sÿ1. In other words, the


half-life time of tetracoordi-
nate CuII rotaxane is 120� 50 s.


d) Conclusion : These experi-
ments underline the noticeable
difference of the kinetic rate
constants k and k' for the
reorganization processes lead-
ing from 10(5)


� to 10(4)
� and


from 10(4)
2� to 10(5)


2�, respec-
tively. Indeed, the ratio k/k' is
about 3000:1. In the analogous
systems already studied,[42, 43]


an important difference be-
tween the related rate con-
stants had also been observed.
Nevertheless, for the systems
based on a copper [2]cate-
nate,[42, 44] where one of the
macrocycles is monochelating
and the other one hetero-bis-


chelating, the two processes are much slower. In addition,
reproducibility problems made the accurate measurement of
the corresponding rate constants difficult, especially for the
rearrangement from Cu(4)


II to Cu(5)
II. The reorganization


around CuI takes about 1 s and the one around CuII takes as
much as several days, depending on the medium. For the
rotaxane[43] where the axle is a hetero-bischelating molecular
thread and the wheel a monochelating macrocycle, the
reorganization processes which imply a translation of the
ring along the string, the values determined for k and k' are
10ÿ2 and 1.5� 10ÿ4 sÿ1, respectively. Thus, by comparison with
the rate constant values determined for the rotaxane studied
in this work (k� 17 and k'� 0.007 sÿ1), it appears that
pirouetting of a macrocycle around its axle induced by
changing the redox state of the central metal is also faster
than the translation of a macrocycle along a molecular thread,
using the same triggering process.


Figure 8. Illustration of the evolution of the CV curves of 10(5)
2� when increasing the potential sweep rate (same


conditions as indicated in Figure 7). i) v� 500 mV sÿ1, ii) v� 3000 mV sÿ1, iii) v� 8000 mV sÿ1.


Figure 9. Representation of the logarithmic decay of the current intensity
versus time of a solution of 10(4)


2� obtained by anodic electrolysis of 10(4)
�.


The working electrode is a rotating Pt disk electrode (w� 6300 rad sÿ1),
polarized at �0.3 V vs. Ag wire pseudo-reference.
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These different types of molecular motion: gliding, trans-
lating and pirouetting are possible thank to the kinetic lability
of copper complexes. As mentioned above, the k/k' ratio is
high in all the cases studied so far, which means that the
reorganization process around CuI is much faster than around
CuII. Both rearrangements require a decoordination step of
one of the chelates, followed by recomplexation by the other
chelate. The activation barrier of this decoordination step
might be higher for the tetracoordinate CuII to pentacoordi-
nate CuII process than for the pentacoordinate CuI to
tetracoordinate CuI one, due to the higher electronic require-
ments of CuII. Thus, the difference of molecular motion rates
induced by changing the redox state of the metal could be
partially attributed to the ligand field effect.


Conclusion


The presently described system represents a first step towards
the elaboration of rotary motors at the molecular level. At the
present stage, the bifunctional ring can only oscillate between
two positions on the axle on which it is threaded. This process
is now well controlled and reasonnably fast, especially for the
monovalent copper(i) complex rearrangement. In order to
make real rotary motors, it will be necesssary to introduce
directionality in the system by using, among other possibil-
ities, a ring containing three different coordination sites and a
directed axle. The synthesis of such multicomponent com-
pounds is presently under way.


Experimental Section


Synthesis of 4 : Compound 3 (1 g, 1.98 mmol) and 2-(2-iodoethoxy)ethyl
2-tetrahydro-2H-pyran ether (740 mg, 2.46 mmol) were dissolved in DMF
(50 mL) in a 100-mL round-bottomed flask equiped with a condenser.
Potassium carbonate (1.4 g, 10 mmol) was added and the solution was
degassed before being heated at 60 8C under argon for 17 h. DMF was
removed and the residue was taken up into H2O/CH2Cl2. Extraction with
CH2Cl2 and drying over Na2SO4 left, after the solvent was removed, a white
powder whose purity was sufficient (>95 % by NMR) to be used without
further purification. White powder; 1H NMR (200 MHz, CDCl3): d� 7.25
(d, J� 8.6 Hz, 8 H; Hb,c), 7.07 (d, J� 8.6 Hz, 6H; Hd), 6.78 (d, J� 8.8 Hz,
2H; Ha), 4.65 (t, 1 H; Ha'), 4.12 (m, 2 H; Hd), 3.8 ± 3.4 (m, 12 H; Ha,b,g


�Hb',c',d',e'), 1.31 (s, 27 H; CH3).


Synthesis of 5 : Compound 4 (1.32 g, 1.96 mmol) was dissolved in CHCl3


(15 mL) in a 100-mL round-bottomed flask equipped with a condenser.
EtOH (20 mL) was added and the solution was heated at 80 8C. HCl 36%
(1 mL, catalytic) was then added and the mixture was refluxed for 18 h. The
solvents were removed and the residue was taken up into H2O/CH2Cl2. The
opaque organic layer was washed with a saturated solution of K2CO3 in
H2O and then with pure H2O to give a translucent organic layer. Drying
over Na2SO4 left, after the solvent was removed, a white powder which was
purified by flash column chromatography (SiO2, eluent CH2Cl2) to afford 5
in 82% yield (944 mg, 1.61 mmol). White powder; 1H NMR (200 MHz,
CDCl3): d� 7.24 (d, J� 8.6 Hz, 8H; Hb,c), 7.08 (d, J� 8.6 Hz, 6 H; Hd), 6.79
(d, J� 8.8 Hz, 2H; Ha), 4.12 (m, 2 H; Hd), 3.87 (m, 2 H; Ha), 3.8 ± 3.6 (m,
4H; Hb,g), 1.32 (s, 27 H; CH3).


Synthesis of 6 : Mesyl chloride (0.62 mL, 7.97 mmol) dissolved in CH2Cl2


(8 mL) was added over 40 min to a solution of 5 (944 mg, 1.59 mmol) in
CH2Cl2 (30 mL) at ÿ5 8C containing triethylamine (2.8 mL, 2.03 g,
20 mmol). After stirring for 3 h at ÿ5 8C, the solution was extracted with
H2O/CH2Cl2 and dried over Na2SO4. The solvents were removed and the
crude product was filtered by flash chromatography (SiO2, eluent CH2Cl2)
to afford 6 (900 mg, 1.33 mmol) in 84% yield. White powder; m.p. 231 8C;


1H NMR (200 MHz, CDCl3): d� 7.24 (d, J� 8.6 Hz, 8H; Hb,c), 7.07 (d, J�
8.6 Hz, 6H; Hd), 6.78 (d, J� 8.8 Hz, 2H; Ha), 4.40 (m, 2H; Ha), 4.10 (m,
2H; Hd), 3.9 ± 3.8 (m, 4 H; Hb,g), 3.04 (s, 3H; CH3), 1.32 (s, 27 H; CH3); MS
(MALDI-TOF MS): m/z : 670.64 ([M�H]� , 670.95).


Synthesis of 7: After being degassed, a solution of 6 (900 mg, 1.34 mmol)
and LiBr (780 mg, 8.96 mmol) in acetone (30 mL) was refluxed for 3 h
under argon (70 8C). Acetone was removed and the residue was taken up
into H2O/CH2Cl2. Extraction with CH2Cl2 and drying over Na2SO4, left,
after the solvent was removed, a white powder (857 mg) whose purity was
sufficient (>95% by NMR spectroscopy) to be used without further
purification. White powder; m.p. 183 8C; 1H NMR (200 MHz, CDCl3): d�
7.24 (d, J� 8.6 Hz, 8H; Hb,c), 7.09 (d, J� 8.6 Hz, 6 H; Hd), 6.77 (d, J�
8.8 Hz, 2H; Ha), 4.12 (m, 2H; Hd), 4 ± 3.8 (m, 4H; Hb,g), 3.46 (m, 2H; Ha),
1.31 (s, 27H; CH3); elemental analysis calcd (%) for C41H51O2Br: C 75.10,
H 7.84; found C 75.39, H 8.09.


Synthesis of 8 : Compound 7 ( 100 mg, 1.49 mmol) and 2,9-di(p-hydrox-
yphenyl)-1,10-phenanthroline (271 mg, 0.75 mmol) were dissolved in DMF
(50 mL) in a 100-mL round-bottomed flask equipped with a condenser. The
solution was then degassed and K2CO3 (513 mg, 3.7 mmol) was added. The
mixture was heated at 60 8C for 18 h under argon. DMF was removed and
the residue was taken up in H2O/CH2Cl2. Extraction with CH2Cl2 and
drying over Na2SO4, left, after the solvent was removed, a bright orange
powder which was purified by flash chromatography (SiO2, eluent CH2Cl2/
MeOH 1 %) to afford 8 (70 mg, 0.73 mmol) in 49 % yield. Bright orange
solid; 1H NMR (200 MHz, CDCl3): d� 8.40 (d, J� 8.8 Hz, 2H; HO1'), 8.29
(d, J� 8.8 Hz, 2H; HO2'), 8.26 (d, J� 8.4 Hz, 1 H; H7'), 8.25 (d, J� 8.6 Hz,
1H; H4'), 8.06 (d, J� 8.6 Hz, 1H; H8'), 8.04 (d, J� 8.4 Hz, 1H; H3'), 7.75 (s,
2H; H5',6'), 7.26 (d, J� 8.6 Hz, 8H; Hb,c), 7.12 (d, J� 8.6 Hz, 2 H; Hm1'), 7.12
(d, J� 8.4 Hz, 6 H; Hd), 6.98 (d, J� 8.6 Hz, 2 H; Hm2'), 6.82 (d, J� 8.8 Hz,
2H; Ha), 4.27 (m, J� 4.3 Hz, 2H; Ha), 4.17 (m, J� 4.3 Hz, 2 H; Hd), 4 ± 3.9
(m, 4 H; Hb,g), 1.32 (s, 27H; CH3); MS (MALDI-TOF MS): m/z : 940.14
([M�H]� , 939.25).


Synthesis of 9� : A solution of Cu(CH3CN)4BF4 (57.3 mg, 0.182 mmol) in
degassed acetonitrile (5 mL) was added by canula to a stirred degassed
solution of 1 (123.5 mg, 0.182 mmol) in degassed CH2Cl2 (10 mL) at room
temperature. A brown-orange coloration appeared instantaneously. After
stirring for 30 min at room temperature, a solution of 8 (158 mg,
0.166 mmol) in degassed CH2Cl2 (10 mL) was added to the previous
mixture by the canula transfer technique and the solution immediatly
turned dark red. The solution was stirred for one hour under argon. After
the solvents were removed, a dark red solid of crude 9� was obtained in a
nearly quantitative yield (285 mg). The purity of 9� was sufficient (>95%
by NMR spectroscopy) to be used without further purification. Dark red
solid; 1H NMR (400 MHz, CD2Cl2): d� 8.64 (d, J� 8.4 Hz, 2H; t3), 8.57 (d,
2H; t6), 8.43 (d, J� 8.6 Hz, 2 H; t3'), 8.37 (d, J� 8 Hz, 2H; H4,7), 8.29 (d, J�
7.8 Hz, 2 H; H4',7'), 8.06 (t, J� 7.6 Hz, 1 H; t4'), 7.92 (s, 2 H; H5,6), 7.72 (s, 2H;
H5',6'), 7.9 ± 7.6 (m, 6H; H3, 8, H3', 8' , t4), 7.36 (d, J� 8.5 Hz, 4H; Ho), 7.31 (d,
J� 8.5 Hz, 4 H; Ho1',o2'), 7.18 (d, J� 8.6 Hz, 8 H; Hb,c), 7.07 (d, J� 8.6 Hz,
6H; Hd), 6.80 (d, J� 8.8 Hz, 2 H; Ha), 6 ± 5.9 (m, 8H, H m, Hm1', m2'), 4.04 (m,
2H; Hd), 3.84 (m, 2 H; Ha), 3.65 (m, 4H; Hb,g), 3.25 (m, 4H; Hx), 2.90 (m,
4H; Hz), 2.10 (m, 4 H; Hy), 1.32 (s, 27 H; CH3).


Synthesis of 10(4)
�: Complex 9� (285 mg, 0.16 mmol) and 7 (128.5 mg,


0.19 mmol) were dissolved in DMF (16 mL) in a 100-mL Schlenk flask. The
solution was degassed and heated at 58 8C. Cs2CO3 (520 mg, 1.6 mmol),
maintained in suspension in DMF (5 mL) in an addition funnel thanks to
bubbling argon, was added dropwise over 4 h under argon. The solution
was then stirred under argon for an additional 15 h. DMF was removed and
the residue was taken up in H2O/CH2Cl2 and dried over Na2SO4. Before
purification, the counterions were exchanged from BF4 to PF6, following a
well-known procedure. The product was then purified by column chroma-
tography (SiO2, eluent CH2Cl2/MeOH 2 %) to afford 10� (120 mg,
0.048 mmol) in 30% yield. Dark red solid. 1H ROESY NMR (400 MHz,
CD2Cl2): d� 8.75 (d, J� 8.1 Hz, 2 H; t3), 8.62 (d, 2H; t6), 8.40 (d, J� 7.9 Hz,
2H; t'3), 8.39 (d, J� 8.4 Hz, 2 H; H4',7'), 8.37 (d, J� 8.4 Hz, 2 H; H4), 8.04 (t,
J� 7.8 Hz, 1H; t4'), 7.93 (s, 2H; H5,6), 7.75 (d, J� 8.4 Hz, 2H; H3), 7.71 (s,
2H; H5',6'), 7.68 (d, J� 8.4 Hz, 2H; H3',8'), 7.66 (dd, J� 8.1 Hz, 2 H; t4), 7.32
(d, J� 8.8 Hz, 4H; Ho), 7.27 (d, J� 8.8 Hz, 4 H; Ho'), 7.21 (d, J� 8.6 Hz,
12H; Hc) 7.15 (d, J� 8.8 Hz, 4 H; Hb), 7.11 (d, J� 8.6 Hz, 12 H; Hd), 6.81 (d,
J� 9 Hz, 4H; Ha), 6.01 (d, J� 8.8 Hz, 4H; Hm'), 5.94 (d, J� 8.9 Hz, 4H;
Hm), 4.13 (m, 4H; Hd), 3.84 (m, 4 H; Hg), 3.74 (m, 4 H; Hb), 3.67 (m, 4H;
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Ha), 3.19 (m, 4H; Hz), 2.90 (m, 4H; Hx), 2.10 (m, 4 H; Hy), 1.26 (s, 54H;
CH3); MS (FAB-MS): m/z : 2255.2 ([MÿPF6]� , 2255.5).


Synthesis of 11: Complex 10� (40 mg, 16.6 mmol) was dissolved in CH2Cl2


(5 mL). KCN (26 mg; 0.38 mmol) was dissolved in water (1 mL) and added
to the former solution. CH3CN (2 mL) was added to the mixture and the
solution was stirred for 30 min before more CH3CN (2 mL) was added. The
solution was stirred until the initially dark red color had totally dissapeared
(about 1 h). The mixture was then extracted with CH2Cl2 and the resulting
organic layer was carefully washed with water and dried over Na2SO4. The
water was discarded by pouring it into a solution of sodium hypochlorite.
CH2Cl2 was removed to afford the demetalated rotaxane 11 as a colorless
solid (36 mg) quantitaively. Colorless solid; d� 8.68 (d, J� 8.1 Hz, 2 H; t3),
8.53 (d, 2 H, J� 1.8 Hz; t6), 8.36 (d, J� 7.9 Hz, 2 H; t3'), 8.25 (d, J� 8.9 Hz,
4H; Ho'), 8.21 (d, J� 8.6 Hz, 2 H; H4), 8.19 (d, J� 8.4 Hz, 2H; H4',7'), 8.16 (d,
J� 8.9 Hz, 4 H; Ho), 7.98 (d, J� 8.6 Hz, 2H; H3',8'), 7.96 (d, J� 8.6 Hz, 2H;
H3), 7.90 (t, J� 8, 2.2 Hz, 1H; t4'), 7.71 (s, 4H; H5,6 , H5',6'), 7.61 (dd, J� 8 Hz,
2H; t4), 7.20 (d, J� 8.6 Hz, 12 H; Hc), 7.07 (d, J� 8.6 Hz, 12 H; Hd), 7.00 (dd,
J� 8.6 Hz, 4H; Hb), 6.94 (d, J� 8.8 Hz, 4 H; Hm), 6.92 (d, J� 8.8 Hz, 4H;
Hm'), 6.65 (d, J� 8.8 Hz, 4H; Ha), 4.06 (m, 4H; Ha), 4.00 (m, 4H; Hd), 3.79
(m, 12 H; Hz, Hb,g), 2.86 (m, 4H; Hx), 2.08 (m, 4H; Hy), 1.28 (s, 54H; CH3);
MS (FAB-MS): m/z : 2192.2 ([M�H]� , 2191.9).


Synthesis of 10(5)
2� : Complex 11 (15.56 mg, 7 mmol) in CH2Cl2 (3 mL) was


introduced in a 10-mL flask and 1 mL of a 7 mm pale blue solution of
CuII(BF4)2 in CH3CN (i.e. 7 mmol) was added. The solution turned pale
green and the volume was brought up to 10 mL with CH3CN. This solution
was used for both UVand CV experiments. Part of it was evaporated to give
the mass characterization. Pale green solid; MS (FAB-MS): m/z : 2255.1
([MÿPF6]� , 2255.5).


Electrochemistry: Electrochemical experiments were carried out using a
EGG Princeton 273 A model potentiostat. All experiments were run at
room temperature. For analytical experiments, a standard three-electrode
cell was used. Potentials are referenced to an Ag wire pseudo-reference
electrode with 0.1 mol Lÿ1 tetrabutylammonium tetrafluoroborate as
supporting electrolyte in an acetonitrile/dichloromethane (4/1) mixture as
solvent. A platinum disc electrode (2 mm diameter) was used for CV
experiments. A platinum wire (0.6 mm diameter, 52 cm long) was used as
working electrode for electrolysis at controlled potential.
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2H-T1 Relaxation and Deuterium Quadrupole Coupling Constants in
Transition Metal h2-D2 Complexes


Vladimir I. Bakhmutov,*[a] Claudio Bianchini,*[b] Feliu Maseras,[c] Agusti Lledos,*[c]


Maurizio Peruzzini,*[b] and Evgeny V. Vorontsov[a]


Abstract: 2H-T1 min values of the classi-
cal D and non-classical D2 ligands in the
complexes pp3RuD2 ([D2]1), pp3OsD2


([D2]2), [pp3RuD(D2)]� ([D3]3), and
[pp3OsD(D2)]� ([D3]4) (pp3�P(CH2-
CH2PPh2)3) have been measured by
variable-temperature 2H NMR spectro-
scopy in CH2Cl2. The deuterium quad-
rupole coupling constants (DQCCs) for
the dihydrogen ligands in [D3]3, [D3]4,
[OsD(D2)Cl(CO)[P(iPr)3]2] ([D3]8) and
[Re(PMe3)4CO(D2)]� ([D2]10) have
been derived from the 2H-T1 min data
assuming four different models of inter-


nal D2 motion. By estimating the angle a


between the direction of the electric
field gradient and the motion axis, and
the asymmetry parameter h, from MO
calculations, we showed that the model
adopted can influence the calculation of
the DQCC. The DQCCs in the dideute-
rium complexes ranged between 47 and
86 kHz (or between 56 and 101 kHz
when a was close to the magic angle),


demonstrating clearly that the DQCC in
a D2 ligand is lower than that in com-
parable, classical deuteride systems. This
conclusion was supported by independ-
ent 2H-T1 min experiments carried out on
both [Cp*Ru(D2)(dppm)]� (dppm�
PPh2CH2PPh2) containing a D2 ligand
that was quite rigid (on the T1 NMR
time scale) and its classical analogue
[Cp*Ru(D)2(dppm)]� . The results can
be interpreted in terms of direct back-
bonding interactions between M and H
in an M ± H2 triangulo system.


Keywords: deuterium ´ NMR spec-
troscopy ´ osmium ´ ruthenium


Introduction


Since the discovery of transition metal ± dihydrogen com-
plexes,[1] 1H-T1 NMR relaxation has become an important
diagnostic method (the T1 criterion) for assessing the presence
of intact dihydrogen ligands in polyhydrido metal complexes.
In h2-H2 complexes the 1H ± 1H dipole ± dipole interactions
can effectively shorten the longitudinal relaxation times T1 to
less than 0.03 s (250 MHz), whereas values higher than 0.3 s
are observed for classical dihydride systems.[2]


Besides the determination of J(H,D) coupling constants in
the monodeuterated h2-HD derivatives,[1b,c] a physical param-


eter that may be very relevant to the structural character-
isation of polyhydrido metal complexes in solution is the
deuterium quadrupole coupling constant (DQCC). The for-
mation of a chemical bond creates a strong non-homogeneous
electric field along its direction (the z axis). A measure of this
field is the magnitude of the electric field gradient,[3a] qzz�
q2V/q2z, where V is the electrostatic potential at the atomic
nucleus. The electric field gradient at deuterium, expressed as
the DQCC, is affected by the element ± deuterium (X ± D;
X=M) bonding interaction,[3] and by other well-known
factors;[3a] in particular, the DQCC depends on the nuclear
charge of the atom X, and rises as the X ± D bond length
decreases. Recently it has been suggested that the DQCC also
reflects the ionicity of the metal ± deuterium bond in classical
perdeuterated polyhydrido complexes.[4] For all of these
reasons, DQCC measurements may be extremely important
to studies of the nature of M(H2) bonding.


Both theoretical and experimental methods have been
developed recently to determine the DQCC of deuterium in a
metal complex.[3, 5a,b]


Molecular orbital (MO) calculations on a [Rb ± D2]� model
compound[3c] have predicted that the DQCC may vary from
approximately 15 to 155 kHz when the rubidium dihydride
species is transformed into the h2-H2 derivative (in the free
HD molecule, a DQCC of 227 kHz has been measur-
ed).[3a]
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The electric field gradient is the sum of nuclear and
electronic terms (Equation (1), where e is the electronic
charge, n is the index of the other nuclei with charge Kn and i is
the index of the electrons of the molecule).[3]


eqzz�
X


n


Kn(3z2
nÿ r2


n�/r5
nÿ ehy* j


X
i


(3z2
i ÿ r2


i �/r5
i jyi (1)


For the free HD molecule, this equation leads to a nuclear
contribution (to the total DQCC) of 404 kHz (r� 0.79 �).[3a]


When the HÿH distance is 0.85 �, this contribution is reduced
to 312 kHz. Since dihydrogen coordination to a transition
metal centre results in an elongation of the HÿH bond,[1] the
DQCC value of 155 kHz obtained from theoretical calcula-
tions for the [Rb ± D2]�model[3c] seems to be quite reasonable.


An experimental method for calculating the DQCC is
based on determination of the quadrupole splitting (Dnq) of
deuterium from solid-state 2H NMR spectra [5a,b] (Equa-
tion (2), in which a is the angle between the direction of the


Dnq� 0.75 DQCC ´ 0.5 (3cos a2ÿ 1) (2)


electric field gradient and the motion axis with an order of
symmetry greater than 2).[5b]


This method, however, cannot be applied universally as the
calculation of DQCC from Dnq depends strongly on internal
D2 motion. Equation (2) transforms into Equation (2a) in the


Dnq� 0.75 DQCC (2a)


absence of motion. For example, experimental data for the
complex [W(D2)(CO)3{P(iPr)3}2]show a resonance with a
quadrupole splitting (Dnq) of 62 kHz in the solid-state
2H NMR spectrum.[5a] If fast D2 rotational diffusion (Fig-
ure 1a) with a� 908 (the major axis of the electric field lies


Figure 1. Motion of the H2 ligand: a) rotational, b) librational.


along the DÿD bond) is assumed, a Dnq value of 62 kHz gives
DQCC� 165 kHz. In the absence of intensive D2 motion
[Eq. (2a)], 62 kHz would give a DQCC value of 82.7 kHz.
According to the 1H NMR spectra, the H2 ligand in solid
[W(H2)(CO)3{P(iPr)3}2] undergoes a zero-point libration in a
twofold well with an averaged libration angle f of 168
(Figure 1b).[5c] In this case, Equation (2) is not valid and thus
the DQCC value in the complex may assume values between
83 and 165 kHz.


We show here that variable-temperature 2H-T1 relaxation
experiments in solution may indeed provide an alternative,
valid method for the determination of DQCC in non-classical
dideuterium ± metal complexes.[4] The classical or non-classi-
cal polyhydrido structures of all the compounds investigated


(1 ± 11) have been determined unambiguously by a variety of
solid-state and solution techniques.[6b, 7, 8b, 9a]


Results and Discussion


DQCCs from MO calculations : A theoretical study of a
simple [Rb ± D2]� model[3c] has recently shown that the
transformation of the Rb dideuteride species into the
dideuterium isomer is accompanied by both a change in
DQCC from approximately 15 to 155 kHz and an increase in
the asymmetry parameter h (h�j qxxÿ qyy j /qzz) from 0.025 to
0.62. It has also been reported that the orientation of the main
axis of the electric field gradient, which is aligned with the
DÿD bond in the dideuterium molecule, rotates towards the
MÿD bond as the DÿD bond is broken. According to the
calculations, the angle a (Figure 1a) in the dihydrogen ligand
assumes a value of 778.


For the transition metal complexes that we investigated, our
calculations have revealed a similar tendency (Table 1). In
particular, the a and h values for the D2 ligands are in the


Table 1. Electric field gradients (qZZ), asymmetry parameters (h), DQCC
and a values calculated for some perdeuterated molecular hydrogen
complexes.


Complex qZZ h DQCC[a] a


[au] [kHz] [8]


[W(D2)(CO)3(PH3)2] ÿ 0.1767 0.64 119 84
[WD(NO)(CO)2(PH3)2] ÿ 0.1044 0.078 70.2 ±
[OsD(D2)(CO)Cl(PH3)2] ÿ 0.1830 0.085 123 ±
[OsD(D2)(CO)Cl(PH3)2] ÿ 0.1919 0.481 129 84
[P(CH2CH2PH2)3Ru(D2)D]� ÿ 0.1314 0.056 88 ±
[P(CH2CH2PH2)3Ru(D2)D]� ÿ 0.2231 0.45 150 84


ÿ 0.2141 0.49 144 83
[P(CH2CH2PH2)3Os(D2)D]� ÿ 0.1490 0.053 100 ±
[P(CH2CH2PH2)3Os(D2)D]� ÿ 0.1601 0.83 108 74


ÿ 0.1530 0.87 103 72


[a] The DQCC values has been calculated from the equation: DQCC�
672 qzz where 672 is the conversion factor for the deuteron [kHz auÿ1] (see
reference [3a]).
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range 73 ± 848 and 0.45 ± 0.87, respectively. The DQCC values
increase on going from the classical deuteride ligands to the
non-classical deuterium ones. Interestingly, this effect is very
weak for [pp3Os(D2)D]� ([D3]4) and [OsD(D2)(CO)Cl-
(PH3)2] ([D3]8) as the calculated DQCC values for the D
and D2 ligands are practically identical, indicating that the
DQCC difference for classical and non-classical deuteride
ligands depends on the nature of the transition metal. The D2


ligands in complexes [D3]3 and [D3]4 have two inequivalent
deuterium atoms arising from the difference in their inter-
actions with the terminal deuterium ligand.[10] It is noteworthy
that the h values calculated for the classical deuteride ligands
are very close to 0, in excellent agreement with the solid-state
2H NMR spectra of metal complexes containing terminal
deuterides.[3]


The DQCC values in Table 1 range between 103 and
150 kHz and, as expected, are remarkably lower than that
measured for free HD (227 kHz).[3a] Nevertheless, these
constants may be overestimated because the DQCCs for the
CD2 groups proximal to the phosphorus donors in
[P(CH2CH2PH2)3Ru(D2)D]� and [P(CH2CH2PH2)3Os(D2)-
D]� (models for [D3]3 and [D3]4, respectively) are 201 ±
204 kHz (calculated) and 167 kHz (determined by solid-state
2H NMR experiments on aliphatic C ± D groups).[5b] More-
over, for the classical deuteride ligands in [WD(NO)-
(CO)2(PH3)2] and [OsD(D2)(CO)Cl(PH3)2], the calculations
give DQCCs of 70.2 and 123 kHz, respectively, whereas much
lower values were found experimentally (55.2 and 87.3 kHz
for [WD(NO)(CO)2(PMe3)2][4] and [OsD(D2)(CO)Cl{P(i-
Pr)3}2],[9a] respectively).


The computed ab initio values of DQCC do not show good
quantitative agreement with experimental data,[11] and, in
general, give DQCCs for dideuterium which are not much
higher than those of the classical dideuteride ligands. None-
theless, the calculations have provided more reliable a and h


values for the D2 ligands than those obtainable from equations
containing additional parameters to be determined experi-
mentally.[3b]


2H relaxation theory and the influence of internal D2 motion
on DQCC values : 2H spin ± lattice relaxation in solution is
dominated by quadrupole interactions (Equation (3), where I


1/T1� 0.06 p2(2I� 3)(I2(2Iÿ 1))ÿ1(e2qzzQ/h)2(1�h2/3)
(tmol/(1�wD


2tmol
2)� 4 tmol/(1� 4 wD


2tmol
2))


(3)tmol� t0 exp(Eact/RT)


h�jqxxÿqyy j /qzz


is the spin of D, h represents the asymmetry parameter of the
electric field gradient on D, (e2qzzQ/h) is the DQCC reflecting
the electric field gradient on D and tmol is the correlation time
of isotropic molecular re-orientations).[6a]


The isotropic approximation in quantitative interpretations
of T1 min relaxation data is valid in spite of the anisotropic
character of the molecular motion of transition metal hydride
complexes.[6b,c] When T1 reaches a minimum (T1 min), the
DQCC value can be calculated readily by means of Equa-


tion (4), where DQCC, n and T1 min are measured in kHz, MHz
and s, respectively.[4]


DQCC� 1.2201(1� h2/3)ÿ1/2 (n/T1 min)1/2 (4)


Accordingly, the observation of 2H-T1 min provides a simple
and reliable method for the determination of the DQCC in
non-classical D2 metal complexes if the h values are known
and the deuterium ligands are relatively immobile (that is, the
correlation time of any internal motion of the D2 ligand must
be much greater than tmol).


According to theoretical and experimental data,[3a,c] the
asymmetry parameter h is close to 0 in terminal deuterides
and in free D2, but is expected to be non-zero in non-classical
D2 ligands. It can reach 0.85 in transition metal ± dihydrogen
complexes (Table 1). A simple estimate shows that even in
this case the magnitude (1� h2/3)1/2 in Equation (4) gives a
value of only 1.1. On this basis it is evident that the effect of h


on the calculation of the DQCC is not dramatic, although
some ambiguity may always be present.


Fast intramolecular rotation of the D2 ligand around the
axis perpendicular to the DÿD bond with the correlation time
tD2� tmol may generate strong effects on the DQCC
calculation, however (Figure 1a). The influence of this
rotation on the 1H relaxation properties of dihydrogen
complexes has been analysed thoroughly by Morris and
Wittebort.[12a] The same approach (in terms of Woessner�s
equations[12b]) gives Equation (5), where a is the angle
between the rotation axis and the direction of the main axis
of the electric field gradient (Figure 1a).


DQCC� 2.4402 (1� h2/3)ÿ1/2[n/T1 min ´ (3cos2 aÿ 1)2]1/2 (5)


From an analysis of this expression, it is readily evident that
the fast D2 rotation with a� 908 results in a two-fold increase
in the DQCC calculated from T1 min. According to the
theoretical calculations, a may assume values ranging from
of 83 to 738 in the transition metal ± dihydrogen complexes
investigated (Table 1) and 778 in [RbD2]� . This situation
generates a stronger effect which, however, can be estimated
using Equation (5). Interestingly, the fast D2 rotation leads to
a remarkable elongation of 2H-T1 min relative to the relaxation
time of an immobile D2 ligand.


Figure 1b illustrates a D2 ligand undergoing the above-
mentioned librational motion in a two-fold potential well
when the barrier to rotation is quite high (Erot>Eact in
Equation (3)). The 1H-T1 relaxation behaviour of such com-
plexes was analysed by Morris and Wittebort.[12a] The
deuterium relaxation can be treated in a similar manner on
the basis of Woessner�s functions of spectral density.[12b] For a
fast-spinning D2 ligand, these functions take the form of
Equations (6a) and (6b), where tc� [1/tmol� 1/tD2]ÿ1, tmol is
the correlation time of molecular re-orientations, tD2 is the
correlation time for the D2 motion and a is the angle between
the motion axis and the electric field gradient vector.


J(w)� 0.25 (3cos2 aÿ 1)2 (tmol/(1�w2tmol
2)


� 0.75 sin2 2a (tc/(1�w2 tc
2)� 0.75 sin4 a (tc/(1�w2 tc


2) (6a)


J(2w)� 0.25 (3cos2 aÿ 1)2 (tmol/(1� 4w2 tmol
2)


� 0.75 sin2 2a (tc/(1� 4w2 tc
2)� 0.75 sin4 a (tc/(1� 4w2 tc


2) (6b)
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For a fast-spinning D2 ligand with 1/tD2� 1/tmol the
maximum of the [J(w)� 4J(2w)] function gives Equation (5),
and a slow D2 motion (1/tmol� 1/tD2) corresponds to
Equation (4).


Taking the dihydrogen libration into account, Equations
(6a) and (6b) can be written as Equations (7a) and (7b), where
f is the libration angle [radians].[12a]


J(w)� 0.25 (3cos2aÿ 1)2 (tmol/(1�w2 tmol
2))


� 0.75 (sin2 2a� sin4 a) (1ÿ 4 hfi2) (tmol/(1�w2 tmol
2)) (7a)


J(2w)� 0.25 (3cos2 aÿ 1)2 (tmol/(1� 4 w2 tmol
2))


� 0.75 (sin2 2a� sin4 a)(1ÿ 4 hfi2) (tmol/(1� 4w2 tmol
2)) (7b)


Thus, when f� 0, the maximum of the [J(w)� 4J(2w)]
function corresponds to Equation (4) describing a slow-
spinning D2 ligand.


The effect of the librational motion (causing the elongation
of the 2H-T1 min with respect to the relaxation time of the slow-
spinning D2 ligand) can be estimated quantitatively for
different f (or a) values as factor F in Equation (8), where
Jmax


slow and Jmax
libr are maxima of the [J(w)� 4J(2w)] functions


calculated for the slow and librational motion, respectively.


DQCC� 1.2201 (1�h2/3)ÿ1/2[n/(T1 min F)]1/2


(8)
F� (Jmax


slow/Jmax
libr �ÿ1


The Jmax magnitudes can be calculated easily by standard
computer programs.


Table 2 lists the F factors obtained for complexes [D3]3,
[D3]4, [D3]8 and [Re(PMe3)4CO(D2)]� ([D2]10), when their
D2 ligands undergo librational motion, with the f values


calculated on the basis of the 1H-T1 min studies.[12a] For
simplicity, these factors were obtained by assuming that in
all complexes a is 778 and h is 0.62. In turn, these values were
averaged magnitudes obtained from the above MO calcula-
tions. As previously shown, the maximal influence of the
librational motion is reasonably expected for complex [D3]4,
where f is maximum.


According to the F and DQCC values obtained for the
D2 ligand in [D3]4 (Table 3), the compound undergoes
libration motion (f� 238) with variation of a (the angle
between the direction of the electric field gradient and the
motion axis). As a consequence, the maximum effect (corre-
sponding to the minimum F value in Table 3) is observed
when a is close to the magic angle. Accordingly, the
theoretical analysis of [D3]4 shows that an ambiguity in a


can produce a 17 % underestimation of the DQCC calculated
from the T1 min data.


2H NMR spectra and relaxation data: 2H-T1 min data obtained
for the molecular deuterium complexes studied in this work
are collected in Table 4 with relevant data from the literature.


Complexes [D3]3 and [D3]4 were prepared directly in the
NMR tubes by protonation of [D2]1 and [D2]2 dissolved in
CH2Cl2 with a five-fold excess of CF3COOD.


In good agreement with the 1H NMR data,[7a,b] the room-
temperature 2H NMR spectra of [D2]1 and [D2]2 in CH2Cl2


showed fast D/D exchange. The deuteride scrambling was
slowed below 230 K for [D2]1, so that we could measure the
2H-T1 min and then calculate the DQCC for both D ligands,
using Equation (4) with h� 0 (Table 5). Unfortunately, the


exchange process in [D2]2 was fast on the NMR time scale
even at 180 K, so the T1 min and the DQCC values could be
evaluated only for the averaged 2H resonance.


It has been reported recently that DQCC values are related
to the ionicity of the metal ± deuterium bond.[4] We can
calculate the ionicity of the RuÿD bonds in [D2]1 (0.66 and
0.68) and the OsÿD bonds in [D2]2 (0.65). These values are


Table 2. F values for the complexes [D3]3, [D3]4, [D3]8 and [D2]10
assuming that the dideuterium ligands undergo librational motions with a
libration angle f.


Complex f [8] Factor F


[D3]3 13 0.83113
[D3]4 23 0.47186
[D3]8 16 0.74445
[D2]10 19 0.63966


Table 3. F factor and DQCC value[a] in [D3]4 (f� 23o) calculated with
various a values.


a Factor DQCC [kHz]


90 0.51705 60.3
77 0.47186 63.1
67 0.4031 68.3
57 0.3580 72.5
47 0.3813 70.2
37 0.4903 61.9


[a] Calculated with h� 0.62 and 2H-T1 min� 0.0431 s (see Table 4).


Table 4. 1H- and 2H-T1 min data for the H2 and D2 ligands in the dihydrogen
and dideuterium complexes (the 2H relaxation measurements were carried
out in CH2Cl2 or [H8]toluene solutions).


Complex 1H-T1 min [s][a] 2H-T1 min [s] r(HÿH)[b] J(H,D)[c]


(at 400 MHz) (at 61.402 MHz) [�] [Hz]


3 0.008 0.0434 0.92 29.7
4 0.0293 0.0431 1.04 22.5
5 0.0111 0.0237 ± < 10
8 0.00844[9a] 0.0147[9a] 0.91 30.5
9 0.0065 0.0164[4] 0.90[9b] ±


10 0.012 0.0253[4] 0.96 27.7


[a] Taken from reference [12a] and recalculated for 400 MHz. [b] Calcu-
lated from the J(H,D)/r(HÿH) correlation (see reference [12a]). [c] Taken
from reference [12a].


Table 5. 2H-T1 min data and DQCC values for classical deuteride com-
plexes.


Complex T1 min [s] Solvent DQCC
(at 61.402 MHz) [kHz]


[pp3RuD2] ([D2]1) 0.017[a] CH2Cl2 73.3
0.0158[b] 76.1


[pp3OsD2] ([D2]2) 0.0144 CH2Cl2 79.7
[pp3Ru(D2)D]� ([D3]3) 0.0118 CH2Cl2 88.0
cis-[ReD(PMe3)4CO] ([D1]6) 0.0165[4] CH2Cl2 74.4
[OsD(D2)(CO)Cl(PiPr3)2]([D3]8) 0.012[9a] toluene 87.3
[ReD2(PMe3)4CO]� ([D2]7) 0.0163[4] CH2Cl2 74.9


[a] Low-field resonance. [b] High-field resonance.
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quite reasonable in view of the strong donor properties of the
pp3 ligand, which makes the protonation reaction a very
simple process capable of generating the corresponding
dideuterium complexes [D3]3 and [D3]4.


Due to the fast D/D2 exchange,[7b] the dihydrogen complex
[D3]4 displays a single resonance in its 2H NMR spectra, even
at the lowest temperature investigated in CH2Cl2 (T1 min�
0.0259 s), and therefore no direct T1 min measurement for the
D and D2 ligands in [D3]4 could be made. Accordingly, the D2-
T1 min for the osmium complex (Table 4) was calculated using
the value of 0.0144 s measured for the D ligands in [D2]2. In
keeping with the reported 1H NMR data,[7a] the D/D2


exchange in [D3]3 was frozen below 230 K and the T1 min for
the D and D2 ligands in the ruthenium derivative (Tables 4
and 5) were measured separately.


As the deuterium relaxation experiments on [D3]3 and
[D3]4 were carried out in the presence of an excess of
CF3COOD, a slow CF3COOD/MD2 exchange, operating on
the T1 time scale, might have affected the relaxation measure-
ments. However, comparison of the T1 values for the
CF3COOD and D2 resonances in CF3COOD and [D3]3
allowed us to rule out this possibility and also supported our
measurements (Table 6).


A DQCC of 68.7 kHz was calculated for [Ru(PPh3)3-
D2(D2)] ([D4]5)[8a] on the basis of variable-temperature T1


measurements for an averaged Ru ± 2H resonance (in this case
also, the D/D2 exchange was fast in [H8]toluene, even at the
lowest temperature investigated) and for C ± D resonances of
the phenyl rings at a 2D frequency of 30.701 MHz. According
to Equation (4), a DQCC of 68.7 kHz corresponds to T1 min�
0.0194 s at 61.402 MHz. Interestingly, this value scaled up to
30.701 MHz (0.0097 s) is very close to the experimental T1


value (0.011 s) measured for a solution of [D4]5 in [H8]toluene
at 190 K.[8a] To characterise the D2 ligand in [D4]5, we used the
above value, T1 min� 0.0194 s for the averaged D resonance,
and T1 min� 0.0164 s measured for the classical D ligands in
[D2]1 (see Table 5). With this approach, a value of 0.0237 s
was obtained for 2H-T1 min (Table 4).


It is well known that the deuterium relaxation is governed
by quadrupole interactions[6a] and therefore the contribution
to the relaxation of deuterium caused by deuterium ± proton
dipole ± dipole interactions (protons from solvents or ancillary
ligands) is small and may be neglected. To verify this
hypothesis, we looked at the deuterium spectra of [D3]3 and
of its monodeuterated isotopomer [pp3Ru(HD)D]� ([D2]3),
which was prepared in situ in an NMR tube by adding a six-
fold excess of (CF3)2CHOH to [D2]1 in CH2Cl2. In agreement
with the literature data,[7a] the hydride region of the 2H NMR


spectrum of [D2]3 (200 K) included the D ± H resonance as a
broad doublet at d�ÿ3.6 (J(H ± D)� 30 Hz) accompanied
by a broad singlet at d�ÿ8.9 due to the classic deuteride
ligand. In a 2H{1H} experiment the doublet transformed into a
narrow singlet. Comparison of the 2H-T1 values for [D3]3 and
[D2]3 (Table 7) demonstrated clearly that the 1H nucleus in


the (H ± D) ligand makes no contribution to the relaxation rate
of deuterium in spite of the very short DÿH distance (0.92 �).[10c]


Four of the six dihydrogen compounds reported in Table 4
are positively charged. The influence of the charge on T1 min


and DQCC can be deduced from studies of classical M ± D
systems as the simple determination of DQCC from T1 min


became accessible with Equation (4). In this case h� 0 and
the D ligands undergo motion with the correlation time tmol .
Comparison between cis-[DRe(PMe3)4CO] ([D4]6) and
[D2Re(PMe3)4CO]� ([D2]7) or, especially, between [pp3RuD2]
([D2]1) and [pp3Ru(D2)D]� ([D3]3) (Table 5) suggests that a
decrease in 2H-T1 min (or, mutatis mutandis, an increase in
DQCC) occurs when the complex bears a positive charge. In
terms of a point-charge model[3a] this effect is reasonable,
because an increase in a point charge on the metal centre
causes development of an additional electric field gradient
along the metal ± D bond.[3]


From Table 4 it appears that the 2H-T1 min values for the D2


ligands of complexes 3 ± 10, ranging from 0.014 to 0.044 s, do
not correlate simply with the structural parameters r(H ± H)
or J(H ± D) and there is a lack of any correlation between the
1H and 2H relaxation properties of the complexes. However,
the 2H-T1 min value, although dependent mainly on the electric
field gradient at the deuterium nucleus, depends also on the
chemical properties of the D2 ligand. As an example, whereas
the Os complex 8 is characterised by fast and reversible H2


dissociation in solution,[9a] the dihydrogen ligand in the Os
complex 4 is very stable in solution and does not undergo H/D
exchange when exposed to a D2 atmosphere for 12 h.[7b] In
agreement with this dichotomy in their macroscopic proper-
ties, the 2H-T1 min value in [D3]8 is significantly shorter than in
[D3]4. Similar effects hold also for the Ru complexes 5 and 3 :
H2 dissociates reversibly from 5,[8a] whereas the H2 ligand in 3
is quite robust.[7a] Similarly, the Re complex cis-[Re-
H(H2)(NO)(CO)(PMe3)2](CF3COO) (9), readily undergoes
H2 displacement by trifluoroacetate above ÿ70 8C in
CD2Cl2,[4, 8b] whereas the related complex [Re(H2)(PMe3)4-
(CO)](CF3COO) (10) is transformed irreversibly into the
classical dihydride [ReH2(PMe3)4(CO)](CF3COO) above
ÿ30 8C.[8b]


MO calculations have shown that DQCCs in the dideute-
rium ligand may vary from 103 kHz in the model [Os(P(CH2-


Table 6. Variable-temperature 2H-T1 data (61.402 MHz) for the OD and
D2 resonances in a solution of [D3]3 and CF3COOD in CH2Cl2.


T [K] T1 [ms]
CF3COOD D2


180 5.7 58.8
190 6.5 43.4
200 11. 4 78.3
210 15.1 79.4


Table 7. 2H-T1 data for [D3]3 and its monoprotiated isotopomer ([D2]3) in
CH2Cl2.


Complex T1 [s] T [K]
Ru(D2) or Ru(H-D) RuD


[D3]3 0.0586 0.0165 180
[D2]3 0.0545 0.0145 180
[D3]3 0.0780 0.0158 200
[D2]3 0.0815 0.0168 200
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CH2PH2)3)(D)(D2)]� to 155 kHz in [Rb(D2)]� . For immobile
D2 ligands, the corresponding 2H-T1 min values are calculated
by Equation (4) to be very short: 0.0076 and 0.0034 s,
respectively (61.402 MHz, h� 0.62). In general, MO calcu-
lations predict a decrease in T1 min on going from a classical
hydride ligand to its dihydrogen tautomer. This phenomenon
is not observed in the relaxation experiments summarised in
Tables 4 and 5, however. In contrast, the 2H-T1 min times listed
in Table 4 are quite long and, in going from classical to non-
classical ligands, an opposite effect, a prolongation of 2H-
T1 min, is evident. This effect is still reduced for the neutral Os
complex [D3]8 (0.012 s for OsD and 0.0147 s for Os(D2)), but
it is very pronounced for the cationic complexes [D3]3 and
[D3]4 (see Tables 4 and 5).


The discrepancy between the experimental 2H-T1 min and
the values expected on the basis of the MO-calculated DQCC
values is probably related to intrinsic problems in the MO
calculations.[11] However, the 2H-T1 min values in Table 4 can be
affected by fast internal D2 motion (which leads to prolonga-
tion of T1 min , relative to that of an immobile-H2 ligand).


From the theoretical analysis, the rationalisation of 2H-
T1 min in terms of internal D2 motion is evidently difficult, as
the a and h values corresponding to a dihydrogen ligand are
generally both unknown. Although the uncertainty in h is not
dramatic (see the section on relaxation theory), the ambiguity
in the character of internal (D2) motion and in a may be quite
critical, as it may be responsible for significant errors in the
DQCC value calculated from the T1 min data (see, for example,
Table 3). We have calculated the DQCCs for the D2 ligands in
3 ± 10 (Table 8), assuming that one of the following modes of


motion may take place in the non-classical D2 complexes: i) a
slow D2 rotation (SR); ii) a fast D2 rotation with a� 908
(FR(908)); iii) a fast D2 rotation with a� 778 (FR(778)); iv) a D2


libration with a� 778 (L). Within the limits of the libration-
motion model, the libration angles (f) derived from the 1H re-
laxation studies of complexes 3, 4, 8 and 10 have been used.[12a]


The data obtained show clearly that the experimental
DQCC values are in fairly good agreement with the MO
calculations for complexes 3, 4 and 8 if a free-spinning D2


ligand motion (FR model) is assumed. As a consequence, the


DQCCs of the D2 ligands are higher than those found for the
classical hydrides and lower than that (227 kHz) found for the
free HD molecule.[3a] This model, however, may be question-
able because, according to recent data for the protiated
isotopomers,[12a] the dihydrogen ligands in 3, 4, 8 and 10
undergo a librational motion in solution. The same type of
motion was detected even in the solid state for [W(H2)(CO)3-
{(P(iPr)3)}2].[5c]


Detailed IR, Raman and INS (inelastic neutron scattering)
studies have shown that the Kubas complex [W(H2)(CO)3-
(PCy3)2] (Cy� cyclohexyl) exhibits low-frequency torsional
modes (associated with the librational motion depicted in
Figure 1b) which are even more populated in the D2 isoto-
pomer at 300 K.[13] Considering this important result and the
1H relaxation data reported above, we conclude that the L
model is the most probable one. The D2 rotation with a
frequency near the Larmor NMR frequency[12a] can be ruled
out because no distortions[12a] from the usual V-shape of the
ln(2H-T1) versus 1/T plots were observed for 3 and 8 in
solution.[9a]


Hence, an important conclusion may be drawn from these
2H-relaxation studies: the DQCCs in the perdeuterated
isotopomers of dihydrogen ligands (reflecting the electric
field gradient on the D atoms) can be significantly lower than
those measured for classical deuterides. A paradigmatic
example is the Ru complex [D3]3, in which the D2 and D
ligands exhibit DQCCs of 47 kHz and 88 kHz, respectively.
Moreover, this conclusion remains valid in spite of the
uncertainty affecting the DQCC values, which can be under-
estimated by as much as 17 % because of the ambiguity in
evaluating a (47 kHz became 58 kHz as a approached the
magic angle). To support this conclusion further, we studied
the 2H relaxation of the complex [Cp*Ru(D2)(dppm)]BF4


([D2]11). The protiated isotopomer of 11 was studied in
detail.[14] Inter alia, it was demonstrated that the H2 ligand in
11 does not undergo any librational motion and also has a high
rotational barrier,[12a] computed to be 4.2 kcal molÿ1.[12c]


The DQCC value for the D2 ligand in this complex was
determined directly from the 2H-T1 min measurements. In
excellent agreement with the data reported by Morris et al.,[14]


the 2H NMR spectrum of complex [D2]11 in CH2Cl2 shows the
presence of both classical and non-classical tautomers with
NMR parameters close to those given in the literature. Morris
and co-workers have shown that the H/H exchange between
classical and non-classical isomers is already frozen out on the
1H-T1 NMR time scale at 250 K (at 400 MHz). In keeping with
the literature data, we have measured different 2H-T1


relaxation times for the classical (37.9 ms) and the non-
classical (49.4 ms) tautomers of [D2]11 at 230 K (at 76.75 MHz
for deuterium, 500 MHz for 1H). The T1 min values for the two
tautomers, determined at 185 ± 190 K to be 17.0 and 24.3 ms
respectively, demonstrate clearly that the 2H relaxation time
increases on going from the classical Ru ± D ligand to the non-
classical Ru ± D2 ligand. These values correspond to DQCCs
of 82 and 64.6 kHz, respectively, using Equation (4) and
asymmetry parameters of 0 and 0.62 for the two cases. The
two positively charged complexes [D3]3 and [D2]11 exhibit
similar DQCC values (88 and 82 kHz, respectively) for the
classical deuteride ligand.


Table 8. DQCC values for the D2 ligands in complexes 3 ± 5 and 8 ± 10
assuming various models for the dideuterium motion.[a]


Complex f DQCC[b] [kHz]
SR FR(908) FR(778) L C


[D3]3 (Ru) 13 43.2 86.4 101.9 47.4 88.0 (88 )[c]


93[d] (147)[c]


[D3]4 (Os) 23 43.4 86.8 102.2 63.1 79.7 (100)[c]


111[d] (105)[c]


[D4]5 (Ru) ± 58.5 117.0 137.9 ± ±
[D3]8 (Os) 16 74.2 148.5 175 (129)[c] 86.0 87.3
[D3]9 (Re) ± 70.3 140.6 165.7 ± 67.5
[D2]10 (Re) 19 56.6 113.2 133.4 70.8 74.4


[a] For simplicity, an h value of 0.62 has been assumed for all the
dihydrogen ligands. [b] C� calculated for the classical deuteride ligand
assuming h� 0; other abbreviations are defined in the text. [c] Determined
from the molecular orbital calculations. [d] Calculated from the T1 min


value on the basis of a and h values resulting from the quantum chemical
calculations.
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Our DQCC results allow us to make some interesting
observations on the oxidative addition of H2 to a transition
metal centre. Along the reaction coordinate leading to the
formation of a molecular hydrogen complex and then to the
classical dihydride, we observe an initial decrease in the
DQCC from 227 kHz (as in the free dideuterium) when the
dideuterium complex forms, followed by an increase when the
classical dideuteride forms. For the [pp3Ru] derivative (Fig-
ure 2, curve 1), the bond ionicity (i), calculated from the


Figure 2. Variation of DQCC versus the reaction coordinate along the
oxidative addition of D2 for the systems M�D2 (1) and Rb��D2 (2), (M�
transition metal fragment).


DQCC,[4] increases from 0 in the free dihydrogen (i� 1ÿ
DQCC/227) to 0.79 as soon as the D2 ligand in [D3]3 forms,
then decreases to 0.61 for the D ligand in [D3]3 or to 0.66 and
0.68 for the classical deuteride complex [D2]1.


Detailed vibrational data and theoretical calculations for
[W(H2)(CO)3(PCy3)2] have shown that the W ± H2 fragment is
better described as a triangulo system with a direct back-


bonding interaction between M
and H rather than as a pure
T-shaped system[13] (Scheme 1).
Such a formulation of dihydro-
gen complexes can provide a
better explanation of our
DQQC data for complexes


[D3]3 and [D3]4 and points to an increasing role of the nuclear
(metal centre) contribution to the electric field gradient
experienced by the deuterium atom(s) in the non-classical
ligand [see Eq. (1)].


Figure 2 (curve 2) represents schematically the DQCC
changes along the reaction coordinate describing H2 addition
to an Rb� centre acting as a Lewis acid.[3c] In the absence of
any back-bonding interaction, the DQCC value quickly
decreases with the lengthening of the D ± D bond to give
two distinct Rb ± D bonds, calculated[4] from DQCC�
15 kHz[3c] to have a very high ionicity (0.93). With the
considerations described above, this result is reasonable.


The increase in T1 min in Table 4 (reflected by the decrease in
DQCC in Table 8) in the pairs 4 ± 8, 9 ± 10 and 3 ± 5 corre-
sponds to an increase in the triangulo character of the bonding
mode within the MH2 assembly, with proportional reduction
in the trend towards H2 dissociation.


Conclusion


2H-T1 min values of both D and D2 ligands in the series of
perdeuterated complexes 1 ± 4 were measured using variable-
temperature 2H NMR spectra. The DQCCs for the dideute-
rium ligands were determined from the T1 min data using
different models of internal D2 motion. The angle a and the
asymmetry parameter h were estimated by MO calculations.
Among the motion models considered, it has been shown that
the librational one accounts the most realistically for the
behaviour of complexes [pp3Ru(D2)D]� ([D3]3), [pp3Os-
(D2)D]� ([D3]4), [OsD(D2)(CO)Cl{P(iPr)3})2] ([D3]8) and
[ReD2(PMe3)4CO]� ([D2]10). According to this model, the
calculated DQCC values in the non-classical complexes
studied are in the range 47 ± 86 kHz (or 56 ± 101 kHz if a is
close to the magic angle), demonstrating clearly that DQCC
values for the dideuterium ligands may be lower than for the
corresponding classical deuteride systems. This result can be
interpreted in terms of a strong back-bonding interaction
between the transition metal centre and the hydrogen ligand
in an M ± H2 triangulo moiety.[13]


Experimental Section


The NMR studies were carried out in standard 5 mm NMR tubes
containing solutions of the complexes in CH2Cl2 or in CH2Cl2 ± [H8]to-
luene mixtures. The solvents were dried by conventional procedures and
were freshly distilled under an inert atmosphere before use. The 2H NMR
data were collected with a Bruker AMX 400 spectrometer operating at
61.402 MHz, or for complex [D2]11 on a Bruker DRX 500 instrument
operating at 76.773 MHz. The conventional inversion ± recovery method
(180-t-90) was used to determine the variable-temperature longitudinal-
relaxation time T1. The relaxation times were calculated using the
appropriate nonlinear three-parameter fitting routine. In each experiment,
the waiting period was longer than five times the expected relaxation time
and 16 ± 20 variable delays were employed. The duration of the pulses was
controlled at each temperature. The errors in T1 determinations were below
5% (this was checked with various samples).
Theoretical calculations of the electric field gradients and DQCC were
carried out with the GAUSSIAN 94 package of programs.[15a] Calculations
were performed on the model complexes [P(CH2CH2PH2)3Ru(D)(D2)]� ,
[P(CH2CH2PH2)3Os(D)(D2)]� , [Os(PH3)2(CO)(Cl)(D)(D2)], [W(PH3)2-
(CO)3(D2)] and [W(PH3)2(CO)2(D)(NO)] at the Becke3LYP computa-
tional level.[14b±d] The basis set was LANL2DZ for the metal atoms, and for
the P and Cl atoms;[15e,f] 6-31G was used for the other atoms.[15g] Polarisation
d functions were added for P and Cl,[15h] as well as for N and O atoms.[15i]


Polarisation functions were also added for all carbon atoms directly
attached to the metal centres. All geometries were fully optimised with this
computational method, with no symmetry restrictions.
Computed H ± H distances in [Ru(P(CH2CH2PH2)3)(H)(H2)]� (0.8134 �),
[Os(P(CH2CH2PH2)3)(H)(H2)]� (0.8656 �) and [Os(PH3)2(CO)(Cl)-
(H)(H2)] (0.8112 �) correspond well with the dihydrogen nature of the
complexes. The H ± H separations for the two pp3 model complexes match
well with the bond distance previously calculated by ab initio methods.[10c]


The perdeuterated hydrides [pp3RuD2] ([D2]1) and [pp3OsD2] ([D2]2) were
prepared according to the published procedure for the protiated analogue-
s[7a,b] by using deuterated solvents and reagents. They were recrystallised
from benzene ± [D1]ethanol mixtures. The isotopic purity was generally
higher than 95% (checked by 1H NMR integration). Complexes [D3]3 and
[D3]4 were prepared by protonation of [D2]1 and [D2]2 with CF3COOD.
The perdeuterated isotopomer [Cp*Ru(D2)(dppm)]BF4 ([D2]11) (Cp*
�C5Me5) was prepared as described in the literature for the protiated
analogue by deuteration of [Cp*Ru(D)(dppm)] with DBF4 ´ OMe2 in
[D8]THF.[14a] Deuterated solvents and reagents were used throughout the
synthetic procedure. The isotopic purity of [D2]11 was higher than 90%.


Scheme 1.
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Synthesis of Glycans from the Glycodelins: Two Undeca-, Two Deca-,
Three Nona-, an Octa- and a Heptasaccharide


Dominique DepreÂ ,[a] Arno Düffels,[a] Luke G. Green,[a] Roman Lenz,[a] Steven V. Ley*[a]


and Chi-Huey Wong[b]


Abstract: The concise synthesis of nine diantennary oligosaccharides by chemical
and chemoenzymatic protocols is presented. The compounds display Lewis X,
Lewis Y, sialyl Lewis X and T-antigen epitopes supported on a 3,6-branched
trimannose core. A chemical approach was adopted for the synthesis of the
unsymmetrically decorated structures and those that could not be accessed by
enzymatic decoration of a core heptasaccharide.


Keywords: carbohydrates ´ glycosy-
lations ´ sialyl Lewis Y ´ oligosac-
charides ´ protecting groups


Introduction


Glycodelin-A (GdA), also known as placental protein 14 or
progesterone-associated endometrial protein,[1] and glycode-
lin-S (GdS) are human glycoproteins isolated from amniotic
fluid and seminal plasma, respectively.[2] While both display
immunosuppressive activities, potentially serving to induce
regiospecific immune protection to the foetus (GdA) or to
sperm (GdS) from the female immune response,[3] GdA acts
as a potent contraceptive, inhibiting human sperm binding to
the outer covering of the egg (zona pelucida) under assay
conditions (hemizona assay).[4] By contrast, GdS stimulates
human sperm-zona pelucida binding in the same assay. It has
been found that the two glycoproteins share essentially the
same protein core but differ completely in their glycan
structures,[5] furthering the belief that the decorating oligo-
saccharides may be responsible for the differences in the
biological activities of the two glycoconjugates.


Before the structures of the GdS/GdA glycans were
elucidated, evidence indicated that the same carbohydrate
sequences that blocked selectin-mediated adhesions also
inhibited human sperm ± egg binding.[6] The demonstration
that GdA carried a known selectin-binding sequence (Gal-
NAcb1!4[Fuca1!3]GlcNAc) was entirely consistent with


this overlap in specificity.[5a, 7] However, both genetic and
immunological analyses indicate that the human sperm
lectin(s) that mediates binding to the zona pellucida is not a
selectin.[5 b] As part of a collaborative investigation into the
glycodelins the following array of compounds has been
assembled in order to probe the nature of their biological
responses (Figure 1).


Compounds 1 ± 6, 9 ± 11 derive from the GdS glycans and
the remainder derive from GdA glycans (7) or are known
selectin binders having been prepared previously[8] (8, 12 ±
14). Although all the compounds isolated from GdS/GdA are
diantennary, the monovalent ligands were prepared as it was
of interest to see if the trimannose core served a presenta-
tional role and acted as a means of polyvalent expression or
merely served as a ªspacerº, potentially simplifying future
investigations.


Central to the success of any ªlibraryº generation is the
requirement that the chemistry employed must be general and
readily transferable to a variety of substrates. In this regard
chemical synthesis of oligosaccharides is notoriously unreli-
able for large structures where small, seemingly remote
changes in substrate can have detrimental effects on coupling
yields.[9] Hence, where possible, enzymes were employed,
limiting only in their commercial availability and in the
difficulty in forming the unsymmetrical structures.


Results and Discussion


The synthesis of diantennary N-glycans has received much
attention with both chemical and enzymatic approaches
providing successful outcomes.[10] However, compounds with
the asymmetry or high degree of fucosylation present in the
GdS glycans have not been prepared previously and there was
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evidence to suggest this would introduce problems (vide
supra). An added criteria was the desire to synthesise all the
compounds with a single strategy, thus reducing the amount of
optimisation required. The following retrosynthetic routes
presented themselves (Figure 2).


Figure 2. Retrosyntheses of the diantennary glycans.


The most convergent route I relied on block couplings of
the individual epitopes Lewis X/Y onto a trimannose core, a
route precedented by Lönn's synthesis of a derivative of
nonasaccharide 4.[11] However, SinayÈ et al. later attempted
this route without success prompting the suggestion that the
coupling was impossible on grounds of ªsteric mismatchº.[12]


This forced them to adopt a linear strategy culminating in a
block coupling akin to route III, a strategy which did not seem
very amenable to the synthesis of a whole class of compounds.
The alternative convergent strategy II, which involved cou-
pling of lactosamine onto the trimannose core followed by
late stage fucosylation, was discarded because of fears about
purification of the final coupling product.


Attracted by the convergent efficiency of route I and the
hope that the problems encountered in this route were
specific to nonasaccharide 4 (which was to be prepared
enzymatically) this route was evaluated.


Trimannose cores: The trimannose core for the unsymmetrical
compounds 2, 3 and 5 required that the terminal mannosyl-C2
hydroxyls be distinguished by two different protecting groups
that could be selectively removed in the presence of any
protecting groups on the Lewis X/Y precursors. In addition
the chosen protecting groups would have to be directing
(anchimerically) to encourage a-selectivity on coupling to the
central mannoside 17. To this end the orthogonal set of
carbonates allyloxycarbonyl (Alloc) and 2',2',2'-trichloroeth-
yloxycarbonyl (Troc) were selected (Scheme 1).
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Scheme 1. i) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 2:1, 86 %; ii) HF/
pyridine, THF, 97 %; iii) NIS, TfOH (cat.), 4 � MS, CH2Cl2/Et2O 2:1, 92%;
iv) Zn, AcOH, 80 %.


Troc-directed glycosylation of selenide 16 onto mannoside
17 and subsequent removal of the C6 tert-butyldiphenylsilyl
(TBDPS) group with HF/pyridine afforded solely the a-1,3-
linked disaccharide 18 in 83 % overall yield. Alloc-directed
glycosylation of selenide 19 onto acceptor 18 furnished the a-
1,6-linkage in 92 % yield, thus providing a trisaccharide 20
with two orthogonally protected alcohols, allowing extension
from either branch. The glycosylation had to be performed in


Figure 1. Glycans of GdS and GdA and related selectin binders.
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this order because the Troc group was not as efficient a
directing group as the Alloc group, owing to the electron
deficient trichloroethoxy substituent, and in coupling to the
more nucleophilic primary hydroxyl group significant
amounts of b-linked product was detected. The Troc group
was removed first, purely out of prejudice towards acidic
conditions, affording alcohol 21 in 80 % yield.[13]


Coupling studies : Initial coupling studies on the trimannose
core centered on the simplest unsymmetrical structure octa-
saccharide 5. Glycosylation of trimannose 21 with lactosamine
donor (prepared by coupling of 2,3,4,6-tetra-O-acetyl-a-d-
galactosyl bromide with phenyl 2-deoxy-3,6-di-O-benzyl-2-
phthalimido-1-thio-b-d-glucopyranoside)[14] under AgOTf/
NIS[15] activation afforded pentasaccharide 23 in 86 % yield
but, unusually, as a mixture of anomers, estimated as 15:1 b :a
from the 1H spectra (Scheme 2).
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Scheme 2. i) NIS, AgOTf, 4 � MS, CH2Cl2/toluene 2:1, ÿ50 8C!ÿ 30 8C,
86%; ii) a) Br2, CH2Cl2, ÿ40 8C then cyclohexene; b) AgOTf, 2,6-lutidine,
CH2Cl2/toluene 3:1, ÿ70 8C!ÿ 40 8C, 35%; iii) as for ii) 30%.


The a-linked product could only be generated if the
anchimeric assistance of the phthalimido-carbonyl was over-
ridden. Such failures of neighbouring group participation
have been noted in the past and usually arise from steric
impedance preventing attack on the dioxonium ion species.[16]


Attack therefore occurs on the incipient oxonium ion (triflate
ion pair)[17] from the sterically preferred face.


Hence, when the more sterically demanding Lewis X donor
24[18] was reacted under the same conditions with acceptor 21,
the steric repulsion was great enough to prevent coupling


occurring before elimination or hydrolysis took place. Con-
verting the sulfide to the bromide (this allowed controlled
activation at lower temperatures thus prolonging the lifetime
of the active glycosylation species) permitted some coupling
product 27 to form, albeit in poor yield (Scheme 2). A similar
Lewis X donor is known to react readily with phenyl 3,4,6-tri-
O-benzyl-1-thio-a-d-mannopyranoside[12] implying that the
steric clash is brought about by conformational restrictions
within the trimannoside and the donor. Unfortunately this
problem still exists in pentasaccharide 26 with a comparable
yield of 30 % obtained on coupling with 24. Interestingly
double coupling of the Lewis X bromide onto trimannose 29
does afford a 10 % yield of a protected form of nonasacchar-
ide 4 ; this demonstrates that the coupling is not impossible,
but certainly is very sensitive to the conditions employed
(perhaps explaining the discrepancy between Lönn and
SinayÈ �s results). Such a capricious reaction was not going to
make for a reliable strategy, it was therefore abandoned in
favour of route II.


Route II : In order to improve the selectivity of the lactosa-
minylation it was necessary to reduce the reactivity of the
lactosamine donor, thereby destabilising the incipient oxo-
nium ion in relation to the dioxonium ion. This would require
that the benzyl groups on the glucosamine be replaced with
ester functions, a protecting group pattern that precluded a
successful coupling with a galactosyl donor.[19] Recourse was
therefore made to the acetylated lactosamine donor 28 first
prepared by Lönngren.[10b]


AgOTf-mediated double coupling of lactosamine donor 28
with trimannosyl diol 29[20] afforded heptasaccharide 30
(Scheme 3) in an acceptable 64 % yield as seemingly a single
compound (deprotection revealed that the compound in fact
existed as a 30:1 b :a mixture of anomers).
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Scheme 3. i) AgOTf, 2,6-lutidine, 4� MS, CH2Cl2/toluene 5:1, ÿ50 8C,
64%.


Fortunately the lactosamine coupling proved to be very
tolerant providing access to all the heptasaccharide cores
(Table 1) of which 35, the precursor to decasaccharide 2, is
given as an example (Scheme 4). Bromide 31 (prepared by
derivatisation of lactosamine 28)[21] was coupled with unsym-
metrical trimannoside 21. Buffered AgOTf was employed as
the activator furnishing pentasaccharide 32 in 71 % yield.
Alloc removal with [Pd(PPh3)4]/dimedone[22] (88% yield) and
further glycosylation with lactosamine 34 under identical
conditions gave heptasaccharide 35 in 76 % yield (again
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deprotection revealed that the
compound existed as a 30:1
b :a-mixture of anomers).


Selective removal of the
chloroacetates was achieved by
treatment of the various hepta-
saccharides with thiourea in a
mixture of 2,6-lutidine/THF/
MeOH or acetone affording
alcohols 39 ± 42 in good yields;
this corresponds to approxi-
mately 90 % per chloroacetate
(Table 2).[23]


Fucosylation: Fucosylation was
best achieved employing ethyl
2-O-benzyl-3,4-di-O-acetyl-1-
thio-b-l-fucopyranoside[24] as donor in preference to 2,3,4-tri-
O-benzyl-fucopyranoside derivatives. The deactivating effects
of the two acetyl groups in 43 enhanced the a-selectivity of the
reaction;[25] the tri-O-benzyl-fucopyranosides achieved only
ratios of 15:1 a :b under optimised conditions.[26]


Heptasaccharide 39 was thus
fucosylated with 43 by activa-
tion with MeOTf to yield octa-
saccharide 44 in 97 % yield
(Scheme 5, Table 3). However,
in fucosylating the other hepta-
saccharides 2,6-di-tert-butyl-4-
methylpyridine was required
as a buffer to protect the acid
sensitive acetonides. Another
feature of the fucosylation of
these later structures is the
lower yield, a result of incom-
plete glycosylation and con-
comitant difficulties in purifica-
tion of the desired product.
Resubjecting the mixture of
oligosaccharides to the reaction
conditions did not result in the


conversion of the lower oligomers to more desired product.
Analysis of the by-product from the synthesis of Lewis Y
tetrasaccharide 49 indicated the mass balance was made
up by the formation of the H-antigen trisaccharide 50


Table 1. Heptasaccharide syntheses.[a]


First donor Trimannose acceptor Pentasaccharide Alloc deprotection Second donor Heptasaccharide


28 (3 equiv) 29 ± ± ± 30 64
28 (1.5 equiv) 21 53 93 31 (2 equiv) 36 71
31 (2 equiv) 21 71 88 34 (2 equiv) 35 76
34 (2 equiv) 21 86 92 31 (2 equiv) 37 60
34 (3 equiv) 29 ± ± ± 38 71


[a] Yield for each step is given in %.
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R1=R2=R4=H, R3=Bz        40
R1=Bz, R2=R3=R4=H        41
R1=R2=R3=R4=H              42


R1=R2=Ac, R3=Bz, R4=fucose  44
R1=R2=R4=fucose, R3=Bz        45
R1=Bz, R2=R3=R4=fucose        46
R1=R2=R3=R4=fucose              47


+


P=protecting group


Scheme 5. i) MeOTf, 2,6-di-tert-butyl-4-methylpyridine, 4 � MS, CH2Cl2/Et2O 2:1.


Table 2. Chloroacetate deprotection of the heptasaccharides 35 ± 38.


Substrate Alcohol Yield [%]


36 39 88
37 40 72
35 41 80
38 42 72
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Scheme 4. i) AgOTf, 2,6-lutidine, 4 � MS, CH2Cl2/toluene 5:1, ÿ50 8C, 74%; ii) [Pd(PPh3)4], dimedone, THF,
88%; iii) AgOTf, 2,6-lutidine, 4 � MS, CH2Cl2/toluene 5:1, ÿ50 8C, 76 %.


Table 3. Fucosylation of heptasaccharides 39 ± 42 and 48.


Alcohol Fucosylated product Yield [%]


39 44 97
40 45 48 (78 % per fucose)
41 46 46 (76 % per fucose)
42 47 44 (81 % per fucose)
48 49 69 (83 % per fucose)
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(Scheme 6). This indicates perhaps that fucosylation of the
galactose residue inhibits fucosylation of the glucosamine
residue.


OO
HO


PhtN
OMe


BzO
O


O


OBzO


HO


43


O


AcO
OAc


OBn
SEt


OO
O PhtN


OMe


BzO
O


O


OBzO


O


O


AcO
OAc


OBn


O


AcO
OAc


OBn


O


AcO
OAc


OBn


OO
HO PhtN


OMe


BzO
O


O


OBzO


O


49


50


+
i


+


48


Scheme 6. i) MeOTf, 2,6-di-tert-butyl-4-methylpyridine, 4 � MS, CH2Cl2/
Et2O 2:1, 49 69 %, 50 26%.


Deprotection : Routine deprotection afforded the free oligo-
saccharides in good yields (Table 4). Unfortunately during the
hydrogenation a small proportion of a unique benzyl group
was reduced to the cyclohexylmethyl ether, a proportion


which increased with greater
size of the oligosaccharide. This
by-product could be removed
by reversed-phase chromatog-
raphy but given its scarcity
(<4 %) was, in general, not
separated.


Enzymatic elaboration : The in-
troduction of glycosyl transfer-
ases has greatly ameliorated the
synthesis of complex oligosac-
charides with work in this area
focusing particularly on the
synthesis of selectin binding
molecules.[27] a-Sialyltransfer-
ases in particular circumvent
the problems associated with
the chemical synthesis of sial-
yloligosaccharides, namely com-
plications arising from both
poor yields and selectivities.[28]


The synthesis of four structur-
ally diverse oligosaccharides 4,
7, 8 and 12 in high yields by one-


and two-step protocols from heptasaccharide 6 illustrates the
synthetic versatility of enzymatic glycosylation (Scheme 7).
Bis-sialyl Lewis X undecasaccharide 12 was prepared by first
incubating heptasaccharide 6 with a-2,3-sialyltransferase and
CMP-sialic acid[29] in the presence of alkaline phosphatase[30]


to give the bis-sialylated nonasaccharide 8 in 98 % yield after
size-exclusion chromatography. (The presence of a fucose on
the C-3 position of glucosamine inhibits sialyl transfer[31]


hence enzymatic sialylation has to be carried prior to
fucosylation.) Further elaboration of nonasaccharide 8 was
performed by fucosylation with GDP-l-fucose catalysed by
human a-1,3-fucosyltransferase V affording undecasaccharide
12 in 69 % yield. Nonasaccharides 4 and 7 were similarly
prepared from heptasaccharide 6 in good yields without
complication; this highlights the flexibility of the enzymatic
approach.


The syntheses of the monovalent ligands 9, 11 and 13 ± 15
are based on the enzymatic decoration of N-acetyl lactos-
amine 52, which was prepared by b-galactosidase-catalysed
glycosidation of the N-acetyl glucosamine acceptor 51 em-
ploying lactose monohydrate as donor (Scheme 8).[7a]


Fucosylation of 52, again employing the human a-1,3-
fucosyltransferase V and the natural substrate GDP-l-fucose,
afforded the Lewis X trisaccharide 11 in 72 % yield. The same
enzyme was also used to transfer the unnatural substrate
GDP-l-galactose, affording the Lewis X derivative 9 in 70 %
yield. A prolonged reaction time was observed for the latter
transformation; this is in agreement with kinetic data for the
l-galactosylation of a similar disaccharide acceptor with the
human milk a-1,3/4-fucosyltransferase reported by Hinds-
gaul.[32]


Sialylation of 52 was performed with a-2,3-sialyltransferase
in a multienzyme system with in situ regeneration of CMP-


Table 4. Deprotection of oligosaccharides.


Substrate Deprotected oligosaccharide Yield [%]


30 6 80
44 5 63
45 3 95
46 2 95
47 1 94
49 10 95
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Scheme 7. i) a-2,3-sialytransferase, CMP-NeuAc, MnCl2, MgCl2, alkaline phosphatase, BSA, HEPES (200 mm,
pH 7.5), 98%; ii) a-1,3-fucosyltransferase, GDP-l-fucose, MnCl2, alkaline phosphatase, BSA, MES (50mm, pH 6.0),
69%; iii) a-2,6-sialyltransferase, CMP-NeuAc, alkaline phosphatase, BSA, HEPES (50 mm, pH 7.0), 56 %; iv) a-
1,3-fucosyltransferase, GDP-l-fucose, MnCl2, alkaline phosphatase, BSA, MES (50 mm, pH 6.0), 59 %.







Glycans from the Glycodelins 3326 ± 3340


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3331 $ 17.50+.50/0 3331


OO
HO AcHN


O(CH2)5CO2Me


HO
O


HO


OHHO


HO


51


OO
O


AcHN
O(CH2)5CO2Me


HO
O


HO


OHHO


OH
O


HO
OH


OH
O


OH


HO2C


AcHN
HO


HO OH
OO


HO AcHN
O(CH2)5CO2Me


HO
O


O


OHHO


HO


O


OH


HO2C


AcHN
HO


HO OH
OO


O
AcHN


O(CH2)5CO2Me


HO
O


O


OHHO


HO


O


HO
OH


OH


OHO
HO


AcHN
O(CH2)5CO2Me


HO


HO


HO


52


13


15


9


OO
O


AcHN
O(CH2)5CO2Me


HO
O


HO


OHHO


OH
O


HO
OH


OH


11


i


ii


iii
iv


v


Scheme 8. i) a-lactose ´ H2O, galactosidase from Bacillus circlans, phos-
phate buffer pH 7.0, MeCN, 10%; ii) NeuAc, Pep ´ 3Na, MgCl2, KCl, CTP,
ATP, mercaptoethanol, NMK, PK, PPase, CMP-NeuAc-synthetase, a-2,3-
sialyltransferase, BSA, HEPES (200 mm, pH 7.5), 73 %; iii) a-1,3-fucosyl-
transferase, GDP-l-galactose, MnCl2, alkaline phosphatase, BSA, MES
(50 mm, pH 6.0), 64%; iv) a-1,3-fucosyltransferase, GDP-l-fucose, MnCl2,
alkaline phosphatase, BSA, MES (50 mm, pH 6.0), 72 %; v) as for iii) 70%.


sialic acid,[33] which provided trisaccharide 13[7a] in 73 % yield.
Fucosylation of 13 gave sialyl Lewis X tetrasaccharide 14[7a]


and incubation of 13 with the unnatural donor sugar nucleo-
tide GDP-l-galactose and human a-1,3-fucosyltransferase V
yielded the hydroxylated sialyl Lewis X derivative 15 in 64 %
yield completing the list of target compounds.


Conclusion


This controlled synthesis of a biologically relevant array
serves as a testament to the maturity of oligosaccharide
synthesis. By understanding the effects of various protecting
groups on donor and acceptor reactivity a chemical route
could be devised that maximised the yield of the desired
product.[25] However, we still cannot predict when synthetic
couplings will be adversely affected by steric factors, a feature
of the bimolecular nature of the reaction.[34] Glycosyltransfer-
ases readily circumvent this problem but they too have their
limitations. Although the combined, almost perfunctory
approach detailed fulfilled the requirements of this inves-
tigation, it does not represent a general solution. Herein lies
the true challenge to progress in oligosaccharide synthesis.


Experimental Section


1H NMR spectra were recorded in CDCl3 or D2O on a Bruker DRX600,
DRX500 and DPX200 spectrometers at 300 K. Residual protic solvent
CHCl3 (dH� 7.26) was used as the external reference. 13C NMR spectra
were recorded in CDCl3 or D2O at 150 or 100 MHz on Bruker DRX600 and
AC400 spectrometers, respectively, with the central resonance of CDCl3


(dC� 77.0) as the external reference. DQF-COSY, HMQC, coupled-
HMQC, HMBC, TOCSY and 1D TOCSY experiments were used to assist
assignment of the products. NMR assignments are as indicated in Figure 3.
IR spectra were recorded as thin films between sodium chloride plates,
deposited from chloroform solution on a FT-IR 1620 spectrometer. Mass
spectra were obtained on Micromass Platfrom LC-MS and Q-Tof; Kratos
MS890MS and Kompact 4; Bruker Daltonics Bio-Apex II (FTICR) spec-


trometers at the Department of Chem-
istry, University of Cambridge and on
a Voyager STR spectrometer at
M-Scan, Silwood Park, Ascot. Micro-
analyses were determined in the mi-
croanalytical laboratories at the Uni-
versity of Cambridge. Melting points
were determined on a Reichert hot-
stage apparatus and are uncorrected.
Optical rotations were measured with
an Optical Activity AA-1000 polar-
imeter and [a]D values are given in
10ÿ1 deg cm2 gÿ1.


Flash column chromatography was carried out with Merck Kieselgel (230 ±
400 mesh). Analytical thin-layer chromatography (TLC) and preparative
TLC was performed by using precoated glass-backed plates (Merck
Kieselgel 60 F254) and visualised by UV and acidic ammonium molybda-
te(iv). Petrol refers to petroleum ether b.p. 40 ± 60 8C, which was distilled
prior to use.


All reactions were carried out under an argon atmosphere in oven-dried
glassware unless otherwise stated. Diethyl ether was distilled from sodium
benzophenone ketyl; dichloromethane and toluene from calcium hydride.
Other reagents and solvents were purified using standard procedures.
Aqueous solutions are saturated unless otherwise specified.


a-1,3-Fucosyltransferase V, a-2,3-sialyltransferase and a-2,6-sialyltransfer-
ase were purchased from Calbiochem. CMP-Sialic acid, GDP-fucose and
GDP-galactose were purchased from Calbiochem or synthesised by using
published protocols.[35] Abbreviations : ATP adenosine 5'-triphosphate,
BSA bovine serum albumim, CMP-NeuAc cytidine 5'-monophospho-N-
acetylneuraminic acid, GDP guanidine 5'-diphosphate, HEPES N-2-
hydroxylethylpiperazine-N�-2-ethane sulfonic acid, MES 2-(N-morpholi-
ne)ethane sulfonic acid, MK myokinase, NMK nucleoside monophosphate
kinase, PEP phosphoenol pyruvate, PK pyruvate kinase, PPase inorganic
pyrophosphorylase.


Methyl 2,4-di-O-benzyl-6-O-(tert-butyldiphenylsilyl)-a-dd-mannopyrano-
side (17): Methyl 2,4-di-O-benzyl-a-d-mannopyranoside[36] (5.50 g,
14.7 mmol) was dissolved in pyridine (20 mL) and cooled to 0 8C.
TBDPS-Cl (4.2 mL, 16.2 mmol) was added and the mixture was stirred
for 12 h, allowing the reaction to reach ambient temperature. After
removal of the solvent in vacuo, the residue was coevaporated with toluene
(2� 20 mL), dissolved in Et2O and washed successively with 2 % aqueous
HCl (250 mL), NaHCO3 (150 mL) and brine (100 mL). The organic phase
was dried (MgSO4) and concentrated under reduced pressure. Flash
column chromatography (petrol/Et2O 2:1) afforded 17 as a colourless gum
(7.87 g, 87 %). [a]30


D ��130.0 (c� 1.00, CHCl3); 1H NMR (CDCl3): d� 1.10
(s, 9 H; (CH3)3C), 2.41 (d, J� 9.3 Hz, 1H; 3-OH), 3.36 (s, 3H; OCH3), 3.65
(dt, J� 3.2, 9.3 Hz, 1 H; H-5), 3.77 (m, 2 H; H-2, H-4), 3.97 (m, 2H; H-6),
4.02 (td, J� 3.8, 9.3 Hz, 1H; H-3), 4.61 (d, J� 11.1 Hz, 1H; OCH2Ph), 4.64
(d, J� 11.8 Hz, 1 H; OCH2Ph), 4.79 (d, J� 11.8 Hz, 1 H; OCH2Ph), 4.85 (s,
1H; H-1), 4.91 (d, J� 11.1 Hz, 1H; OCH2Ph), 7.26 ± 7.81 (m, 20 H; Ph);
13C NMR (CDCl3): d� 19.3 ((CH3)3C), 26.8 ((CH3)3C), 54.5 (OCH3), 63.3
(C-6), 71.9 (C-3), 72.1 (C-5), [72.8, 74.8 (OCH2Ph)], 76.6 (C-4), 78.7 (C-2),
97.7 (C-1) [127.5, 127.6, 127.7, 127.8, 128.3, 128.5, 129.5 (CH)], [133.4, 133.9
(C)], [135.6, 135.9 (CH)], [137.9, 138.5 (C)]; IR (film): nÄ � 3454 (OH),
3069, 2931, 1112, 1062, 700 cmÿ1; MS (ES): m/z (%): 630 (100) [M�NH4]� ;
C37H44O6Si (612): calcd C 72.51, H 7.24; found: C 72.28, H 7.13.


Phenyl 3,4,6-tri-O-benzyl-1-seleno-a-dd-mannopyranoside : 3,4,6-Tri-O-ben-
zyl-1,2-O-(methoxyethylidene)-b-d-mannopyranose[37] (4.90 g, 9.67 mmol)
was dissolved in MeCN (20 mL) and stirred over powdered molecular
sieves (1.5 g of a mixure of 4 and 5 �) for 1 h before the addition of
phenylselenol (1.23 mL, 11.6 mmol) and mercury(ii) bromide (50 mg,
0.1 mmol). The mixture was then heated at 60 8C for 2 h. On cooling, the
mixture was diluted with Et2O (80 mL), filtered through Celite and the
filtrate washed with 5% aqueous NaOH (50 mL), water (50 mL) and dried
(MgSO4). The solvent was removed under reduced pressure and the residue
purified by flash column chromatography (petrol/Et2O 3:1) affording
phenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-seleno-a-d-mannopyranoside
(5.58 g, 91%) as a yellow amorphous solid. [a]30


D ��140.2 (c� 1.00,
CHCl3); 1H NMR (CDCl3): d� 2.13 (s, 3H; CH3CO), 3.72 (dd, J� 1.4,
11.0 Hz, 1H; H-6a), 3.86 (dd, J� 4.5, 11.0 Hz, 1H; H-6b), 3.91 (dd, J� 3.1,
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Figure 3. NMR assignment-
residue labels.
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9.3 Hz, 1H; H-3), 3.98 (t, J� 9.3 Hz, 1 H; H-4), 4.22 (m, 1H; H-5), 4.48 (d,
J� 12.0 Hz, 1H; OCH2Ph), 4.53 (d, J� 10.7 Hz, 1H; OCH2Ph), 4.57 (d, J�
11.2 Hz, 1H; OCH2Ph), 4.67 (d, J� 12.0 Hz, 1 H; OCH2Ph), 4.72 (d, J�
11.2 Hz, 1 H; OCH2Ph), 4.89 (d, J� 10.7 Hz, 1H; OCH2Ph), 5.67 (dd, J�
0.6, 3.1 Hz, 1H; H-2), 5.80 (d, J� 0.6 Hz, 1H; H-1), 7.21 ± 7.58 (m, 20H;
Ph); 13C NMR (CDCl3): d� 21.1 (CH3CO), 68.8 (C-6), [71.9, 73.4, 75.4 (C-2,
3, 4)], 78.9 (C-5), 83.8 (C-1), [127.6, 127.8, 128.0, 128.2, 128.3, 128.4, 128.5,
129.2, 134.0 (CH)], [137.6, 138.2, 138.3 (C)], 170.3 (C�O); IR (film): nÄ �
3029, 2867, 1743(C�O), 1605, 1578, 1496, 1454, 1098 cmÿ1; MS (FAB): m/z
(%): 573 (42) [MÿOAc]� , 475 (68), [Mÿ SePh]� , 181 (100); HRMS calcd
for C29H31O6: 475.1210; found 475.2139.


Phenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-seleno-a-d-mannopyranoside (5.54 g,
8.77 mmol) was dissolved in methanol (40 mL) to which was added K2CO3


(50 mg) and the reaction stirred for 3 h at ambient temperature. The
reaction was neutralised with Amberlite IR-120 (plus), filtered and
concentrated in vacuo to give clean phenyl 3,4,6-tri-O-benzyl-1-seleno-a-
d-mannopyranoside (5.4 g, quant.) as a yellow oil without need for
purification. [a]30


D ��173.4 (c� 1.00, CHCl3); 1H NMR (CDCl3): d� 2.70
(s, 1 H; 2-OH), 3.69 (d, J� 10.7 Hz, 1 H; H-6a), 3.82 (dd, J� 4.4, 10.7 Hz,
1H; H-6b), 3.88 (dd, J� 2.9, 9.5 Hz, 1 H; H-3), 3.97 (t, J� 9.5 Hz, 1 H; H-4),
4.20 (dd, J� 4.4, 9.5, 9.7 Hz, 1H; H-5), 4.32 (s, 1H; H-2), 4.47 (d, J�
12.0 Hz, 1H; OCH2Ph), 4.56 (d, J� 10.8 Hz, 1H; OCH2Ph), 4.63 (d, J�
12.0 Hz, 1 H; OCH2Ph), 4.72 (s, 2H; OCH2Ph), 4.86 (d, J� 10.8 Hz, 1H;
OCH2Ph), 5.89 (s, 1H; H-1), 7.21 ± 7.58 (m, 20H; Ph); 13C NMR (CDCl3):
d� 68.7 (C-6), 70.5 (C-2), [72.1, 73.4 (OCH2Ph)], 74.1 (C-5), 74.3 (C-4),
75.3 (OCH2Ph), 80.6 (C-3), 85.4 (C-1), [127.6, 127.8, 128.0, 128.1, 128.2,
128.4, 128.7, 129.2, 134.0 (CH)], [137.6, 138.1, 138.2 (C)]; IR (film): nÄ � 3424
(OH), 3030, 2868, 1605, 1579, 1496, 1455, 1055 cmÿ1; MS (ES): m/z (%): 613
(100) [M�Na]� ; C33H34O5Se (613): calcd C 67.23, H 5.84; found: C 67.02, H
5.84.


Phenyl 3,4,6-tri-O-benzyl-1-seleno-2-O-(2'',2'',2''-trichloroethoxycarbonyl)-
a-dd-mannopyranoside (16): Phenyl 3,4,6-tri-O-benzyl-1-seleno-a-d-man-
nopyranoside (3.12 g, 5.3 mmol) and 4-dimethylaminopyridine (1.30 g,
10.6 mmol) were dissolved in CH2Cl2 (20 mL) and 2',2',2'-trichloroethyl
chloroformate (1.8 mL, 13.2 mmol) was added dropwise to the stirring
mixture. The reaction was stirred for a further 6 h at ambient temperature
after which time it was passed through a plug of silica, eluting with Et2O/
CH2Cl2 1:1 (3� 10 mL). The filrate was concentrated under reduced
pressure and the residue purified by flash column chromatograpy (petrol/
Et2O 7:1) affording 16 (3.99 g, 98%) as colourless oil. [a]30


D ��152.0 (c�
0.35 CHCl3); 1H NMR (CDCl3): d� 3.74 (dd, J� 2.0, 11.0 Hz, 1 H; H-6a),
3.86 (dd, J� 4.6, 11.0 Hz, 1H; H-6b), 3.94 ± 3.96 (m, 1H; H-3), 4.00 (t, J�
9.2 Hz, 1H; H-4), 4.20 ± 4.28 (m, 1 H; H-5), 4.48 (d, J� 12.0 Hz, 1H;
OCH2Ph), 4.54 (d, J� 10.8 Hz, 1H; OCH2Ph), 4.63 (d, J� 11.5 Hz, 1H;
OCH2Ph), 4.66 (d, J� 12.0 Hz, 1H; OCH2Ph), 4.75 (d, J� 11.5 Hz, 1H;
OCH2Ph), 4.76 (s, 2H; OCH2CCl3), 4.89 (d, J� 10.8 Hz, 1 H; OCH2Ph),
5.51 (d, J� 2.6 Hz, 1 H; H-2), 5.89 (s, 1 H; H-1), 7.18 ± 7.61 (m, 20 H; Ph);
13C NMR (CDCl3): d� 68.8 (C-6), [72.1, 73.4 (OCH2Ph)], 74.3 (C-4), 74.6
(C-5), 75.3 (OCH2Ph), 76.1 (C-2), 77.0 (OCH2CCl3), 78.8 (C-3), 83.0 (C-1),
94.3 (OCH2CCl3), [127.5, 127.8, 127.9, 128.0, 128.1, 128.3, 128.4, 128.5
(CH)], 128.9 (C), [129.3, 134.1 (CH)], [137.5, 138.2 (C)], 153.6 (C�O); IR
(film): nÄ � 3030, 2867, 1758 (C�O), 1452, 1370, 1097, 1022 cmÿ1; MS (FAB):
m/z (%): 765 (52) [M]� , 764 (51) [Mÿ 1]� , 181 (100); HRMS calcd for
C35H35O7Cl3Se: 765.0692; found 765.0697.


Phenyl 3,4,6-tri-O-benzyl-1-seleno-2-O-allyloxycarbonyl-a-dd-mannopy-
ranoside (19): Phenyl 3,4,6-tri-O-benzyl-1-seleno-a-d-mannopyranoside
(5.12 g, 8.7 mmol) and 4-dimethylaminopyridine (1.60 g, 13.1 mmol) were
dissolved in CH2Cl2 (25 mL) and allyl chloroformate (2.4 mL, 22.6 mmol)
was added dropwise. The reaction was stirred for 12 h at ambient
temperature after which time it was passed through a plug of silica, eluting
with Et2O/CH2Cl2 1:1 (3� 10 mL). The filtrate was concentrated under
reduced pressure and the residue purified by flash column chromatography
(petrol/Et2O 5:1) affording 19 (5.74 g, 98%) as a yellow oil. [a]30


D ��117.3
(c� 1.44, CH2Cl2); 1H NMR (CDCl3): d� 3.73 (dd, J� 2.0, 10.9 Hz, 1H;
H-6a), 3.85 (dd, J� 4.6, 10.9 Hz, 1 H; H-6b), 3.90 ± 3.95 (m, 1H; H-3), 3.98
(t, J� 9.2 Hz, 1 H; H-4), 4.21 ± 4.23 (m, 1H; H-5), 4.48 (d, J� 12.1 Hz, 1H;
OCH2Ph), 4.53 (d, J� 10.8 Hz, 1H; OCH2Ph), 4.62 (d, J� 11.4 Hz, 1H;
OCH2Ph), 4.63 (d, J� 5.7 Hz, 1H; OCH2allyl), 4.66 (d, J� 12.1 Hz, 1H;
OCH2Ph), 4.77 (d, J� 11.4 Hz, 1 H; OCH2Ph), 4.90 (d, J� 10.8 Hz, 1H;
OCH2Ph), 5.26 (ddd, J� 1.3, 3.0, 10.4 Hz, 1H; CH�CH2), 5.36 (ddd, J� 1.3,
3.0, 17.2 Hz, 1H; CH�CH2), 5.48 (d, J� 2.5 Hz, 1 H; H-2), 5.89 (s, 1 H; H-1),


5.83 ± 6.03 (m, 1H; CH�CH2), 7.18 ± 7.61 (m, 20H; Ph); 13C NMR (CDCl3):
d� 68.8 (CH2allyl, C-6), [72.0, 73.4 (OCH2Ph)], 74.5 (C-4, 5), 74.9 (C-2),
75.4 (OCH2Ph), 78.8 (C-3), 83.4 (C-1), 119.1 (CH�CH2allyl), [127.6, 127.7,
127.8, 127.9, 128.0, 128.1, 128.3, 128.4 (CH)], 129.1 (C), 131.4
(CH�CH2allyl), 134.1 (CH), [137.6, 138.3 (C)], 155.9 (C�O); IR (film):
nÄ � 3030, 2867, 1745 (C�O), 1454, 1368, 1098, 1024 cmÿ1; MS (FIB): m/z
(%): 673 (24) [Mÿ 1]� , 181 (100); HRMS calcd for C37H37O7Se: 673.1705;
found 673.1654.


Methyl 2,4-di-O-benzyl-3-O-[3,4,6-tri-O-benzyl-2-O-(2'',2'',2''-trichloroeth-
oxycarbonyl)-a-dd-mannopyranosyl]-6-O-tert-butyldiphenylsilyl-a-dd-man-
nopyranoside (18 a): Selenide 16 (0.50 g, 654 mmol) and acceptor 17 (0.33 g,
545 mmol) were coevaporated with toluene (3� 5 mL) before being stirred
over 4 � powdered sieves (0.80 g) in CH2Cl2/Et2O (1:1 4 mL) for 4 h. N-
Iodosuccinimide (NIS) (0.18 g, 817 mmol), dried by coevaporation with
toluene (3� 3 mL) and storage in vacuo, was suspended in CH2Cl2 (1 mL)
and sonicated until generation of a fine suspension. Catalytic triflic acid
(50 mL of a stock solution of 50 mL of triflic acid in 1 mL of CH2Cl2) was
added to the suspension and the mixture immediately transferred by
syringe to the vigorously stirring mixture of sugars. After 0.5 h the reaction
was diluted with Et2O (20 mL), filtered through Celite, washed with 10%
aqueous Na2S2O3 (10 mL), and dried (MgSO4). The solvents were removed
in vacuo and the residue purified by flash column chromatography (petrol/
Et2O 5:1) furnishing the titled dimannoside (0.57 g, 86 %) as a colourless
gum. [a]30


D ��8.9 (c� 1.13 CH2Cl2); 1H NMR (CDCl3): d� 1.06 (s, 9H;
(CH3)3C)), 3.26 (s, 3 H; OCH3), 3.59 ± 3.62 (m, 1 H; H-5A), 3.68 ± 3.72 (m,
2H; H-6B), 3.84 (t, J� 9.6 Hz, 1H; H-4B), 3.87 (s, 1H; H-2A), 3.88 (dd, J�
1.0, 11.3 Hz, 1H; H-6Aa), 3.93 (dd, J� 4.5, 11.3 Hz, 1H; H-6Ab), 3.99 (ddd,
J� 3.0, 4.0, 9.6 Hz, 1H; H-5B), 4.05 (dd, J� 3.8, 9.6 Hz, 1H; H-3B), 4.06 (t,
J� 9.6 Hz, 1H; H-4A), 4.17 (dd, J� 3.1, 9.6 Hz, 1 H; H-3A), 4.51 (d, J�
11.9 Hz, 1H; OCH2Ph), 4.52 (d, J� 10.8 Hz, 1 H; OCH2Ph), 4.54 (d, J�
11.1 Hz, 1H; OCH2CCl3), 4.57 (d, J� 11.2 Hz, 1H; OCH2Ph), 4.61 (d, J�
11.9 Hz, 1H; OCH2Ph), 4.64 (d, J� 12.1 Hz, 1H; OCH2Ph), 4.67 (m, 2H;
OCH2Ph and OCH2CCl3), 4.68 (d, J� 12.1 Hz, 1H; OCH2Ph), 4.72 (s, 1H;
H-1A), 4.73 (d, J� 12.0 Hz, 1H; OCH2Ph), 4.75 (d, J� 11.2 Hz, 1H;
OCH2Ph), 4.87 (d, J� 10.8 Hz, 1H; OCH2Ph), 5.30 (d, J� 2.8 Hz, 1H;
H-2B), 5.31 (s, 1H; H-1B), 7.17 ± 7.75 (m, 35H; Ph); 13C NMR (CDCl3): d�
19.4 (CH3)3C)), 26.8 (CH3)3C)), 54.6 (OCH3), 63.1 (C-6A), 69.3 (C-6B),
72.1 (CH2CCl3), 72.4 (OCH2Ph), 72.5 (C-5B), 72.9 (C-5A), 73.6 (OCH2Ph),
74.0 (C-2B), 74.4 (C-4B), 74.9 (C-4A), [75.0, 75.1, 76.9 (OCH2Ph)], 78.0 (C-
2A, C-3B), 78.8 (C-3A), 94.4 (CH2CCl3), 98.3 (C-1A), 99.2 (C-1B), [127.4,
127.5, 127.6, 127.7, 127.8, 127.9, 128.3, 128.4, 129.6, (CH)], [133.4, 133.9 (C)],
[135.5, 136.0 (C)], [137.9, 138.2, 138.3, 138.4, 138.6 (C)], 153.7 (C�O); IR
(film): nÄ � 3062, 3019, 2928, 2844, 1761 (C�O), 1452, 1137, 1103, 1061,
1022 cmÿ1; MS (ES): m/z (%): 1238 (100) [M�NH4]� ; C67H73O13SiCl3


(1220): calcd C 65.99, H 6.04; found: C 66.03, H 6.03.


Methyl 2,4-di-O-benzyl-3-O-[3,4,6-tri-O-benzyl-2-O-(2'',2'',2''-trichloro-
ethoxycarbonyl)-a-dd-mannopyranosyl]-a-dd-mannopyranoside (18): Man-
noside 18a (0.57 g, 467 mmol) was dissolved in a solution of HF ´ pyridine in
THF (8 mL 2.4m solution) and stirred for 5 h at ambient temperature. The
reaction was then diluted with Et2O (30 mL) and washed with 1n HCl
(10 mL) and NaHCO3 (2� 20 mL) and dried (MgSO4). After evaporation
of the solvents under reduced pressure the crude product was purified by
flash column chromatography (petrol/Et2O 1:1) affording desilylated
dimannoside 18 (0.47 g, 97 %) as a colourless foam. [a]30


D ��9.9 (c� 2.70,
CH2Cl2); 1H NMR (CDCl3): d� 2.01 (s, 1 H; 6B-OH), 3.27 (s, 3 H; OCH3),
3.61 (dt, J� 3.2, 9.5 Hz, 1H; H-5A), 3.68 ± 3.72 (m, 2H; H-6B), 3.72 ± 3.77
(m, 1H; H-6Aa), 3.81 ± 3.86 (m, 3 H; 2A, 4B, H-6Ab), 3.94 (dt, J� 3.3,
9.7 Hz, 1H; H-5B), 4.00 (t, J� 9.5 Hz, 1H; H-4A), 4.03 (dd, J� 3.2, 9.1 Hz,
1H; H-3B), 4.19 (dd, J� 2.9, 9.5 Hz, 1 H; H-3A), 4.51 (d, J� 11.9 Hz, 1H;
OCH2Ph), 4.52 (d, J� 11.0 Hz, 1H; OCH2Ph), 4.55 (d, J� 11.9 Hz, 1H;
OCH2CCl3), 4.60 (d, J� 12.0 Hz, 1 H; OCH2Ph), 4.61 (d, J� 12.0 Hz, 1H;
OCH2Ph), 4.65 (d, J� 11.0 Hz, 1H; OCH2Ph), 4.66 (s, 1 H; H-1A), 4.69 (m,
3H; OCH2CCl3 and OCH2Ph), 4.74 (d, J� 11.8 Hz, 1 H; OCH2Ph), 4.82 (d,
J� 11.1 Hz, 1H; OCH2Ph), 4.89 (d, J� 11.1 Hz, 1 H; OCH2Ph), 5.31 (m,
1H; H-2B), 5.35 (s, 1H; H-1B), 7.19 ± 7.35 (m, 25H; Ph); 13C NMR
(CDCl3): d� 54.9 (OCH3), 62.0 (C-6A), 69.2 (C-6B), 72.0 (OCH2CCl3),
72.1 (C-5A), 72.5 (C-5B), [72.6, 73.5 (OCH2Ph)], 73.8 (C-2B), 74.2 (C-4B),
74.9 (C-4A), [75.0, 75.1, 76.9 (OCH2Ph)], 77.4 (C-2A), 77.8 (C-3B), 78.3 (C-
3A), 94.3 (OCH2CCl3), 98.6 (C-1A), 99.1 (C-1B), [127.5, 127.7, 127.8, 127.9,
128.3, 128.4, 128.5 (CH)], [137.7, 138.0, 138.1, 138.3, 138.4 (C)], 153.7
(C�O); IR (film): nÄ � 2929, 1762 (C�O), 1457, 1376, 1137, 1064 cmÿ1; MS
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(FIB): m/z (%): 1115 (81) [M�Cs]� , 1005 (40), [M�Na]� , 517 (100);
HRMS calcd for C51H55O13Cl3Na: 1003.2606; found 1003.2606.


Methyl 2,4-di-O-benzyl-3-O-[3,4,6-tri-O-benzyl-2-O-(2'',2'',2''-trichloroeth-
oxycarbonyl)-a-dd-mannopyranosyl]-6-O-(2-O-allyloxycarbonyl-3,4,6-tri-O-
benzyl-a-dd-mannopyranosyl)-a-dd-mannopyranoside (20): Selenide 19
(0.19 g, 280 mmol) and dimannoside 18 (0.22 g, 224 mmol) were coevapo-
rated with toluene (2� 6 mL) prior to stirring over powdered 4 � sieves in
CH2Cl2/Et2O (1:1 3 mL) for 2 h. N-Iodosuccinimide (75 mg, 336 mmol),
dried by coevaporation with toluene (3� 2 mL) and storage in vacuo, was
suspended in CH2Cl2 (1 mL) and sonicated until generation of a fine
suspension. Catalytic triflic acid (40 mL of a stock solution of 50 mL of triflic
acid in 1 mL of CH2Cl2) was added to the suspension and the mixture
immediately transferred by syringe to the vigorously stirring mixture of
sugars. After 15 min the reaction was diluted with Et2O (20 mL), filtered
through Celite, washed with 10% aqueous Na2S2O3 (10 mL), and dried
(MgSO4). The solvents were removed in vacuo and the residue purified by
flash column chromatography (petrol/Et2O 1:1) furnishing trisaccharide 20
(0.31 g, 92 %) as a colourless foam. [a]30


D ��29.5 (c� 1.41, CH2Cl2);
1H NMR (CDCl3): d� 3.25 (s, 3 H; OCH3), 3.65 (dd, J� 10.8 Hz, 1H;
H-6Ca), 3.69 ± 3.75 (m, 5 H; H-5A, 5A, 6Ab, 6B), 3.80 ± 3.82 (m, 1H;
H-5C), 3.83 ± 3.95 (m, 5H; H-2A, 4A, 4B, 4C, 6Aa), 3.98 ± 4.01 (m, 2H;
H-3C, 5B), 4.09 (dd, J� 2.8, 9.3 Hz, 1H; H-3B), 4.20 (dd, J� 3.0, 9.5 Hz,
1H; H-3A), 4.49 ± 4.51 (m, 3H; OCH2Ph), 4.52 (d, J� 11.4 Hz, 1H,
OCH2Ph), 4.53 (d, J� 12.1 Hz, 1 H; OCH2Ph), 4.55 (d, J� 11.4 Hz, 1H;
OCH2Ph), 4.57 (d, J� 11.2 Hz, 1 H; OCH2Ph), 4.62 (d, J� 12.0 Hz, 1H;
OCH2Ph), 4.65 (d, J� 12.1 Hz, 1H; OCH2Ph), 4.65 ± 4.67 (m, 4 H;
OCH2CCl3, OCH2allyl), 4.69 (s, 1H; H-1A), 4.70 (d, J� 12.0 Hz, 1H;
OCH2Ph), 4.71 (d, J� 11.2 Hz, 1 H; OCH2Ph), 4.72 (d, J� 11.4 Hz, 1H;
OCH2Ph), 4.74 (d, J� 12.0 Hz, 1H; OCH2Ph), 4.77 (d, J� 11.3 Hz, 1H;
OCH2Ph), 4.89 (d, J� 11.4 Hz, 1H; OCH2Ph), 4.91 (d, J� 11.3 Hz, 1H;
OCH2Ph), 5.10 (s, 1H; H-1C), 5.29 (dd, J� 1.4, 10.5 Hz, 1H; CH�CH2),
5.31 (t, J� 2.5 Hz, 1 H; H-2C), 5.33 ± 5.35 (m, 2 H; H-1B, 2B), 5.40 (dd, J�
1.4, 17.2 Hz, 1 H; CH�CH2), 5.96 (ddt, J� 6.0, 10.5, 17.2 Hz, 1 H; CH�CH2),
7.17 ± 7.36 (m, 40H; Ph); 13C NMR (CDCl3): d� 54.8 (OCH3), 66.5 (C-6B),
68.7 (OCH2allyl), 68.9 (C-6A), 69.5 (C-6C), 71.1 (C-5B), 71.4 (OCH2Ph),
71.7 (C-5C), 72.1 (OCH2Ph), 72.3 (C-2C, OCH2CCl3), 72.5 (C-3B), [73.4,
73.6 (OCH2Ph)], 73.9 (C-2B), 74.3 (C-4C, C-4B), 75.0 (C-4A), [75.1, 75.2,
76.9 (OCH2Ph)], 77.5 (C-2A, C-3C), 78.0 (C-3C), 78.7 (C-3A), 94.4
(OCH2CCl3), 97.8 (C-1C), 98.1 (C-1A), 99.2 (C-1B), 118.9 (CH�CH2),
[127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4 (CH)], 131.6
(CH�CH2), [137.9, 138.1, 138.3, 138.4, 138.5 (C)], [153.7, 154.5 (C�O)]; IR
(film): nÄ � 3030, 2921, 1750 (C�O), 1453, 1364, 1232, 1136, 1099, 1052, 1028,
697 cmÿ1; MS (MALDI): m/z (%): 1522 (100) [M�Na]� ; C82H87O20Cl3


(1499): calcd C 65.75, H 5.86; found: C 65.91, H 5.84.


Methyl 2,4-di-O-benzyl-3-O-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-6-
O-(2-O-allyloxycarbonyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-a-dd-
mannopyranoside (21): Trimannose 20 (0.55 g, 367 mmol) was dissolved in
AcOH (8 mL) and zinc dust (0.2 g, 3.16 mmol) was added. The reaction was
stirred for 3 h at ambient temperature after which time the reaction was
diluted with Et2O (20 mL) and filtered through Celite. The solvents were
removed in vacuo and the residue coevaporated with toluene (3� 10 mL)
before purification by flash column chromatography (petrol/Et2O 3:2)
affording 21 (0.39 g, 80 %) as a colourless glass. [a]30


D ��36.1 (c� 0.96,
CH2Cl2); 1H NMR (CDCl3): d� 2.34 (s, 1 H; 2C-OH), 3.21 (s, 3 H; OCH3),
3.60 (dd, J� 1.0, 10.8 Hz, 1H; H-6Ca), 3.64 ± 3.69 (m, 5 H; H-5A, 6Aa, 6B,
6Cb), 3.77 ± 3.80 (m, 2H; H-4B, 5C), 3.83 ± 3.95 (m, 7H; H-2A, 3B, 3C, 4A,
4C, 5B, 6Ab), 4.01 (s, 1 H; H-2B), 4.11 (dd, J� 3.0, 9.4 Hz, 1H; H-3A),
4.43 ± 4.56 (m, 7 H; OCH2Ph), 4.63 ± 4.68 (m, 10 H; 7�OCH2Ph, 2�O-
CH2allyl, H-1A), 4.84 (m, 2 H; OCH2Ph), 5.06 (s, 1H; H-1C), 5.22 (s, 1H;
H-1B), 5.25 (dd, J� 1.2, 10.5 Hz, 1H; CH�CH2), 5.26 (s, 1H; H-2C), 5.36
(dd, J� 1.2, 17.2 Hz, 1 H; CH�CH2), 5.93 (ddt, J� 6.0, 10.5, 17.2 Hz, 1H;
CH�CH2), 7.11 ± 7.32 (m, 40 H; Ph); 13C NMR (CDCl3): d� 54.8 (OCH3),
66.5 (C-6A), 68.7 (C-2B), 68.8 (OCH2allyl), 68.9 (C-6C), 69.4 (C-6B), 71.0
(C-5A), 71.4 (OCH2Ph), 71.7 (C-5C), 72.0 (C-5B), [72.1, 72.4 (OCH2Ph)],
72.5 (C-2C), 74.3 (C-4C), [73.4, 73.5 (OCH2Ph)], 74.6 (C-4B), [74.8, 75.0
(OCH2Ph)], 75.1 (C-4A), 75.2 (OCH2Ph), 77.6 (C-3C), 77.7 (C-2A), 78.4
(C-3A), 80.1 (C-3B), 97.8 (C-1C), 98.2 (C-1A), 101.4 (C-1B), 118.9
(CH�CH2), [127.5, 127.6, 127.7, 127.8 (CH)], [137.9, 138.1, 138.3, 138.4,
138.5, 138.6 (C)], 154.7 (C�O); IR (film): nÄ � 3030, 2921, 1749 (C�O), 1496,
1453, 1364, 1232, 1136, 1098, 1062, 1028 cmÿ1; MS (FIB): m/z (%): 1456 (38)


[M�Cs]� , 1345 (81), [M�Na]� , 517 (100); HRMS calcd for C79H86O18Na:
1345.5712; found 1345.5685.


Preparation of Lewis X/Y precursors


Ethyl 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-dd-galactopyranosyl)-2-
deoxy-2-phthalimido-1-thio-b-dd-glucopyranoside : BF3 ´ OEt2 (0.84 mL,
6.8 mmol) was added at 0 8C to a stirred solution of 1,3,6-tri-O-acetyl-4-
O-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-2-deoxy-2-phthalimido-b-
d-glucopyranose[10 b] (3.5 g, 4.6 mmol) and EtSH (1.50 mL, 20.3 mmol) in
CH2Cl2. On completion of the addition the cooling bath was removed and
the reaction stirred for a further 12 h. The reaction was quenched by
addition of Et3N (1.11 mL), diluted with CH2Cl2 (50 mL), washed with
water (25 mL) and dried (MgSO4). The solvent was removed under
reduced pressure and the residue purified by flash column chromatography
(petrol/Et2O 4:1) yielding the titled sulfide (3.00 g, 85%) as fine white
needles (Et2O). M.p. 229 ± 231 8C; [a]30


D ��12.4 (c� 1.00, CHCl3); 1H NMR
(CDCl3): d� 1.20 (t, J� 7.5 Hz, 3H; SCH2CH3), 1.89 (s, 3 H; CH3CO), 1.96
(s, 3 H; CH3CO), 2.04 (s, 3H; CH3CO), 2.06 (s, 3 H; CH3CO), 2.12 (s, 6H;
CH3CO), 2.58 ± 2.69 (m, 2H; SCH2CH3), 3.81 ± 3.87 (m, 3 H; H-4D, 5D, 5E),
4.04 (dd, J� 7.6, 11.2 Hz, 1H; H-6Ea), 4.09 (dd, J� 6.2, 11.2 Hz, 1H;
H-6Eb), 4.15 (dd, J� 5.2, 11.9 Hz, 1H; H-6Da), 4.27 (t, J� 10.3 Hz, 1H;
H-2D), 4.50 (d, J� 11.9 Hz, 1H; H-6Db), 4.53 (d, J� 8.0 Hz, 1H; H-1E),
4.96 (dd, J� 3.2, 10.4 Hz, 1 H; H-3E), 5.12 (dd, J� 8.0, 10.4 Hz, 1H; H-2E),
5.33 (d, J� 3.2 Hz, 1 H; H-4E), 5.48 (d, J� 10.3 Hz, 1H; H-1D), 5.77 (dd,
J� 10.0, 10.3 Hz, 1H; H-3D), 7.70 ± 7.80 (m, 4H; Phth); 13C NMR (CDCl3):
d� 15.0 (SCH2CH3), [20.5, 20.6, 20.8 (CH3CO)], 24.6 (SCH2CH3), 54.0 (C-
2D), 60.7 (C-6E), 62.5 (C-6D), 66.6 (C-4E), 69.1 (C-2E), 70.6 (C-5E), 71.0
(C-3E), 71.9 (C-3B), 76.6 (C-4D, C-5D), 81.1 (C-1D), 101.1 (C-1E), [123.6,
123.7 (CH)], [131.2, 131.7 (C)], [134.1, 134.4 (CH)], [167.4, 167.6 (NC�O)],
[169.1, 169.7, 170.0, 170.1, 170.3, 170.4 (CH3CO)]; IR (film): nÄ � 2974, 1749
(C�O), 1717 (C�O), 1371, 1222, 1036 cmÿ1; MS (ES): m/z (%): 785 (100)
[M�NH4]� ; C34H41O17NS (767): calcd C 53.18, H 5.39, N 1.83; found: C
53.00, H 5.30, N 1.64.


Ethyl 4-O-(3:4-O-isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthal-
imido-1-thio-b-dd-glucopyranoside : Ethyl 3,6-di-O-acetyl-4-O-(2,3,4,6-tet-
ra-O-acetyl-b-d-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-d-glu-
copyranoside (3.00 g, 3.9 mmol) was dissolved in MeOH/THF (2:1 75 mL).
K2CO3 (50 mg) was added and the reaction was stirred for 40 min. The
reaction was neutralised by addition of Amberlite IR-120 (plus) causing the
product to precipitate. The suspension was decanted off the resin by
repeated washing with MeOH and the combined washings concentrated to
yield ethyl 4-O-(b-d-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-d-
glucopyranoside (2.04 g, quant.) as an amorphous white powder which was
used without further purification. Ethyl 4-O-(b-d-galactopyranosyl)-2-
deoxy-2-phthalimido-1-thio-b-d-glucopyranoside (1.00 g, 1.94 mmol) and
dry p-toluenesulfonic acid (0.25 g, 1.31 mmol) were dissolved in DMSO
(10 mL). 2,2-Dimethoxypropane (0.48 mL, 3.9 mmol) was added and the
reaction stirred for 12 h after which time the reaction was quenched by
addition of Et3N (0.5 mL). The solvent was removed in vacuo and the
residue purified by flash column chromatography (EtOAc) affording the
titled compound (0.95 g, 88%) as a white foam. [a]30


D ��35.1 (c� 1.00,
CHCl3); 1H NMR (CDCl3): d� 1.17 (t, J� 7.5 Hz, 3H; SCH2CH3), 1.31 (s,
3H; (CH3)2C), 1.48 (s, 3 H; (CH3)2C), 2.60 ± 2.70 (m, 2H; SCH2CH3), 3.14
(m, 1 H; 6E-OH), 3.46 (s, 1 H; 6D-OH), 3.58 ± 3.63 (m, 2 H; H-2E, 5D), 3.74
(t, J� 9.5 Hz, 1H; H-4D), 3.79 ± 3.87 (m, 2 H; H-6E), 3.92 ± 3.98 (m, 4H;
H-5E, 6D, 2E-OH), 4.15 ± 4.19 (m, 3H; H-2D, 3E, 4E), 4.45 (d, J� 8.0 Hz,
1H; H-1E), 4.49 (t, J� 9.5 Hz, 1H; H-3D), 4.64 (s, 1H; 3D-OH), 5.34 (d,
J� 10.5 Hz, 1H; H-1D), 7.71 ± 7.86 (m, 4H; Phth); 13C NMR (CDCl3): d�
14.9 (SCH2CH3), 24.2 (SCH2CH3), [27.0, 31.4 (CH3)], 55.4 (C-2D), 62.0 (C-
6D, 6E), 70.8 (C-3D), 73.4 (C-2E), 73.8 (C-4E), 74.0 (C-5E), 78.6 (C-5D),
79.2 (C-3E), 81.3 (C-1D), 82.0 (C-4D), 98.7 (C-1E), 110.5 ((CH3)2CO2),
[123.1, 123.7 (CH)], [131.7, 131.8 (C)], 134.1 (CH), [167.9, 168.2 (NC�O)];
IR (film): nÄ � 3407, 2926, 1717, 1654, 1388, 1075 cmÿ1; HRMS (ES) calcd for
C25H33O11SNa: 578.1672; found 578.1674.


Ethyl 6-O-benzoyl-4-O-(6-O-benzoyl-3:4-O-isopropylidene-b-dd-galacto-
pyranosyl)-2-deoxy-2-phthalimido-1-thio-b-dd-glucopyranoside : Ethyl
4-O-(3:4-O-isopropylidene-b-d-galactopyranosyl)-2-deoxy-2-phthalimido-
1-thio-b-d-glucopyranoside (0.92 g, 1.66 mmol) was stirred in THF (16 mL)
and Et3N (2.3 mL) at ÿ80 8C. Benzoyl chloride (1.4 mL, 12 mmol) was
added dropwise and the reaction stirred for 22 h allowing the temperature
to warm to ÿ45 8C. The reaction was then quenched by addition of MeOH
(1 mL) and warmed to ambient temperature. The reaction was diluted with
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CH2Cl2 (50 mL) and washed with water (20 mL), dried (NaSO4), and
concentrated under reduced pressure. The residue was purified by flash
column chromatography (petrol/Et2O gradient 1:1!1:4) furnishing the
title compound (1.09 g, 86 %) as a white foam. [a]30


D ��54.7 (c� 1.00,
CHCl3); 1H NMR (CDCl3): d� 1.21 (t,J 7.3 Hz, 3H; SCH2CH3), 1.35 (s, 3H;
(CH3)2C), 1.54 (s, 3 H; CH3)2C), 2.63 ± 2.73 (m, 2H; SCH2CH3), 3.51 (t, J�
9.5 Hz, 1H; H-4D), 3.56 (d, J� 2.0 Hz, 1H; 2E-OH), 3.69 ± 3.73 (m, 1H;
H-5E), 3.84 ± 3.88 (m, 1H; H-5D), 4.11 ± 4.16 (m, 2 H; H-3E, 4E), 4.18 (dd,
J� 2.0, 5.5 Hz, 1 H; H-2E), 4.19 ± 4.36 (m, 3H; H-1E, 2D, 6Ea), 4.45 (dd,
J� 5.4, 11.9 Hz, 1 H; H-6Da), 4.52 (t, J� 9.5 Hz, 1H; H-3D), 4.67 (s, 1H;
3D-OH), 4.78 (dd, J� 2.3, 12.3 Hz, 1H; H-6Eb), 4.92 (d, J� 11.9 Hz, 1H;
H-6Db), 5.38 (d, J� 10.5 Hz, 1 H; H-1D), 7.30 ± 8.08 (m, 14H; Ar);
13C NMR (CDCl3): d� 15.0 (SCH2CH3), 24.2 (SCH2CH3), [26.3, 28.0
(CH3)], 54.7 (C-2D), 63.9 (C-6D), 64.4 (C-6E), 71.0 (C-3D), 72.0 (C-4E),
73.2 (C-3E), 73.3 (C-5E), 77.6 (C-5D), 78.9 (C-2E), 81.2 (C-1D), 83.6 (C-
4D), 103.7 (C-1E), 110.8 ((CH3)2CO2), [123.3, 123.5, 128.3, 128.5 (CH)],
[129.2, 129.6 (C)], 129.8 (CH), [131.7, 131.8 (C)], [133.0, 133.4, 133.9, 134.1
(CH)], [166.4, 166.8 (C�O)], [167.6, 168.0 (NC�O)]; IR (film): nÄ � 3446,
2927, 1750 (C�O), 1714 (C�O), 1382, 1270, 1036, 714 cmÿ1; MS (ES): m/z
(%): 808 (100) [M�CO2]ÿ1, C39H41O13NS (764): calcd C 61.33, H 5.41, N
1.83; found: C 60.60, H 5.35, N 1.79.


Ethyl 6-O-benzoyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopropylidene-b-dd-gal-
actopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-dd-glucopyranoside : Ethyl
6-O-benzoyl-4-O-(6-O-benzoyl-3:4-O-isopropylidene-b-d-galactopyranosyl)-
2-deoxy-2-phthalimido-1-thio-b-d-glucopyranoside (0.83 g, 1.09 mmol) was
heated at reflux under Dean ± Stark conditions in toluene (15 mL) with
dibutyltin dimethoxide (0.32 mL, 1.4 mmol) for 1.5 h. The solvent volume
was then reduced to approximately 5 mL (by distillation) and the reaction
allowed to cool. Beaded 4 � sieves (1 g) were added, followed by BzCl
(0.64 mL, 5.5 mmol) and the reaction stirred for 3 d. The supernatant was
then decanted and concentrated under reduced pressure. The resulting
residue was partitioned between petrol and MeCN. The MeCN fraction was
collected, concentrated and the residue purified by flash column chroma-
tography (petrol/Et2O gradient 1:1!1:4) yielding the title compound
(0.93 g, 98%) as a white foam. [a]30


D ��44.6 (c� 1.00, CHCl3); 1H NMR
(CDCl3): d� 1.12 (t, J 7.5, 3 H; SCH2CH3), 1.34 (s, 3H; (CH3)2C), 1.63 (s,
3H; (CH3)2C), 2.53 ± 2.63 (m, 2 H; SCH2CH3), 3.66 (t, J� 9.7 Hz, 1H;
H-4D), 3.81 ± 3.83 (m, 1 H; H-5D), 4.42 ± 4.40 (m, 7H; H-2D, 3E, 4E, 5E,
6D, 6Ea), 4.56 (t, J� 9.7 Hz, 1H; H-3D), 4.60 (s, 1H; 3D-OH), 4.65 (d, J�
8.1 Hz, 1 H; H-1E), 4.85 (dd, J� 2.5, 12.3 Hz, 1H; H-6Eb), 5.34 ± 5.37 (m,
2H; H-1D, 2E), 7.28 ± 8.09 (m, 19H; Ar); 13C NMR (CDCl3): d� 14.9
(SCH2CH3), 24.1 (SCH2CH3), [26.8, 27.8 (CH3)], 54.9 (C-2D), 63.1 (C-6D),
63.7 (C-6E), 70.8 (C-3D), 72.1 (C-5E), 73.0 (C-1D), 73.4 (C-4E), 76.0 (C-
5D), 77.0 (C-3E), 81.1 (C-2E), 83.2 (C-4D), 101.5 (C-1E), 111.3
((CH3)2CO2), [123.3, 123.5, 128.3, 128.4 (CH)], [128.9, 129.2 (C)], 129.6
(CH), 129.8 (C), 129.9 (CH), [131.7, 131.9 (C)], [133.0, 133.1, 133.3, 133.9,
134.0 (CH)], [165.2, 165.6, 166.4 (C�O)], [167.6, 167.9 (NC�O)]; IR (film):
nÄ � 3460, 2988, 1775 (C�O), 1714 (C�O), 1602, 1367, 1271, 1109, 1071,
710 cmÿ1; HRMS (ES) calcd for C46H45O14NSNa: 890.2458; found 890.2449.


Ethyl 6-O-benzoyl-3-O-chloroacetyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopro-
pylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-dd-gluco-
pyranoside (31): Ethyl 6-O-benzoyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopro-
pylidene-b-d-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-d-gluco-
pyranoside (0.91 g, 1.01 mmol) and ClAc2O (0.32 g, 1.89 mmol) were
stirred in CH2Cl2 (10 mL) at 0 8C and pyridine (0.25 mL, 3.15 mmol) was
added. The cooling bath was removed and the reaction stirred for a further
12 h. The reaction was then diluted with in CH2Cl2 (50 mL), washed
successively with 0.1m HCl (2� 20 mL), NaHCO3 (20 mL) and dried
(MgSO4). The solvent was removed under reduced pressure and the residue
purified filtration through a plug of silica (Et2O) affording 31 (0.89 g, 90%)
as a white foam. [a]30


D ��33.2 (c� 1.00, CHCl3); 1H NMR (CDCl3): d�
1.12 (3H, t, J� 7.4 Hz, SCH2CH3), 1.32 (3H, s, (CH3)2C), 1.59 (3H, s,
(CH3)2C), 2.51 ± 2.62 (2H, m, SCH2CH3), 3.84 ± 3.86 (1 H, m, H-5D), 3.95 ±
3.99 (3H, m, H-4D, 5E, CH2Cl), 4.08 (1 H, d, J� 14.7 Hz, CH2Cl), 4.20 (1H,
dd, J� 1.9, 7.8 Hz, H-4E), 4.29 (1H, t, J� 7.8 Hz, H-3E), 4.34 (1 H, t, J�
10.5 Hz, H-2D), 4.44 ± 4.48 (2H, m, H-6Da, 6Ea), 4.54 (1 H, d, J� 11.2 Hz,
H-6Db), 4.58 (1 H, d, J� 7.8 Hz, H-1E), 4.77 (1 H, dd, J� 4.1, 11.9 Hz,
H-6E), 5.17 (1H, t, J� 7.8 Hz, H-2E), 5.45 (1H, d, J� 10.5 Hz, H-1D), 5.92
(1H, t, J� 9.9 Hz, H-3D), 7.36 ± 8.14 (19 H, m, Ar); 13C NMR (CDCl3): d�
14.9 (SCH2CH3), 24.5 (SCH2CH3), [26.2, 27.5 (CH3)], 40.4 (CH2Cl), 53.8
(C-2D), 62.8 (C-6D), 63.3 (C-6E), 71.6 (C-4D), 72.9 (C-3D), 73.2 (C-4E),


73.4 (C-2E), 76.2 (C-5E), 76.8 (C-5D), 77.1 (C-3E), 81.1 (C-1D), 100.6 (C-
1E), 111.1 ((CH3)2CO2), [123.7, 123.8, 128.4, 128.5, 128.8 (CH)], 129.2 (C),
129.5 (CH), [129.6, 129.7 (C)], [129.8, 131.2, 131.5, 133.2 (CH)], [134.2,
134.4 (CH)], [164.8, 165.8, 166.2, 166.6 (C�O)], [167.6, 167.6 NC�O)]; IR
(film): nÄ � 2987, 1770 (C�O), 1722 (C�O), 1601, 1384, 1272, 1110, 1070,
1027, 710 cmÿ1; MS (ES): m/z (%): 962 (100) [M�NH4]� ; C48H46O15NSCl
(944): calcd C 61.05, H 74.91, N 1.48; found: C 60.77, H 4.84, N 1.39.


Ethyl 6-O-benzoyl-3-O-chloroacetyl-4-O-(6-O-benzoyl-2-O-chloroacetyl-
3:4-O-isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-
b-dd-glucopyranoside (34): Ethyl 6-O-benzoyl-4-O-(2,6-di-O-benzoyl-3:4-
O-isopropylidene-b-d-galactopyranosyl)-2-deoxy-2-phthalimido-1-thio-b-
d-glucopyranoside (0.26 g, 0.3 mmol) and ClAc2O (0.18 g, 1.1 mmol) were
stirred in CH2Cl2 (3 mL) at 0 8C and pyridine (0.17 mL, 2.0 mmol) was
added. The cooling bath was removed and the reaction stirred for a futher
12 h. The reaction was then diluted with CH2Cl2 (40 mL), washed
successively with 0.1m HCl (2� 10 mL), NaHCO3 (15 mL) and dried
(MgSO4). The solvent was removed under reduced pressure and the residue
purified by flash column chromatography (petrol/Et2O gradient 1:1!2:3)
affording 34 (0.29 g, 94%) as a white foam. [a]30


D ��54.7 (c� 1.00, CHCl3);
1H NMR (CDCl3): d� 1.16 (3 H, t, J� 7.4 Hz, SCH2CH3), 1.31 (s, 3H;
(CH3)2C), 1.54 (s, 3H; (CH3)2C), 2.55 ± 2.67 (m, 2 H; SCH2CH3), 3.93 ± 4.00
(m, 4 H; H-4D, 5D, 5E, CH2Cl), 4.08 (d, J� 14.7 Hz, 5H; H-3E, 4E,
CH2Cl), 4.35 (t, J� 10.5 Hz, 1H; H-2D), 4.41 ± 4.45 (m, 3 H; H-1E, 6Ea,
6Da), 4.71 ± 4.75 (m, 2H; H-6Db, 6Eb), 4.94 (t, J� 7.3 Hz, 1H; H-2E), 5.50
(d, J� 10.5 Hz, 1 H; H-1D), 5.93 (t, J� 10.5 Hz, 1H; H-3D), 7.38 ± 8.12 (m,
14H; Ar); 13C NMR (CDCl3): d� 15.6 (SCH2CH3), 26.2 (SCH2CH3), [27.4,
29.0 (CH3)], 40.4 (C-6D), 40.6 (C-6E), 53.8 (C-D), 62.9 (CH2Cl), 63.1
(CH2Cl), 71.6 (C-5E), 72.9 (C-3D), 73.2 (C-4E), 74.7 (C-2E), 76.1 (C-4D),
76.9 (C-3E, 5D), 81.2 (C-1D), 99.9 (C-1E), 111.3 ((CH3)2CO2), [123.7, 123.8,
128.5, 128.8, 129.5, 129.6 (CH)], [131.2, 131.5 (C)], [133.4, 133.6, 134.3,
134.4 (CH)], [165.8, 165.9, 166.2, 166.6 (C�O)], [167.2, 167.6 (NC�O)]; IR
(film): nÄ � 3446, 2927, 1750 (C�O), 1714 (C�O), 1382, 1270, 1036, 714 cmÿ1;
MS (ES): m/z (%): 961 (100) [M�CO2]ÿ , C43H43O15NSCl2 (917): calcd C
56.38, H 4.74, N 1.53; found: C 56.10, H 4.56, N 1.45.


Preparation of lactosamine bromides from sulfides : The lactosamine
sulfide was dissolved in CH2Cl2 at 0 8C and Br2 (typically 10 mL) was added
until a reddish colour persisted. The reaction was stirred for 0.5 h after
which time it was diluted with CH2Cl2 (30 mL), washed with 20% aqueous
Na2S2O3 (8 mL), dried (NaSO4), and concentrated under reduced pressure.
The resulting bromide was used without further purification.


Typical protocol for lactosamine coupling : The lactosamine bromide
[x mol] and acceptor [x/(1.5 ± 3) mol] were combined and dried by
coevaporation with toluene (2� 3 mL) and storage in vacuo. Beaded 4 �
sieves (0.5 g) were added to the residue, followed by CH2Cl2 (1 mL) and the
mixture stirred in the absence of light for 3 h. The temperature was lowered
to ÿ50 8C and a solution of dried AgOTf [(x� 0.5) mol], dried by
coevaporation with toluene (2� 1 mL) and storage in vacuo, and 2,6-
lutidine [(x� 0.5) mol] in a mixture of CH2Cl2/toluene (3:1 1.5 mL) was
added, by syringe, dropwise over a period of 20 min. (It is recommended
that this solution be prepared immediately prior to use as the AgOTf/2,6-
lutidine complex slowly precipitates on standing.) The reaction was then
stirred for a further 1 h after which time it was quenched by addition of
Et3N (0.1 mL), diluted with CH2Cl2 (40 mL), washed with 20 % aqueous
Na2S2O3 (8 mL) and dried (MgSO4). The solvents were removed under
reduced pressure and the residue purified as indicated.


Methyl 2,4-di-O-benzyl-3,6-di-O-{3,4,6-tri-O-benzyl-2-O-[3,6-di-O-acetyl-
4-O-(2,3,4,6-tetra-O-acetyl-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-
b-dd-glucopyranosyl]-a-dd-mannopyranosyl}-a-dd-mannopyranoside (30):
Bromide 28 (200 mg, 261 mmol) was reacted with trimannose 29 (108 mg,
87 mmol) in accordance with the general procedure. The product was
purified by flash column chromatography (EtOAc/petrol 2:3) to yield
heptasaccharide 30 (147 mg, 64%) as a white foam. 1H NMR (CDCl3): d�
1.88 (s, 3 H; (CH3)2C), 1.91 (s, 3 H; (CH3)2C), 1.93 (s, 3H; CH3CO), 1.97 (s,
3H; CH3CO), 1.98 (s, 3H; CH3CO), 1.99 (s, 3 H; CH3CO), 2.05 (s, 6H;
CH3CO), 2.06 (s, 3H; CH3CO), 2.10 (s, 3H; CH3CO), 2.06 (s, 3 H; CH3CO),
2.14 (s, 3 H; CH3CO), 2.15 (s, 3H; CH3CO), 2.40 ± 2.42 (m, 1H; H-5D), 2.79
(dd, J� 6.1, 11.7 Hz, 1H; H-6Ba), 3.00 (dd, J� 6.1, 11.9 Hz, 1H; H-6Ca),
3.19 (d, J� 11.9 Hz, 1 H; H-6Cb), 3.24 (s, 3H; OCH3), 3.44 ± 3.49 (m, 3H;
H-5C, 6Ab, 6Bb), 3.59 (t, J� 9.6 Hz, 1H; H-4C), 3.61 ± 4.86 (m, 43H),
4.90 ± 4.95 (m, 2 H; H-3E, 3E'), 4.98 (s, 1H; H-1B), 5.05 ± 5.16 (m, 3H;
H-2E, 2E', OCH2Ph), 5.33 (s, 2H; H-4E, 4E'), 5.50 (d, J� 8.6 Hz, 1H;
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H-1D'), 5.54 (t, J� 9.9 Hz, 1H; H-3D), 5.57 (dd, J� 8.7, 10.7 Hz, 1H;
H-3D'), 7.35 ± 7.87 (m, 48H; Ar); 13C NMR (CDCl3): d� [20.5, 20.6, 20.7
(CH3CO)], 54.5 (C-2D), 54.7 (C-2D'), 54.8 (OCH3), [60.7, 60.8 (C-6E,
6E')], 61.6 (C-6D), 62.5 (C-6D'), 65.9 (C-6A), 66.6 (C-4E, 4E'), 69.1 (C-2E,
2E'), 69.4 (C-6C), 70.1 (C-6B), 70.2 (OCH2Ph), 70.5 ± 70.7 (C-3D', 5A, 5E,
5E'), 70.8 (OCH2Ph), 71.0 ± 71.2 (C-3D, 3E, 3E'), 71.5 (C-4B), 72.5
(OCH2Ph), 71.8 (C-5D), 72.6 (C-5B, 5D'), 72.9 (OCH2Ph), 73.0 (C-2B),
73.2 (C-2C), 73.8 (OCH2Ph), 74.2 (C-5C), 74.3 (C-4C), 74.4 (C-4A), [74.8,
75.1 (OCH2Ph)], 76.8 (C-4D'), 77.0 (C-4D), 77.3 (C-3C), 77.5 (C-2A), 77.9
(C-3B), 79.0 (C-3A), 95.7 (C-1D), 96.6 (C-1D'), 97.1 (C-1C), 98.7 (C-1A),
98.8 (C-1B), 101.1 (C-1E'), 101.3 (C-1E), [123.2, 123.3, 123.5, 123.9, 126.0,
127.2, 127.3, 127.4, 127.5, 127.5, 127.7, 127.8, 128.0, 128.1, 128.2, 128.3, 128.5
(CH)], [131.2, 131.6 (C)], [133.9, 134.2 (CH)], [137.8, 137.9, 138.0, 138.2,
138.4, 138.5, 138.6 (C)], [167.3, 167.4, 168.0, 168.3, 169.0, 169.3, 169.9, 170.3,
170.5 (C�O)]; IR (film): nÄ � 2923, 1749 (C�O), 1718 (C�O), 1451, 1386,
1367, 1222, 1073 cmÿ1; HRMS (ES) calcd for C139H152O50N2Na: 2671.9305;
found 2671.9280.


General protocol for Alloc deprotection : The oligosaccharide (x mol) and
5,5-dimethyl-1,3-cyclohexanedione (5x mol) were dissolved in THF to
which was added [Pd(PPh3)4] (5 mg) and the mixture stirred in the absence
of light for 4 h. The solvent was then removed under reduced pressure and
the residue purified by size-exclusion chromatography on Sephadex LH-20
(MeOH/CH2Cl2 1:1).


Methyl 2,4-di-O-benzyl-3-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-chloro-
acetyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopropylidene-b-dd-galactopyrano-
syl)-2-deoxy-2-phthalimido-b-dd-glucopyranosyl]-a-dd-mannopyranosyl}-6-
O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-chloroacetyl-4-O-(6-O-benzoyl-
2-O-chloroacetyl-3:4-O-isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-
phthalimido-b-dd-glucopyranosyl]}-a-dd-mannopyranoside (35): Bromide 31
(143 mg, 151 mmol) was reacted with trimannose 21 (100 mg, 75 mmol) in
accordance with the general procedure to yield a pentasaccharide (125 mg,
74%) after purification by size-exclusion chromatography on Sephadex
LH-20 (MeOH:CH2Cl2 1:1) followed by preparative TLC (petrol/Et2O
9:1). The Alloc group was removed in accordance with the general
procedure (88 %). The resulting alcohol (101 mg, 47 mmol) was subse-
quently glycosylated with bromide 34 (86 mg, 94 mmol) in accordance with
the general procedure to afford heptasaccharide 35 (106 mg, 76 %) after
purification by size-exclusion chromatography on Sephadex LH-20
(MeOH/CH2Cl2 1:1) followed by preparative TLC (petrol/Et2O 3:2) as a
white glass. 1H NMR (CDCl3): d� 1.31 (s, 3 H; (CH3)2C), 1.32 (s, 3H;
(CH3)2C), 1.56 (s, 6H; (CH3)2C), 2.73 (dd, J� 7.0, 10.8 Hz, 1H; H-5D'), 2.98
(dd, J� 5.8, 11.1 Hz, 1 H; H-6Ca), 3.17 ± 3.19 (m, 4H; H-6Cb, OCH3),
3.36 ± 4.98 (m, 69H), 5.21 (t, J� 7.7 Hz, 1H; H-2E'), 5.51 (d, J� 8.4 Hz, 1H;
H-1D), 5.66 (t, J� 10.7 Hz, 1H; H-3D'), 5.91 (t, J� 9.1 Hz, 1 H; H-3D),
6.89 ± 8.18 (m, 68 H; Ar); 13C NMR (CDCl3): d� [26.2, 26.3, 27.4, 27.5
(CH3)], [40.5, 40.6 (CH2Cl)], 54.2 (C-2D'), 54.4 (C-2D), 54.8 (OCH3), 62.3
(C-6D'), 62.7 (C-6D), 63.2 (C-6E), 63.3 (C-6E'), 65.8 (C-6A), 69.5 (C-6C),
70.2 (C-6B), 70.3 (OCH2Ph), 70.7 (OCH2Ph, C-5A), 71.4 (C-5C), 71.6 (C-
5E'), 71.7 (C-3D', 5E), 71.8 (C-5D'), 72.1 (C-3D), [72.5, 72.6 (OCH2Ph)],
72.7 (C-5B), 72.9 (OCH2Ph, C-5D), 73.0 (C-2B), 73.3 (C-4E'), 73.4 (C-4E),
73.5 (OCH2Ph, C-2C), 73.6 (C-2E'), 74.2 (C-4B), 74.3 (C-4C), 74.6 (C-2E',
4A), 76.0 (C-4D'), 76.4 (C-4D), 76.9 (C-3E), 77.4 (C-3C), 77.5 (C-2A), 77.6
(C-3E'), 77.7 (C-3B), 78.7 (C-3A), 95.9 (C-1D'), 98.9 (C-1D, 1C), 98.7 (C-
1B, 1A), 100.2 (C-1E), 100.7 (C-1E'), [111.2, 111.3 ((CH3)2CO2)], [123.2,
123.4, 123.9, 125.5, 127.2, 127.3, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0,
128.1, 128.2, 128.4, 128.5, 128.6, 128.7 (CH)], 128.8 (C), [128.9, 129.4, 129.5,
129.6, 130.0 (CH)], [131.3, 131.7 (C)], [133.4, 133.5, 133.6, 133.7, 133.8,
134.0, 134.2 (CH)], [137.8, 137.9, 138.2, 138.5, 138.6, 138.7 (C)], [164.8,
165.7, 165.8, 166.3, 166.6, 166.7, 168.0, 168.2 (C�O)]; IR (film): nÄ � 2929,
1777 (C�O), 1721 (C�O), 1453, 1386, 1273, 1110, 1069, 712 cmÿ1; MS (ES):
m/z (%): 2973 (5) [M�Na]� , 2844 (100) [Mÿ 2�ClAc�Na]� , 2768 (10)
[Mÿ 3�ClAc�Na]� ; HRMS (ES) calcd for [C158H155O44N2ClNa2]2� :
1433.4791; found 1433.4810.


Methyl 2,4-di-O-benzyl-3-O-{3,4,6-tri-O-benzyl-2-O-[3,6-di-O-acetyl-4-O-
(2,3,4,6-tetra-O-acetyl-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-
glucopyranosyl]-a-dd-mannopyranosyl}-6-O-{3,4,6-tri-O-benzyl-2-O-[6-O-
benzoyl-3-chloroacetyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopropylidene-b-dd-
galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-glucopyranosyl]-a-dd-man-
nopyranosyl}-a-dd-mannopyranoside (36): Bromide 28 (178 mg, 226 mmol)
was reacted with trimannose 21 (200 mg, 152 mmol) in accordance with the
general procedure to yield a pentasaccharide (169 mg, 53 %) after


purification by flash column chromatography (EtOAc/petrol 1:1) and
size-exclusion chromatography on Sephadex LH-20 (MeOH/CH2Cl2 1:1).
The Alloc group was removed in accordance with the general procedure
(93 %). The resulting alcohol (50 mg, 26 mmol) was subsequently glycosy-
lated with bromide 31 (49 mg, 52 mmol) in accordance with the general
procedure to afford heptasaccharide 36 (63 mg, 86%) after purification by
preparative TLC (EtOAc/petrol 1:1) as a white glass. 1H NMR (CDCl3):
d� 1.32 (s, 3 H; (CH3)2C), 1.61 (s, 3H; (CH3)2C), 1.89 (s, 3 H; CH3CO), 1.93
(s, 3H; CH3CO), 1.99 (s, 3 H; CH3CO), 2.06 (s, 3 H; CH3CO), 2.11 (s, 3H;
CH3CO), 2.15 (s, 3 H; CH3CO), 2.43 (m, 1 H; H-5D), 2.79 (dd, J� 6.7,
10.8 Hz, 1H; H-6Ba), 3.00 (dd, J� 5.8 Hz, 11.1, 1H; H-6Ca), 3.19 ± 3.22 (m,
4H; H-6Aa, OCH3), 3.36 ± 3.46 (m, 4 H), 3.54 (1H, t, J� 9.4 Hz, H-4C),
3.57 ± 3.59 (m, 1 H; H-5A), 3.64 ± 5.16 (m, 52 H), 5.18 (t, J� 7.2 Hz, 1H;
H-3E'), 5.34 (d, J� 3.1 Hz, 1 H; H-4E), 5.44 (d, J� 8.4 Hz, 1H; H-1D'), 5.56
(t, J� 9.1 Hz, 1 H; H-3D), 5.90 (t, J� 9.1 Hz, 1H; H-3D'), 6.98 ± 8.13 (m,
63H; Ar); 13C NMR (CDCl3): d� [20.5, 20.6, 20.7 (CH3CO)], [26.1, 27.4
(CH3)], 40.5 (CH2Cl), 54.4 (C-2D'), 54.6 (C-2D), 54.8 (OCH3), 60.8 (C-6E),
61.6 (C-6D), 62.6 (C-6D'), 63.4 (C-6E'), 65.8 (C-6A), 66.6 (C-4E), 69.1 (C-
2E), 69.5 (C-6C), 70.1 (C-6B), 70.2 (OCH2Ph), 70.5 (C-5E), 70.7 (C-3D),
70.8 (OCH2Ph, C-5A), 71.2 (C-3E), 71.4 (C-5C), 71.7 (C-5E'), 71.8 (C-5D),
72.2 (C-3D'), [72.4, 72.5 (OCH2Ph)], 72.6 (C-5B), 72.8 (C-5D'), 72.9
(OCH2Ph), 73.1 (C-4E'), 73.2 (C-2B), 73.3 (C-2C, 2E'), 73.8 (OCH2Ph),
74.3 (C-4B), 74.5 (C-4C), 74.7 (OCH2Ph), 76.4 (C-4D'), 76.87 (C-4D), 77.2
(C-3E'), 77.3 (C-3C), 77.6 (C-2A), 77.9 (C-3B), 78.2 (C-3A), 95.7 (C-1D),
96.8 (C-1D'), 97.0 (C-1C), 98.5 (C-1A), 98.8 (C-1B), 100.9 (C-1E), 101.3 (C-
1E'), 111.1 ((CH3)2CO2), [123.1, 123.5, 126.0, 126.7, 126.9, 127.0, 127.1, 127.2,
127.3, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.5,
128.7, 128.8, 129.9 (CH)], [129.2, 129.4 (C)], [129.5 (CH)], 129.6 (C), 129.8
(CH), 131.5 (C), [133.3, 133.54, 134.0 (CH)], [137.8, 138.0, 138.2, 138.3,
138.4, 138.5, 138.6, 138.7 (C)] and [164.8, 165.8, 166.3, 166.6, 168.9, 169.7,
170.1, 170.2, 170.3 (C�O)]; IR (film): nÄ � 2933, 1748 (C�O), 1720 (C�O),
1453, 1386, 1268, 1107, 1070, 715 cmÿ1; HRMS (ES) calcd for
[C153H157O48N2ClNa2]2� : 1435.4689; found 1435.4742.


Methyl 2,4-di-O-benzyl-3-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-chloro-
acetyl-4-O-(6-O-benzoyl-2-O-chloroacetyl-3:4-O-isopropylidene-b-dd-gal-
actopyranosyl)-2-deoxy-2-phthalimido-b-dd-glucopyranosyl]}-6-O-{3,4,6-tri-
O-benzyl-2-O-[6-O-benzoyl-3-chloroacetyl-4-O-(2,6-di-O-benzoyl-3:4-O-
isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-gluco-
pyranosyl]-a-dd-mannopyranosyl}-a-dd-mannopyranoside (37): Bromide 34
(90 mg, 98 mmol) was reacted with trimannose 21 (65 mg, 49 mmol) in
accordance with the general procedure to yield a pentasaccharide (92 mg,
86%) after purification by size-exclusion chromatography on Sephadex
LH-20 (MeOH/CH2Cl2 1:1). The Alloc group was removed in accordance
with the general procedure (92 %). The resulting alcohol (67 mg, 32 mmol)
was subsequently glycosylated with bromide 31 (72 mg, 77 mmol) in
accordance with the general procedure to afford heptasaccharide 37
(57 mg, 60 %) after purification by by size-exclusion chromatography on
Sephadex LH-20 (MeOH/CH2Cl2 1:1) followed by preparative TLC
(EtOAc/petrol 3:2) as a white glass. 1H NMR (CDCl3): d� 1.32 (s, 3H;
(CH3)2C), 1.38 (s, 3H; (CH3)2C), 1.60 (s, 3 H; (CH3)2C), 1.61 (s, 3H;
(CH3)2C), 2.87 ± 2.90 (m, 2 H; H-5D, 6Ba), 3.00 (dd, J� 5.8, 11.1 Hz, 1H;
H-6Ca), 3.13 (s, 3H; OCH3), 3.23 (d, J� 11.1 Hz, 1H; H-6Cb), 3.37 ± 4.80
(m, 61H), 4.88 (d, J� 11.3 Hz, 1 H; H-6E'b), 4.93 (s, 1H; H-1B), 5.01 (d,
J� 8.4 Hz, 1H; H-1D), 5.19 (t, J� 7.2 Hz, 1 H; H-2E), 5.41 (d, J� 8.4 Hz,
1H; H-1D'), 5.90 (dd, J� 9.1, 10.7 Hz, 1H; H-3D'), 6.99 ± 8.14 (m, 73H;
Ar); 13C NMR (CDCl3): d� [26.1, 26.2, 27.5, 28.1 (CH3)], 40.5 (CH2Cl),
54.4 (C-2D'), 54.7 (OCH3), 55.3 (C-2D), 62.6 (C-6D'), 63.4 (C-6E), 63.9 (C-
6E'), 64.0 (C-6D), 65.0 (C-6A), 69.5 (C-6C), 69.6 (C-3D), 70.2 (OCH2Ph),
70.3 (C-6B), 70.7 (OCH2Ph), 70.9 (C-5A), 71.4 (C-5C), 71.7 (C-5E), 72.0 (C-
5E'), 72.2 (C-3D'), [72.3, 72.5 (OCH2Ph)], 72.6 (C-5B), 72.8 (C-5D'), 73.0
(OCH2Ph), 73.2 (C-4E, 4E'), 73.3 (C-3E), 73.4 (C-5D), 73.5 (C-2B, 2C, 2E,
2E'), 73.8 (OCH2Ph), 74.3 (C-4C), 74.5 (C-4A, 4B), [74.7, 74.9 (OCH2Ph)],
76.4 (C-4D'), 77.1 (C-3E'), 77.3 (C-3C), 77.6 (C-2A), 77.8 (C-3B, 3E'), 78.9
(C-3A), 83.5 (C-4D), 96.3 (C-1D), 96.8 (C-1D'), 97.0 (C-1C), 98.4 (C-1A),
99.2 (C-1B), 100.9 (C-1E), 103.7 (C-1E'), [110.8, 111.1 ((CH3)2CO2)],
[123.1, 123.4, 123.6, 125.8, 127.3, 127.4, 127.6, 127.9, 128.0, 128.1, 128.2, 128.3,
128.4, 128.5, 128.6, 128.7, 128.8 (CH)], [128.9, 129.0, 129.2 (C)]. [129.4,
129.5 (CH)], 129.6 (C), 129.7 (CH), 129.3 (C), [129.9, 130.0 (CH)], 131.9
(C), [133.0, 133.1, 133.4, 133.6, 133.8, 133.9, 134.0 (CH)], [137.8, 138.1,
138.2, 138.3, 138.4, 138.5, 138.6, 138.8 (C)], [164.8, 135.8, 166.3, 166.5, 166.6,
167.2, 167.6, 168.2, 168.4 (C�O)]; IR (film): nÄ � 2930, 1777 (C�O), 1722
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(C�O), 1594, 1389, 1273, 1110, 1070, 712 cmÿ1; HRMS (ES) calcd for
[C162H159O48N2Cl3Na2]2� : 1509.4507; found 1509.4519.


Methyl 2,4-di-O-benzyl-3,6-di-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-
chloroacetyl-4-O-(2,6-di-O-benzoyl-3:4-O-isopropylidene-b-dd-galactopyra-
nosyl)-2-deoxy-2-phthalimido-b-dd-glucopyranosyl]-a-dd-mannopyranosyl}-a-
dd-mannopyranoside (38): Bromide 34 (140 mg, 153 mmol) was reacted with
trimannose 29 (63 mg, 50 mmol) in accordance with the general procedure.
The product was purified by size-exclusion chromatography on Sephadex
LH-20 (MeOH/CH2Cl2 1:1) to yield heptasaccharide 38 (107 mg, 71%) as a
white glass. 1H NMR (CDCl3): d� 1.32 (s, 6 H; (CH3)2C), 1.56 (s, 3H;
(CH3)2C), 1.58 (s, 3H; (CH3)2C), 2.53 ± 2.55 (m, 1 H; H-5D), 2.78 (dd, J�
6.9, 10.3 Hz, 1 H; H-6Ba), 3.00 (dd, J� 5.6, 10.8 Hz, 1H; H-Ca), 3.21 (s,
H-6Aa, 4 H; OCH3), 3.41 ± 5.00 (m, 64 H), 5.01 (s, 1H; H-1B), 5.13 (d, J�
8.3 Hz, 1H; H-1D), 5.53 (d, J� 8.3 Hz, 1H; H-1D'), 5.71 (t, J� 9.6 Hz, 1H;
H-3D), 5.92 (t, J� 9.5 Hz, 1 H; H-3D'), 6.95 ± 8.12 (m, 68H; Ar); 13C NMR
(CDCl3): d� [26.1, 26.2, 27.4 (CH3)], [40.4, 40.6, 40.8 (CH2Cl)], 54.3 (C-
2D), 54.4 (C-2D'), 54.8 (OCH3), 62.3 (C-6D), 63.0 (C-6D'), 63.2 (C-6E,
6E'), 65.9 (C-6A), 69.4 (C-6C), 70.1 (C-6B), 70.3 (OCH2Ph), 70.6 (C-5A),
70.7 (OCH2Ph), 71.4 (C-5C), 71.6 (C-5E), 71.7 (C-5E'), 71.8 (C-3D), 72.0
(C-5D), 72.1 (C-3D'), 72.5 (OCH2Ph), 72.6 (C-5B), 72.8 (OCH2Ph), 72.9
(C-5D'), 73.1 (C-2B), 73.2 (C-4E), 73.3 (C-4E'), 73.4 (C-2C), 73.8
(OCH2Ph), 74.2 (C-4B), 74.3 (C-4C), 74.6 (C-2E', 4A), 74.7 (C-2E), [74.8,
75.0 (OCH2Ph)], 76.3 (C-4D'), 76.6 (C-4D), 76.9 (C-3E'), 77.2 (C-3E), 77.5
(C-2A, 3C), 77.8 (C-3B), 78.5 (C-3A), 95.9 (C-1D), 96.8 (C-1D'), 97.0 (C-
1C), 98.7 (C-1A, 1B), 100.1 (C-1E'), 100.5 (C-1E), 111.3 ((CH3)2CO2),
[123.2, 123.5, 123.9, 126.1, 127.2, 127.3, 127.4, 127.5, 127.6, 127.9, 128.0, 128.1,
128.2, 128.4, 128.6, 128.9 (CH)], 129.4 (C), 129.5 (CH), 129.6 (CH), [131.4,
131.5 (C)], [133.4, 133.5, 133.6, 133.7, 133.8, 134.0, 134.2, 137.8, 137.9, 138.2,
138.4, 138.5, 138.6, 138.7 (C)], [165.7, 165.8, 165.9, 166.1, 166.2, 166.3, 166.6,
167.2, 168.0, 168.2 (C�O)]; IR (film): nÄ � 2929, 1777 (C�O), 1721 (C�O),
1453, 1386, 1273, 1110, 1069, 712 cmÿ1; HRMS (ES) calcd for
[C157H156O46N2Cl2Na2]2� : 1495.4234; found 1495.4192.


General procedure for dechloracetylation : The oligosaccharide (x mol),
thiourea (10 x mol) and 2,6-lutidine (10 x mol) were stirred in a mixture of
MeOH/(THF or acetone) (3:1 0.5 mL) for a period of typically 7 d. The
reaction was monitored by 1H NMR of reaction aliquots, using the OCH3


signal as a guide to reaction progress. On completion the reaction was
diluted with CH2Cl2 (30 mL), washed with 0.3m HCl (10 mL) and dried
(NaSO4). The solvents were removed under reduced pressure and the
residue purified by preparative TLC (petrol/EtOAc 2:3).


General protocol for fucosylation : The oligosaccharide, fucoside 43 (4
equiv per glycosylation site, x mol) and 2,6-di-tert-butyl-4-methylpyridine
(3x mol) were coevaporated with toluene (2� 3 mL) before addition of
beaded 4 sieves (1.0 g). A mixture of CH2Cl2/Et2O (2:1 1 mL) was added
and the reaction stirred for 3 h before addition of MeOTf (3x mol). The
reaction was stirred for a further 12 h before it was diluted with CH2Cl2


(30 mL), washed with NaHCO3 (5 mL) and dried (NaSO4). The solvents
were removed under reduced pressure and the residue purified by
preparative TLC.


Methyl 2,4-di-O-benzyl-3-O-{3,4,6-tri-O-benzyl-2-O-[3,6-di-O-acetyl-4-O-
(2,3,4,6-tetra-O-acetyl-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-glu-
copyranosyl]-a-dd-mannopyranosyl}-6-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzo-
yl-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-4-O-(2,6-di-O-benzo-
yl-3:4-O-isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-
glucopyranosyl]-a-dd-mannopyranosyl}-a-dd-mannopyranoside (44): Hepta-
saccharide 36 (106 mg, 37 mmol) was dechloroacetylated in accordance
with the general procedure furnishing alcohol 39 (91 mg, 88%). Alcohol 39
(89 mg, 32 mmol) was subsequently fucosylated with sulfide 43 (49 mg,
129 mmol) in accordance with the general procedure (without addition of
base) to afford octasaccharide 44 (95 mg, 97%) as a white glass after
purification by preparative TLC (EtOAc/petrol 1:1). 1H NMR (CDCl3):
d� 1.26 ± 1.27 (m, 6 H; H-6F, (CH3)2C), 1.31 (s, 3 H; (CH3)2C), 1.68 (s, 3H;
(CH3)2C), 1.89 (s, 3H; CH3CO), 1.93 (s, 3 H; CH3CO), 1.97 (s, 3H;
CH3CO), 1.99 (s, 3H; CH3CO), 2.05 (s, 3 H; CH3CO), 2.11 (s, 3H; CH3CO),
2.44 ± 2.46 (m, 1H; H-5D), 2.75 ± 2.81 (m, 2H; H-6Ba, 6Ca), 3.16 (s, 3H;
OCH3), 3.21 (d, J� 10.2 Hz, 1H; H-6Cb), 3.30 (d, J� 10.2 Hz, 1H; H-6Aa),
3.34 ± 3.72 (m, 4 H), 3.76 (dd, J� 2.2, 9.4 Hz, 1 H; H-3C), 3.77 ± 3.90 (m,
7H), 3.94 (dd, J� 2.7, 9.5 Hz, 1 H; H-3A), 3.95 ± 5.34 (m, 56H), 5.55 (dd,
J� 9.0, 10.6 Hz, 1 H; H-2E'), 6.83 ± 8.20 (m, 68H; Ar); 13C NMR (CDCl3):
d� 16.1 (C-6F) [20.5, 20.6, 20.7 (CH3CO)], [26.1, 27.7 (CH3)], 54.6 (C-2D),
54.7 (OCH3), 56.2 (C-2D'), 60.8 (C-6E), 61.6 (C-6D), 62.6 (C-D'), 62.8 (C-


6E'), 64.6 (C-5F), 65.9 (C-6A), 66.6 (C-4E), 69.2 (C-2E), 69.9 (C-6C), 70.1
(C-6B), 70.5 (C-3F), 70.6 (C-5E', 5E), 70.7 (C-3D), 70.8 (C-5A, OCH2Ph),
71.1 (C-5C), 71.2 (C-3E), 71.8 (C-5D), 72.1 (C-4F), 72.2 (C-2F), [72.4, 72.5
(OCH2Ph)], 72.6 (C-5B), 72.7 (C-3D'), 72.8 (C-2C), 72.9 (OCH2Ph), 73.0
(C-2B), 73.3 (C-2E', 5D'), 73.5 (C-4E'), 73.8 (OCH2Ph), 74.3 (C-4B), 74.4
(C-4C), 74.5 (C-4A), [74.8, 75.0 (OCH2Ph)], 75.9 (C-4D'), 76.8 (C-3C), 77.2
(C-4D), 77.5 (C-2A), 77.6 (C-3E'), 77.9 (C-3B), 78.8 (C-3A), 95.7 (C-1D),
96.8 (C-1D'), 97.0 (C-1C), 97.5 (C-1F), 98.5 (C-1A), 98.7 (C-1B), 100.2 (C-
1E'), 101.3 (C-1E), 110.9 ((CH3)2CO2), [123.1, 123.3, 123.5, 123.7, 125.7,
126.8, 127.2, 127.3, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2,
128.3, 128.5, 128.6, 128.7, 128.8 (CH)], [129.2, 129.3 (C)], [129.5, 129.8,
129.9 (CH)], 130.1 (C), [131.3, 131.7, 133.2, 133.3, 133.5, 133.7 (CH)], [137.9,
138.2, 138.4, 138.5, 138.7 (C)], [164.9, 166.0, 166.4, 166.8, 167.4, 167.9, 168.9,
169.2, 169.3, 169.8, 170.1, 170.4 (C�O)]; IR (film): nÄ � 2934, 1748 (C�O),
1716 (C�O), 1454, 1386, 1223, 1071, 720 cmÿ1; HRMS (ES) calcd for
C168H176O53N2Na: 3092.1030; found 3092.1192.


Methyl 2,4-di-O-benzyl-3-O-(3,4,6-tri-O-benzyl-2-O-{6-O-benzoyl-3-O-[3,4-
di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl]-4-O-[6-O-benzoyl-3:4-O-isopro-
pylidene-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-b-dd-galacto-
pyranosyl]-2-deoxy-2-phthalimido-b-dd-glucopyranosyl}-a-dd-mannopyrano-
syl)-6-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-O-(3,4-di-O-acetyl-2-O-ben-
zyl-a-ll-fucopyranosyl)-4-O-(2,6-di-O-benzoyl-3:4-O-isopropylidene-b-dd-gal-
actopyranosyl)-2-deoxy-2-phthalimido-b-dd-glucopyranosyl]-a-dd-mannopyra-
nosyl}-a-dd-mannopyranoside (45): Heptasaccharide 37 (54 mg, 18 mmol) was
dechloroacetylated in accordance with the general procedure furnishing
alcohol 40 (36 mg, 72%). Alcohol 40 (36 mg, 13 mmol) was subsequently
fucosylated with sulfide 43 (60 mg, 157 mmol) in accordance with the
general procedure to afford decasaccharide 45 (23 mg, 48%) as a white
glass after purification by preparative TLC (EtOAc/petrol 2:3 triple
elution). 1H NMR (CDCl3): d� 1.16 (d, J� 6.2 Hz, 3 H; H-6F'), 1.22 (d, J�
6.3 Hz, 3H; H-6G), 1.26 (d, J� 6.3 Hz, 3 H; H-6F), 1.31 (s, 6 H; (CH3)2C),
1.48 (s, 3 H; (CH3)2C), 1.58 (s, 3 H; (CH3)2C), 1.63 (s, 3H; CH3CO), 1.68 (s,
3H; CH3CO), 1.89 (s, 3H; CH3CO), 1.95 (s, 3H; CH3CO), 1.97 (s, 3H;
CH3CO), 2.15 (s, 3 H; CH3CO), 2.71 ± 2.80 (m, 1 H; H-6Ba), 2.81 ± 2.88 (m,
1H; H-6Ca), 3.13 (s, 3H; OCH3), 3.24 ± 4.90 (m, 74 H), 5.00 ± 5.03 (m, 1H;
H-5F'), 5.24 (s, 1 H; H-4F'), 5.25 ± 5.36 (m, 6H), 5.42 (s, 1H; H-4G), 5.49 (d,
J� 3.2 Hz, 1 H; H-1G), 6.84 ± 8.21 (m, 88H; Ar); 13C NMR (CDCl3): d�
15.9 (C-6F), 16.1 (C-6G), 16.3 (C-6F'), [20.5, 20.6, 20.7 (CH3CO)], [26.0,
26.3, 27.7, 27.9 (CH3)], 54.6 (C-2D'), 56.6 (C-2D), 62.3 (C-6D'), 62.6 (C-6D),
62.8 (C-6E'), 62.9 (C-6E), 64.4 (C-5F'), 64.5 (C-5F), 65.0 (C-5G), 65.8 (C-
6A), 69.5 (C-3G), 69.8 (OCH2Ph), 69.9 (C-6C), 70.4 (C-3F), 70.5 (C-3F'),
70.7 (C-6B), 71.0 (C-5C), 71.1 (C-5A), 71.7 (OCH2Ph), 71.9 (C-4G), 72.1 ±
72.2 (C-2F, 2G, 4F, 5B, 4F', 5E, 5E'), 72.3 (OCH2Ph), 72.4 (C-2F', 2B, 3D,
4A), [72.5, 72.6, 72.8 (OCH2Ph)], 73.2 (C-2C), 73.3 (C-2E', 5D), 73.4 (C-
5D'), 73.5 (C-4E'), 73.6 (C-4E), 73.7 (C-3D'), 74.3 (C-4C), 74.4 (C-4B,
OCH2Ph), [74.5, 74.6 (OCH2Ph)], 75.3 (C-4D'), 75.9 (C-4D), 77.0 (C-2E),
77.2 (C-3C), 77.4 (C-3B), 77.5 (C-2A), 77.6 (C-3E'), 79.4 (C-3E), 80.1 (C-
3A), 96.2 (C-1G, 1D'), 96.9 (C-1C), 97.0 (C-1D), 97.5 (C-1F), 97.9 (C-1A),
98.2 (C-1F'), 99.0 (C-1B), 100.2 (C-1E, 1E'), [110.3, 110.9 ((CH3)2CO2)],
[123.4, 127.1, 127.2, 127.3, 127.4, 127.5, 127.6, 127.7, 127.9, 128.0, 128.1, 128.2,
128.4, 128.5, 128.7, 128.8 (CH)], [129.1, 129.3 (C)], 129.4 (C), 129.5 (C),
[129.6, 129.8, 129.9, 130.1 (CH)], [130.3, 131.6, 132.1, 132.1 (C)], [133.1,
133.2, 133.3, 133.5, 133.9 (CH)], [137.9, 138.0, 138.1, 138.2, 138.4, 138.6,
138.8 (C)], [164.9, 165.3, 166.0, 166.4, 166.5, 166.7, 169.1, 169.2, 169.3, 169.4,
170.1, 170.3, 170.4 (C�O)]; IR (film): nÄ � 3030, 1722 (C�O), 1601, 1453,
1385, 1251, 1097, 713 cmÿ1; HRMS (ES) calcd for [C207H216O61N2Na2]2� :
1875.6823; found 1875.6879.


Methyl 2,4-di-O-benzyl-3-O-{3,4,6-tri-O-benzyl-2-O-[6-O-benzoyl-3-O-(3,4-
di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-4-O-(2,6-di-O-benzoyl-3:4-O-
isopropylidene-b-dd-galactopyranosyl)-2-deoxy-2-phthalimido-b-dd-gluco-
pyranosyl]-a-dd-mannopyranosyl}-6-O-(3,4,6-tri-O-benzyl-2-O-{6-O-ben-
zoyl-3-O-[3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl]-4-O-[6-O-ben-
zoyl-3:4-O-isopropylidene-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyra-
nosyl)-b-dd-galactopyranosyl]-2-deoxy-2-phthalimido-b-dd-glucopyranosyl}-
a-dd-mannopyranosyl)-a-dd-mannopyranoside (46): Heptasaccharide 35
(104 mg, 35 mmol) was dechloroacetylated in accordance with the general
procedure furnishing alcohol 41 (77 mg, 80 %). Alcohol 41 (77 mg,
28 mmol) was subsequently fucosylated with sulfide 43 (128 mg, 335 mmol)
in accordance with the general procedure to afford decasaccharide 46
(48 mg, 46%) as a white glass after purification by flash column
chromatography (EtOAc/petrol gradient 3:2!5:1) followed by prepara-
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tive TLC (acetone/CH2Cl2 5:95). 1H NMR (CDCl3): d� 1.14 (d, J� 6.2 Hz,
3H; H-6F'), 1.26 (d, J� 6.2 Hz, 3H; H-6G'), 1.31 (s, (3H; CH3)2C), 1.32 (s,
3H; (CH3)2C), 1.33 (d, J� 6.6 Hz, 3 H; H-6F), 1.48 (s, 3 H; (CH3)2C), 1.60 (s,
(3H; CH3)2C), 1.65 (s, 3H; CH3CO), 1.68 (s, 3H; CH3CO), 1.94 (s, 3H;
CH3CO), 1.95 (s, 3H; CH3CO), 2.00 (s, 3 H; CH3CO), 2.16 (s, 3H; CH3CO),
2.44 ± 2.48 (m, 1H; H-6Ba), 2.64 ± 2.65 (m, 1 H; H-6Ca), 3.10 (s, 3H;
OCH3), 3.17 (d, J� 10.6 Hz, 1 H; H-6Cb), 3.24 (t, J� 9.4 Hz, 1 H; H-4B),
3.30 ± 3.33 (m, 2H; H-4C, 6Aa), 3.38 (d, J� 10.3 Hz, 1H; H-6Bb), 3.44 ±
3.47 (m, 1H; H-5B), 3.54 ± 3.74 (m, 14 H), 3.80 ± 3.81 (m, 1 H; H-5E), 3.86
(m, 44 H), 4.90 (d, J� 3.3 Hz, 1H; H-1F), 4.92 ± 5.10 (m, 6 H), 5.15 (d, J�
12.0 Hz, 1 H; H-6D'b), 5.25 ± 5.94 (m, 9H), 5.44 (s, 1 H; H-4G), 5.49 (d, J�
3.3 Hz, 1H; H-1G), 6.77 ± 8.26 (m, 88 H; Ar); 13C NMR (CDCl3): d� 15.8
(C-6G), 16.2 (C-6F), 16.3 (C-6F'), [20.5, 20.7 (CH3CO)], [26.0, 26.1, 27.7,
28.0 (CH3)], 54.7 (OCH3), 56.1 (C-2D), 56.4 (C-2D'), 62.2 (C-6D'), 62.4 (C-
6D), 62.8 (C-6E), 62.9 (C-6E'), 64.4 (C-5F'), 64.5 (C-5F), 65.0 (C-5G'), 66.3
(C-6A), 69.5 (C-3G'), 69.7 (OCH2Ph), 70.1 (C-6C), 70.3 (OCH2Ph), 70.4
(C-3F, 5A), 70.5 (C-3F'), 70.7 (C-6B), 71.0 (C-5C), 71.9 (C-4G'), 72.2 (C-2F,
2F', 3D, 4F, 4F', 5B, 5D, 5E, 5E', OCH2Ph), 72.4 (OCH2Ph), 72.5 (C-2C),
72.6 (OCH2Ph), 72.7 (C-2B), 72.8 (OCH2Ph), 73.1 (C-2G'), 73.3 (C-2E),
73.4 (OCH2Ph), 73.5 (C-3D'), 73.6 (C-5D'), 73.7 (C-4E), 74.1 (C-4B), 74.2
(C-4C), 74.6 (C-4E', OCH2Ph), 74.8 (C-4A), 75.5 (C-4D'), 75.9 (C-4D), 76.8
(C-2E'), 77.0 (C-3C), 77.4 (C-2A), 77.6 (C-3B), 77.8 (C-3E), 78.6 (C-3A),
79.4 (C-3E'), 96.0 (C-1D), 96.2 (C-1G'), 96.8 (C-1C, 1D'), 97.5 (C-1F), 97.9
(C-1F'), 98.5 (C-1A), 99.7 (C-1B), 100.1 (C-1E), 100.2 (C-1E'), [110.3, 111.0
((CH3)2CO2)], [123.4, 123.6, 125.5, 127.1, 127.3, 127.4, 127.5, 127.6, 127.7,
127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.5, 128.7, 128.8, 128.9 (CH)], 129.3
(C), [129.4, 129.5 (CH)], 129.6 (C), 130.1 (C), 130.2 (CH), [131.8, 132.1
(C)], [133.1, 133.2, 133.54, 133.7, 133.9 (CH)], [137.9, 138.0, 138.1, 138.3,
138.4, 138.6, 138.7 (C)], [164.9, 165.3, 165.9, 166.5, 166.7, 166.8, 168.9, 169.1,
169.3, 170.3, 170.4 (C�O)]; IR (film): nÄ � 2922, 1744 (C�O), 1716 (C�O),
1602, 1453, 1386, 1246, 1161, 1103, 1069, 714 cmÿ1; HRMS (ES) calcd for
[C207H216O61N2Na2]2� : 1875.6823; found 1875.6879.


Methyl 2,4-di-O-benzyl-3,6-di-O-(3,4,6-tri-O-benzyl-2-O-{6-O-benzoyl-3-
O-[3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl]-4-O-[6-O-benzoyl-3:4-
O-isopropylidene-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-b-
dd-galactopyranosyl]-2-deoxy-2-phthalimido-b-dd-glucopyranosyl}-a-dd-man-
nopyranosyl)-a-dd-mannopyranoside (47): Heptasaccharide 38 (107 mg,
36 mmol) was dechloroacetylated in accordance with the general procedure
furnishing alcohol 42 (69 mg, 72 %). Alcohol 42 (69 mg, 26 mmol) was
subsequently fucosylated with sulfide 43 (160 mg, 418 mmol) in accordance
with the general procedure to afford undecasaccharide 47 (45 mg, 44 %) as
a white glass after purification by repeated preparative TLC (elution:
1. EtOAc/petrol 45:55, triple elution 2. acetone/CH2Cl2 5:95). (Due to
signal overlap fucoside-G could not be distinguished from fucoside-G' and
signals originating from the residues are thus both identified as H- or C-G.)
1H NMR (CDCl3): d� 1.10 ± 1.15 (m, 6H; H-6F, 6F'), 1.23 (d, J� 6.4 Hz,
3H; H-6G), 1.26 1 (d, J� 6.6 Hz, 3H; H-6G), 1.31 (s, 3 H; (CH3)2C), 1.32 (s,
3H; CH3)2C), 1.45 (s, 3H; (CH3)2C), 1.63 (s, 3 H; CH3CO), 1.65 (s, 3H;
CH3CO), 1.90 (s, 3H; CH3CO), 1.93 (s, 3 H; CH3CO), 1.95 (s, 6H; CH3CO),
2.74 ± 2.79 (m, 1H; H-6Ca), 2.80 ± 2.85 (m, 1 H; H-6Ba), 3.12 (s, 3H;
OCH3), 3.23 (d, J� 10.3 Hz, 1 H; H-6Cb), 3.31 (d, J� 9.8 Hz, 1 H; H-6Aa),
3.34 ± 4.96 (m, 83H), 5.00 ± 5.03 (m, 1 H; H-5F), 5.08 ± 5.10 (m, 2 H; H-1D,
5F'), 5.14 (d, J� 11.6 Hz, 1H; H-6D'), 5.23 ± 5.38 (m, 7H), 5.44 ± 5.45 (m,
2H; H-4G), 5.48 (s, 2 H; H-1G), 6.82 ± 8.21 (m, 88 H; Ar); 13C NMR
(CDCl3): d� [15.8, 15.9 (C-6G)], 16.2 (C-6F), 16.3 (C-6F'), [20.5, 20.7
(CH3CO)], [26.0, 26.1, 27.9, 28.0 (CH3)], 54.6 (OCH3), 56.4 (C-2D), 56.7
(C-2D'), 62.3 (C-6D'), 62.4 (C-6D), 62.9 (C-6E, 6E'), 64.3 (C-5F'), 64.5 (C-
5F), 65.0 (C-5G), 66.3 (C-6A), 69.5 (C-3G), [69.7, 69.8 (OCH2Ph), 70.0 (C-
6C), 70.4 (C-3F'), 70.5 (C-5A), 70.6 (C-3F), 70.8 (C-6B), 71.0 (C-5C), 71.8
(OCH2Ph), 71.9 (C-4G), 72.1 ± 72.4 (C-2B, 2C, 2F, 2F', 2G, 4A, 4F, 4F', 5B,
5E, 5E', OCH2Ph), [72.6, 72.8 (OCH2Ph), 73.1 (C-5D'), 73.3 (C-5D), 73.4
(C-3D'), 73.5 (C-4E'), 73.6 (C-4E), 73.7 (C-3D), 74.1 (C-4B, 4C), [74.5, 74.6
(OCH2Ph)], 75.4 (C-4D), 75.5 (C-4D'), 76.8 (C-2E), 76.9 (C-2E'), 77.0 (C-
3C), 77.3 (C-2A), 77.5 (C-3B), 79.4 (C-3E'), 79.5 (C-3E), 80.3 (C-3A), 96.2
(C-1G), 96.7 (C-1C, 1D), 96.9 (C-1D'), 97.9 (C-1A), 98.0 (C-1F'), 98.2 (C-
1F), 99.0 (C-1B), 100.1 (C-1E'), 100.2 (C-1E), [110.2, 110.3 ((CH3)2CO2)],
[123.4, 127.0, 127.1, 127.2, 127.3, 127.4, 127.5, 127.6, 127.7, 127.9, 128.0, 128.1,
128.2, 128.5, 128.8, 129.5, 129.6 (CH)], 129.7 (C), 129.8 (CH), [130.1, 131.7,
132.0, 132.3 (C)], [133.1, 133.2, 133.7, 133.9 (CH)], [138.0, 138.1, 138.2,
138.3, 138.4, 138.5, 138.6, 138.7, 138.9 (C)], [165.4, 166.5, 169.2, 169.3, 169.6,
170.3, 170.4 (C�O)]; IR (film): nÄ � 2920, 2843, 1745 (C�O), 1714 (C�O),


1452, 1378, 1246, 1069, 714 cmÿ1; HRMS (ES) calcd for [C217H232O66N2-
Na2]2� : 1983.7322; found 1983.7280.


Methyl 6-O-benzoyl-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-ll-fucopyranosyl)-
4-O-[6-O-benzoyl-3:4-O-isopropylidene-2-O-(3,4-di-O-acetyl-2-O-benzyl-
a-ll-fucopyranosyl)-b-dd-galactopyranosyl]-2-deoxy-2-phthalimido-b-dd-glu-
copyranoside (49): Disaccharide 48 (36 mg, 53 mmol), prepared by meth-
anolysis of 34, was reacted with sulfide 43 (161 mg, 42 mmol) under
conditions outlined in the general procedure to afford tetrasaccharide 49
(43 mg, 69%) as a white glass after purification by flash column
chromatography (petrol/Et2O gradient 1:1!3:7) followed by preparative
TLC (acetone/CH2Cl2 4:96 double elution). [a]30


D �ÿ45.2 (c� 1.00,
CHCl3); 1H NMR (CDCl3): d� 1.10 (d, J� 6.5 Hz, 3 H; H-6F), 1.23 (d,
J� 6.5 Hz, 3 H; H-6G), 1.30 (s, 3 H; (CH3)2C), 1.46 (s, 3 H; (CH3)2C), 1.63 (s,
3H; CH3CO), 1.94 (s, 3H; CH3CO), 1.99 (s, 3 H; CH3CO), 2.14 (s, 3H;
CH3CO), 3.34 (s, 3 H; OCH3), 3.59 (dd, J� 3.7, 10.8 Hz, 1H; H-2F), 3.68 (t,
J� 8.0 Hz, 1H; H-2E), 3.81 ± 3.83 (m, 1H; H-5D), 3.86 ± 3.89 (m, 2H;
H-2G, 5E), 4.03 ± 4.09 (m, 3 H; H-3E, 4E, OCH2Ph), 4.20 (t, J� 9.6 Hz, 1H;
H-4D), 4.26 (d, J� 12.6 Hz, 1H; OCH2Ph), 4.37 (dd, J� 8.6, 9.6 Hz, 1H;
H-2D), 4.48 ± 4.70 (m, 6H; H-1E, 5G, 6Da, 6Ea, OCH2Ph), 4.79 (t, J�
9.6 Hz, 1 H; H-3D), 4.88 ± 4.92 (m, 2 H; H-1F, 6Eb), 5.01 (d, J� 8.6 Hz, 1H;
H-1D), 5.06 ± 5.07 (m, 2 H; H-5F, 6Db), 5.23 (s, 1H; H-4F), 5.28 (dd, J� 3.1,
10.7 Hz, 1 H; H-3G), 5.32 (dd, J� 3.1, 10.8 Hz, 1 H; H-3F), 5.42 (d, J�
3.1 Hz, 1H; H-4G), 5.47 (d, J� 3.5 Hz, 1 H; H-1G), 6.82 ± 8.20 (m, 24H;
Ar); 13C NMR (CDCl3): d� 15.7 (C-6G), 16.3 (C-6F), [20.5, 20.7, 20.8
(CH3CO)], [26.0, 28.0 (CH3)], 56.4 (C-2D), 56.9 (OCH3), 62.2 (C-6D), 62.8
(C-6E), 64.4 (C-5F), 64.9 (C-5G), 69.7 (C-3G), 70.6 (C-3F), 71.8 (C-4G),
72.1 (C-4F, 5E), 72.3 (OCH2Ph), 72.4 (C-2F), 72.9 (OCH2Ph), 73.0 (C-2G),
73.5 (C-3D), 73.6 (C-4E, 5D), 75.5 (C-4D), 76.6 (C-2E), 79.4 (C-3E), 96.0
(C-1G), 98.0 (C-1F), 99.5 (C-1D), 100.0 (C-1E), 110.1 ((CH3)2CO2), [123.6,
127.3, 127.5, 127.6, 127.7, 127.9, 128.2, 128.8, 129.4 (CH)], 129.7 (C), 129.8
(CH), [130.1, 131.8 (CH)], [133.1, 133.2, 134.1 (CH)], [137.9, 138.3 (C)],
[165.5, 166.4, 167.9, 169.3, 169.9, 170.3, 170.6 (C�O)]; IR (film): nÄ � 2940,
1744 (C�O), 1717 (C�O), 1453, 1379, 1241, 1098, 1043, 717 cmÿ1; HRMS
(ES) calcd for C72H79O26NNa: 1396.4782; found 1396.4763.


General protocol for deprotection :
1. Acetonide removal:


The oligosaccharide (x mol) was dissolved in CH2Cl2 (0.26 mmol mLÿ1)
and a 50 % aqueous solution of trifluoroacetic acid (9x L) was added.
The mixture was stirred vigorously for 2 d before the reaction was
quenched by addition of Et3N (0.1 mL) and the solvent removed under
reduced pressure.


2. Phthalimide/debenzoylation removal and global acetylation:
The oligosaccharide (x mol) and hydrazine monohydrate (2000 x mol)
were heated at reflux in EtOH (4 mL) for 12 h. After the reaction had
cooled the solvent was removed under reduced pressure and the residue
coevaporated with toluene (2� 10 mL). The residue was then dissolved
in pyridine (1 mL) and Ac2O (1 mL) was added dropwise and the
mixture stirred for 12 h. The reaction was then concentrated under
reduced pressure and the residue again coevaporated with toluene (2�
10 mL) before purification on Sephadex LH-20 (MeOH/CH2Cl2 1:1).


3. O-Deactylation and debenzylation:
The oligosaccharide was dissolved in MeOH and K2CO3 (10 mg) was
added. The reaction was stirred for 12 h before it was diluted with
MeOH (20 mL), quenched by addition of Amberlite IR-120 (plus), and
filtered washing with MeOH (20 mL). The solvent was removed under
reduced pressure. The resulting residue was redissolved in MeOH
(2 mL), 20% wt Pd(OH)2/C (50 mg) added and the reaction stirred
under a H2 atmosphere for a period of 7 d, the reaction being monitored
by MALDI-TOF mass spectral analysis. Further catalyst (50 mg) was
added every 2 d. On completion the reaction was filtered through a glass
sinter and the catalyst washed with MeOH (50 mL). The solvent was
removed under reduced pressure and the residue purified by size-
exclusion chromatography on Sephadex G-15 (H2O) and dried by
lyophilisation.


Methyl 3,6-di-O-(2-O-{3-O-[a-ll-fucopyranosyl]-4-O-[2-O-(a-ll-fucopyra-
nosyl)-b-dd-galactopyranosyl]-2-deoxy-2-acetamido-b-dd-glucopyranosyl}-a-
dd-mannopyranosyl)-a-dd-mannopyranoside (1): Undecasaccharide 47
(41 mg, 10 mmol) was deprotected under the conditions outlined in the
general protocol to furnish 1 (18 mg, 94%) as an amorphous white powder.
(Due to signal overlap fucosides-F and G could not be distinguished from
fucosides-F' and G', likewise for glucosamine D and D' and galactose E and
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E' hence signals originating from these residues are thus both identified as
H- or C-D, E, F and G, respectively.) 1H NMR (D2O): d� 1.16 (d, J�
7.1 Hz, 3 H; H-6F), 1.17 (d, J� 6.8 Hz, 3 H; H-6F), 1.18 (d, J� 6.6 Hz, 3H;
H-6G), 1.19 (d, J� 6.8 Hz, 3 H; H-6G), 1.98 (s, 3H; CH3CO), 1.99 (s, 3H;
CH3CO), 3.33 ± 3.35 (s, 4 H; H-5D, OCH3), 3.41 ± 4.01 (m, 49H), 3.98 ± 4.01
(m, 2 H; H-2A, 6Ab), 4.05 (s, 1H; H-2C), 4.09 (s, 1H; H-2B), 4.15 ± 4.20 (m,
2H; H-5G), 4.43 (d, J� 7.6 Hz, 2H; H-1E), 4.48 ± 4.52 (m, 2H; H-1D), 4.68
(s, 1 H; H-1A), 4.79 ± 4.81 (m, 2H; H-5F), 4.83 (s, 1H, H-1C), 5.04 ± 5.06
(3H, m, H-1B, 1F), 5.20 ± 5.21 (2H, m, H-1G); selected 13C NMR (D2O):
d� [15.4, 15.5 (6-F,G)], 22.5 (CH3CO), 54.9 (OCH3), 65.3 (C-6A), 66.7 (C-
5F), 66.9 (C-5G), 69.5 (C-2A), 75.6 (C-5D), 76.4 (C-2C), 76.5 (C-2B), 96.7
(C-1C), 98.5 (C-1F), 99.2 (C-1D), 99.3 (C-1B), 99.5 (C-1G), 100.2 (C-1E),
101.1 (C-1A), 101.2 (C-1E); HRMS (MALDI) calcd for C71H120O52N2Na:
1855.6704; found 1855.6765.


Methyl 3-O-{2-O-[3-O-(a-ll-fucopyranosyl)-4-O-(b-dd-galactopyranosyl)-2-
deoxy-2-acetamido-b-dd-glucopyranosyl]-a-dd-mannopyranosyl}-6-O-(2-O-
{3-O-[a-ll-fucopyranosyl]-4-O-[2-O-(a-ll-fucopyranosyl)-b-dd-galactopyra-
nosyl]-2-deoxy-2-acetamido-b-dd-glucopyranosyl}-a-dd-mannopyranosyl)-a-
dd-mannopyranoside (2): Decasaccharide 46 (44 mg, 12 mmol) was depro-
tected under the conditions outlined in the general protocol to furnish 2
(19 mg, 95%) as an amorphous white powder. (Due to signal overlap
fucoside-F could not be distinguished from fucoside-F', likewise for
glucosamine D and D', and signals originating from these residues are
thus both identified as H- or C-F and H- or C-D, respectively.) 1H NMR
(D2O): d� 1.10 (d, J� 6.6 Hz, 3H; H-6F), 1.16 (d, J� 6.6 Hz, 3H; H-6F),
1.20 (d, J� 6.6 Hz, 3 H; H-6G), 2.05 (s, 3 H; CH3CO), 2.06 (s, 3H; CH3CO),
3.35 (s, 4 H; H-5D, OCH3), 3.41 ± 3.95 (m, 46H), 4.00 (dd, J� 7.5 Hz, 11.2,
1H; H-6Ab), 4.02 (s, 1H; H-2A), 4.05 (s, 1 H; H-2C), 4.11 (s, 1 H; H-2B),
4.17 ± 4.19 (m, 1 H; H-5G'), 4.37 (d, J� 7.8 Hz, 1H; H-1E), 4.43 (d, J�
7.8 Hz, 1 H; H-1E'), 4.47 ± 4.50 (m, 2H; H-1D), 4.68 (s, 1H; H-1A), 4.75 ±
4.80 (m, 2 H; 2�H-5F), 4.83 (s, 1H; H-1C), 5.03 (s, 1H; H-1B), 5.05 (s, 2H;
H-1F), 5.21 (s, 1H; H-1G'); selected 13C NMR (D2O): d� [15.3, 15.4, 15.5
(6-F,G)], [22.4, 22.5 (CH3CO)], 54.8 (OCH3), 65.4 (C-6A), 66.7 (C-5F),
66.8 (C-5G'), 69.5 (C-2A), 75.6 (C-5D), 76.3 (C-2C), 76.4 (C-2B), 96.8 (C-
1C), 98.5 (C-1F), 99.3 (C-1D), 99.4 (C-1B), 99.5 (C-1G'), 100.2 (C-1E'),
101.0 (C-1A), 101.8 (C-1E); MALDI-MS: calcd for C65H110O48N2Na:
1709.6125; found 1709.6077.


Methyl 3-O-(2-O-{3-O-[a-ll-fucopyranosyl]-4-O-[2-O-(a-ll-fucopyrano-
syl)-b-dd-galactopyranosyl]-2-deoxy-2-acetamido-b-dd-glucopyranosyl}-a-dd-
mannopyranosyl)-6-O-{2-O-[3-O-(a-ll-fucopyranosyl)-4-O-(b-dd-galacto-
pyranosyl)-2-deoxy-2-acetamido-b-dd-glucopyranosyl]-a-dd-mannopyrano-
syl}-a-dd-mannopyranoside (3): Decasaccharide 45 (23 mg, 6 mmol) was
deprotected under the conditions outlined in the general protocol to
furnish 3 (10 mg, 95 %) as an amorphous white powder. (Due to signal
overlap fucoside-F could not be distinguished from fucoside-F', likewise for
glucosamine D and D', and signals originating from these residues are thus
both identified as H- or C-F and H- or C-D, respectively.) 1H NMR (D2O):
d� 1.11 (d, J� 6.2 Hz, 3H; H-6F), 1.16 (d, J� 6.1 Hz, 3H; H-6F), 1.19 (d,
J� 6.0 Hz, 3 H; H-6G), 1.97 (s, 3 H; CH3CO), 1.98 (s, 3H; CH3CO), 3.34 (s,
4H; H-5D, OCH3), 3.41 ± 3.95 (m, 46H), 3.98 (d, J� 10.8 Hz, 1H; H-6Ab),
4.02 (s, 1H; H-2A), 4.06 (s, 1H; H-2C), 4.08 (s, 1H; H-2B), 4.17 ± 4.18 (m,
1H; H-5G), 4.38 (d, J� 7.6 Hz, 1H; H-1E), 4.42 (d, J� 7.5 Hz, 1 H; H-1E'),
4.49 (d, J� 7.9 Hz, 1 H; H-1D), 4.54 (d, J� 8.0 Hz, 1H; H-1D), 4.68 (s, 1H;
H-1A), 4.76 ± 4.80 (m, 2H; H-5F), 4.85 (s, 1H; H-1C), 5.04 (s, 2H; H-1B,
1F), 5.06 (s, 1 H; H-1F), 5.19 (s, 1 H; H-1G); selected 13C NMR (D2O): d�
[15.3, 15.4, 15.5 (6-F,G)], 22.5 (CH3CO), 54.8 (OCH3), 65.2 (C-6A), 66.7
(C-5F), 66.9 (C-5G), 69.5 (C-2A), 75.6 (C-5D), 76.3 (C-2C), 76.5 (C-2B),
96.7 (C-1C), 98.5 (C-1F), 99.2 (C-1D), 99.3 (C-1B), 99.5 (C-1G), 100.2 (C-
1E'), 101.2 (C-1A), 101.8 (C-1E); MALDI-MS calcd for C65H110O48N2Na
1709.6125; found 1709.6016.


Methyl 3-O-{2-O-[4-O-(b-dd-galactopyranosyl)-2-deoxy-2-acetamido-b-dd-
glucopyranosyl]-a-dd-mannopyranosyl}-6-O-{2-O-[3-O-(ll-fucopyranosyl)-
4-O-(b-dd-galactopyranosyl)-2-deoxy-2-acetamido-b-dd-glucopyranosyl]-a-
dd-mannopyranosyl}-a-dd-mannopyranoside (5): Octasaccharide 44 (81 mg,
26 mmol) was deprotected under the conditions outlined in the general
protocol to furnish 5 (23 mg, 63 %) as an amorphous white powder.
1H NMR (D2O): d� 1.11 (d, J� 6.4 Hz, 3H; H-6F), 1.98 (s, 6 H; CH3CO),
3.35 (s, 3 H; OCH3), 3.41 ± 3.96 (m, 41H), 3.99 (dd, J� 3.9, 11.3 Hz, 1H;
H-6Ab), 4.03 (s, 1H; H-2A), 4.07 (s, 1H; H-2C), 4.12 (s, 1 H; H-2B), 4.38 (d,
J� 7.7 Hz, 1H; H-1E'), 4.40 (d, J� 8.2 Hz, 1 H; H-1E), 4.51 (d, J� 7.2 Hz,
1H; H-1D), 4.54 (d, J� 7.7 Hz, 1H; H-1D'), 4.68 (s, 1 H; H-1A), 4.77 (q, J�


6.4 Hz, 1H; H-5F), 4.85 (s, 1H; H-1C), 5.05 (s, 1 H; H-1B), 5.07 (d, J�
4.0 Hz, 1H; H-1F); selected 13C NMR (D2O): d� 15.3 (6-F), [22.3, 22.4
(CH3CO)], 54.8 (OCH3), 65.4 (C-6A), 66.7 (C-5F), 69.4 (C-2A), 76.2 (C-
2C), 76.5 (C-2B), 96.7 (C-1C), 98.6 (C-1F), 99.2 (C-1D'), 99.4 (C-1B), 99.5
(C-1D), 101.0 (C-1A), 101.8 (C-1E'), 102.9 (C-1E); MALDI: calcd for
C53H90O40N2Na: 1417.4976; found 1417.4924.


Methyl 3,6-di-O-{2-O-[4-O-(b-dd-galactopyranosyl)-2-deoxy-2-acetamido-
b-dd-glucopyranosyl]-a-dd-mannopyranosyl}-a-dd-mannopyranoside (6):
Heptasaccharide 30 (170 mg, 64 mmol) was deprotected under the con-
ditions outlined in the general protocol to furnish 6 (64 mg, 80 %) as an
amorphous white powder. 1H NMR (D2O): d� 1.98 (s, 3H; CH3CO), 1.99
(s, 6 H; CH3CO), 3.34 (s, 3 H; OCH3), 3.42 ± 3.87 (m, 33H), 3.90 (d, J�
11.7 Hz, 2H; H-6Db, 6D'b), 3.98 (d, J� 11.1 Hz, 1 H; H-6Ab), 4.02 (s, 1H;
H-2A), 4.06 (s, 1H; H-2C), 4.11 (s, 1H; H-2B), 4.40 (d, J� 7.8 Hz, 2H;
H-1E, 1E'), 4.51 (d, J� 7.5 Hz, 1 H; H-1D), 4.53 (d, J� 7.7 Hz, 1 H; H-1D'),
4.66 (s, 1H; H-1A), 4.86 (s, 1 H; H-1C), 5.04 (s, 1 H; H-1B); selected
13C NMR (D2O): d� 22.3 (CH3CO), 54.9 (OCH3), 60.0 (C-6D, 6D'), 65.4
(C-6A), 69.5 (C-2A), 76.3 (C-2C), 76.5 (C-2B), 96.8 (C-1C), 99.4 (C-1B,
1D'), 99.5 (C-1D), 101.0 (C-1A), 102.9 (C-1E, 1E'); MALDI: calcd for
C47H80O26N2Na: 1271.4388; found 1271.4355.


Methyl 3-O-(a-ll-fucopyranosyl)-4-O-[2-O-(a-ll-fucopyranosyl)-b-dd-galac-
topyranosyl]-2-deoxy-2-acetamido-b-dd-glucopyranoside (10):[38] Tetrasac-
charide 49 (39 mg, 29 mmol) was deprotected under the conditions outlined
in the general protocol to furnish 10 (19 mg, 95 %) as an amorphous white
powder, spectroscopically identical to that prepared by Lemieux.


Methyl 3,6-di-O-(2-O-[-2-acetamido-2-deoxy-3-O-{a-ll-fucopyranosyl}-4-
O-{b-dd-galactopyranosyl}-b-dd-glucopyranosyl]-a-dd-mannopyranosyl)-a-dd-
mannopyranoside (4): a-1,3-Fucosyltransferase V (30 mU, 60 mL) was
added to a solution of the heptasaccharide 6 (5.0 mg, 4.0 mmol) and
GDP-l-fucose (5.4 mg, 8.2 mmol) in MES buffer (1.0 mL, 50 mm, pH 6.0)
containing 1 mg BSA, 7 U alkaline phosphatase and MnCl2 ´ 4 H2O (25 mL
of a 1m solution). The mixture was shaken at 37 8C for 8 d (additions of
identical amounts of GDP-l-fucose, a-1,3-fucosyltransferase V and alka-
line phosphatase were repeated after 2 d, 4 d and 6 d). The reaction mixture
was centrifuged, the supernatant was concentrated and purified with Bio
Gel P-4 (aq. 50mm NH4HCO3) to give 4 (3.7 mg, 59 %) as a white solid
after lyophilisation. (Due to signal overlap residues-D, E and F could not be
distinguished from residues-D', E' and F'. Therefore signals originating
from these residues are thus both identified as H- or C-D, E and F.)
1H NMR (D2O): d� 1.09 ± 1.13 (s, 6 H; H-6F), 1.97 (s, 3 H; CH3CO), 1.98 (s,
3H; CH3CO), 3.35 (s, 3 H; OCH3), 3.40 ± 3.95 (m, 44 H), 3.96 ± 4.00 (m, 1H;
H-6A), 4.02 (s, 1H; H-2A), 4.06 (s, 1H; H-2C), 4.11 (s, 1H; H-2B), 4.36 ±
4.39 (m, 2 H; H-1E), 4.50 ± 4.55 (m, 2H; H-1D), 4.68 (s, 1H; H-1A), 4.74 ±
4.78 (m, 2 H; H-5F), 4.85 (s, 1H; H-1C), 5.04 (s, 1 H; H-1B), 5.05 ± 5.07 (m,
2H; H-1F); selected 13C NMR (HMQC, D2O): d� 15.2 (C-6F), 22.4
(CH3CO), 54.9 (C-6A), 66.6 (C-5F), 69.4 (C-2A), 76.3 (C-2C), 76.5 (C-2B),
96.6 (C-1C), 98.5 (C-1F), 99.2 (C-1D), 99.4 (C-1B), 101.0 (C-1A), 101.8 (C-
1E), 101.9 (C-1E); MS (MALDI) calcd for C69H116N4O44: 1563.5546; found
1563.5521.


Methyl 3,6-di-O-(2-O-[2-acetamido-2-deoxy-4-O-{6-O-(5-acetamido-3,5-
dideoxy-dd-glycero-a-dd-galacto-2-nonulo-pyranuronic acid)-b-dd-galacto-
pyranosyl}-b-dd-glucopyranosyl]-a-dd-mannopyranosyl)-a-dd-mannopyrano-
side (7): a-2,6-Sialyltransferase (30 mU, 30 mL) was added to a solution of
the heptasaccharide 6 (5.0 mg, 4.0 mmol) and CMP-sialic acid (5.0 mg,
8.0 mmol) in HEPES buffer (1.0 mL, 50 mm, pH 7.0) containing 1 mg BSA,
and 7 U alkaline phosphatase. The mixture was shaken at 37 8C for 3 d
(additions of identical amounts of CMP-sialic acid, a-2,6-sialyltransferase
and alkaline phosphatase were repeated after 2 d, 4 d, and 7 d). The
reaction mixture was centrifuged, the supernatant was concentrated and
purified with Bio Gel P-4 (100 mm NH4HCO3) to give 7 (4.1 mg, 56 %) as a
white solid after lyophilisation. (Due to signal overlap residues-D, E and H
could not be distinguished from residues-D', E' and H', hence signals
originating from these residues are thus both identified as H- or C-D, E and
H, respectively.) 1H NMR (D2O): d� 1.65 (t, J� 11.7 Hz, 2H; H-3Hax), 1.96
(s, 6H; CH3CO), 1.99 (s, 3H; CH3CO), 2.00 (s, 3 H; CH3CO), 2.59 (dd, J�
4.4, 11.6 Hz, 2 H; H-3Heq), 3.36 (s, 3 H; OCH3), 3.43 ± 3.95 (m, 52 H), 3.97 ±
4.00 (m, 1 H; H-6A), 4.02 (s, 1H; H-2A), 4.07 (s, 1H; H-2C), 4.12 (s, 1H;
H-2B), 4.36 ± 4.39 (m, 2 H; H-1E), 4.52 ± 4.57 (m, 2H; H-1D), 4.68 (s, 1H;
H-1A), 4.90 (s, 1 H; H-1C), 5.08 (s, 1H; H-1B); selected 13C NMR (HMQC,
D2O): d� [22.0, 22.4 (CH3CO)], 40.1 (C-3 H), 54.8 (OCH3), 65.4 (C-6A),
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69.5 (C-2A), 76.4 (C-2C), 76.5 (C-2B), 96.7 (C-1C), 99.3 (C-1D), 99.4 (C-
1B), 101.0 (C-1A), 103.6 (C-1E); MS (MALDI): The [M]� ions were not
stable to spectrometric analysis, however, global methylation allowed for
some analysis: calcd for C101H178N4O52Na 2303.48, found 2304.86.


Methyl 3,6-di-O-(2-O-[2-acetamido-2-deoxy-4-O-{3-O-(5-acetamido-3,5-
dideoxy-dd-glycero-a-dd-galacto-2-nonulo-pyranuronic acid)-b-dd-galacto-
pyranosyl}-b-dd-glucopyranosyl]-a-dd-mannopyranosyl)-a-dd-mannopyrano-
side (8): a-2,3-Sialyltransferase (60 mU, 60 mL) was added to a solution of
the heptasaccharide 6 (10.0 mg, 8.0 mmol) and CMP-sialic acid (10.0 mg,
16.0 mmol) in HEPES buffer (2.0 mL, 100 mm, pH 7.5) containing 4 mg
BSA, 14 U alkaline phosphatase, MnCl2 ´ 4 H2O (10 mL of a 1m solution),
and MgCl2 (40 mL 1m solution). The mixture was shaken at 37 8C for 9 d
(additions of identical amounts of CMP-sialic acid, a-2,3-sialyltransferase
and alkaline phosphatase were repeated after 2 d, 4 d and 7 d). It was
centrifuged, the supernatant was concentrated and purified with Bio Gel
P-4 (aq. 150 mm NH4HCO3) to give 8 (14.7 mg, 98 %) as a white solid after
lyophilisation. (Due to signal overlap residue-H could not be distinguished
from residue-H' hence signals originating from these residues are thus both
identified as H- or C-H.) 1H NMR (D2O): d� 1.73 (t, J� 12.2 Hz, 2H;
H-3Hax), 1.96 (s, 6 H; CH3CO), 1.98 (s, 3H; CH3CO), 1.99 (s, 3H; CH3CO),
2.69 (dd, J� 4.4, 12.2 Hz, 2 H; H-3Heq), 3.34 (s, 3H; OCH3), 3.43 ± 3.96 (m,
50H), 3.97 ± 3.99 (m, 1H; H-6A), 4.02 ± 4.08 (m, 4H; H-2A, 2C, 3E, 3E'),
4.11 (s, 1H; H-2B), 4.46 ± 4.49 (m, 2H; H-1E, 1E'), 4.50 (d, J� 7.9 Hz, 1H;
H-1D), 4.52 (d, J� 7.9 Hz, 1H; H-1D'), 4.67 (s, 1 H; H-1A), 4.86 (s, 1H;
H-1C), 5.05 (s, 1H; H-1B); selected 13C NMR (HMQC, D2O): d� [22.1,
22.3 (CH3CO)], 39.6 (C-3 H), 54.7 (OCH3), 65.4 (C-6A), [69.6, 75.5, 75.6,
76.4 (C-2A, 2C, 3E, 3E')], 76.6 (C-2B), 96.7 (C-1C), 99.3 (C-1B), 99.4 (C-
1D''), 99.6 (C-1D), 101.0 (C-1A), [102.6, 102.7 (C-1E, 1E')]; MS (MALDI):
The [M]� ions were not stable to spectrometric analysis, however, global
methylation allowed for some analysis: calcd for C101H178N4O52Na 2303.48,
found 2304.80.


5-Methoxycarbonylhexyl 2-acetamido-2-deoxy-3-O-(a-ll-galactopyrano-
syl)-4-O-(b-dd-galactopyranosyl)-b-dd-glucopyranoside (9): A solution of
a-1,3-fucosyltransferase V (46 mU, 92 mL) was added to a solution of 52
(10.0 mg, 19.5 mmol) and GDP-l-galactose (12.0 mg, 19.5 mmol) in MES
buffer (2.0 mL, 50mm, pH 6.0) containing 4 mg BSA, 20 U alkaline
phosphatase and MnCl2 ´ 4 H2O (40 mL of a 1m solution). The mixture was
shaken at 37 8C for 6 d. (Addition of identical amounts of a-1,3-
fucosyltransferase V, GDP-l-galactose and alkaline phosphatase was
repeated after 48 h and 96 h) It was centrifuged, the supernatant was
concentrated and purified with Bio Gel P-2 (aq. 50mm NH4HCO3) to give 9
(9.2 mg, 70 %) as a white solid after lyophilisation. 1H NMR (D2O): d�
1.23 ± 1.29 (m, 2H; CH2linker), 1.46 ± 1.57 (m, 4 H; CH2linker), 1.95 (s, 3H;
CH3CO), 2.32 (t, J� 7.4 Hz, 2H; CH2CO), 3.44 ± 3.95 (m, 22 H), 4.39 (d, J�
7.7 Hz, 1H; H-1D), 4.45 (d, J� 8.2 Hz, 1 H; H-1E), 4.71 (t, J� 6.4 Hz, 1H,
H-5F), 5.11 (d, J� 3.6 Hz, 1H; H-1F); selected 13C NMR (D2O): d� 22.3
(CH3CO), [23.9, 24.7, 28.2 (CH2linker)], 33.6 (CH2CO), 69.8 (C-5F), 98.5
(C-1F), 100.9 (C-1D), 102.2 (C-1E); HRMS (FAB): calcd for C27H47NO17-
Na: 696.2685; found 696.2677.


5-Methoxycarbonylhexyl 2-acetamido-2-deoxy-3-O-(a-ll-fucopyranosyl)-
4-O-(b-dd-galactopyranosyl)-b-dd-glucopyranoside (11): A solution of a-
1,3-fucosyltransferase V (46 mU, 92 mL) was added to a solution of 52
(15.7 mg, 30.1 mmol) and GDP-l-fucose (30.0 mg, 45.0 mmol) in MES
buffer (4.0 mL, 50mm, pH 6.0) containing 4 mg BSA, 30 U alkaline
phosphatase and MnCl2 ´ 4 H2O (80 mL of a 1m solution). The mixture was
shaken at 37 8C for 2 d. The reaction mixture was centrifuged, the
supernatant was concentrated and purified with Bio Gel P-2 (aq. 50 mm
NH4HCO3) to give 11 (14.5 mg, 72%) as a white solid after lyophilisation.
1H NMR (D2O): d� 1.15 (d, J� 6.5 Hz, 3H; H-6F), 1.27 ± 1.35 (m, 2H;
CH2linker), 1.5 ± 1.64 (m, 4 H; CH2linker), 2.00 (s, 3 H; OCH3), 2.37 (t, J�
7.3 Hz, 2 H; CH2CO), 3.26 ± 4.00 (m, 21 H), 4.43 (d, J� 7.8 Hz, 1 H; H-1E),
4.50 (d, J� 7.6 Hz, 1 H; H-1D), 5.08 (d, J� 3.5 Hz, 1 H; H-1F); selected
13C NMR (D2O): d� 17.8 (C-6F), 24.7 (CH3CO), [26.4, 27.1, 30.7
(CH2linker)], 36.1 (CH2CO), 101.1 (C-1D), 103.4 (C-1E), 104.3 (C-1F);
HRMS (FAB): calcd for C27H47NO17Cs: 790.1898; found 790.1872.


Methyl 3,6-di-O-(2-O-[2-acetamido-2-deoxy-3-O-{a-ll-fucopyranosyl}-4-
O-(3-O-[5-acetamido-3,5-dideoxy-dd-glycero-a-dd-galacto-2-nonulo-pyra-
nuronic acid]-b-dd-galactopyranosyl)-b-dd-glucopyranosyl]-a-dd-mannopyra-
nosyl)-a-dd-mannopyranoside (12): a-1,3-Fucosyltransferase V (30 mU,
60 mL) was added to a solution of 8 (5.1 mg, 2.8 mmol) and GDP-l-fucose
(4.0 mg, 6.5 mmol) in MES buffer (1.0 mL, 50 mm, pH 6.0) containing 1 mg


BSA, 7 U alkaline phosphatase and MnCl2 ´ 4H2O (20 mL of a 1m solution).
The mixture was shaken at 37 8C for 8 d (the addition of identical amounts
of GDP-l-fucose, a-1,3-fucosyltransferase V and alkaline phosphatase was
repeated after 2 d and 4 d). The reaction mixture was centrifuged, the
supernatant was concentrated and purified with Bio Gel P-4 (aq. 150 mm
NH4HCO3) to give 12 (4.1 mg, 69%) as a white solid after lyophilisation.
(Due to signal overlap residues-D, E, F and H could not be distinguished
from residues-D', E', F' and H' hence signals originating from these
residues are thus both identified as H- or C-D, E, F or H, respectively.)
1H NMR (D2O): d� 1.10 (d, J� 1.9 Hz, 3 H; H-6F), 1.12 (d, J� 1.9 Hz, 3H;
H-6F), 1.73 (t, J� 12.2 Hz, 2H; H-3Hax), 1.96 (s, 6H; CH3CO), 1.97 (s, 3H;
CH3CO), 1.98 (s, 3 H; CH3CO), 2.69 (dd, J� 4.5, 12.2 Hz, 2 H; H-3Heq), 3.35
(s, 3 H; OCH3), 3.42 ± 3.95 (m, 57H), 4.00 ± 4.04 (m, 3 H; H-2A, H-3E), 4.07
(s, 1 H; H-2C), 4.11 (m, 1 H; H-2B), 4.43 ± 4.47 (m, 2H; H-1E), 4.50 ± 4.56
(m, 2H; H-1D), 4.67 (s, 1 H; H-1A), 4.73 ± 4.77 (m, 2H; H-5F), 4.85 (s, 1H;
H-1C), 5.03 (s, 1 H; H-1B), 5.04 ± 5.07 (m, 2H; H-1F); selected 13C NMR
(HMQC, D2O): d� 15.2 (C-6F), [22.0, 22.5 (CH3CO)], 39.8 (C-3 H), 54.8
(OCH3), 66.6 (C-5F), [69.6, 75.6, 75.7, 76.4 (C-2B, 2C, 3E)], 96.7 (C-1C),
98.5 (C-1F), 99.3 (C-1D), 99.4 (C-1B), 101.0 (C-1A), 101.6 (C-1E); MS
(MALDI): The [M]� ions were not stable to spectrometric analysis,
however, global methylation allowed for some analysis: calcd for
C117H208N4O60Na 2651.87, found 2652.92.


5-Methoxycarbonylhexyl 2-acetamido-2-deoxy-4-O-(b-dd-galactopyrano-
syl-3-O-[5-acetamido-3,5-dideoxy-dd-glycero-a-dd-galacto-2-nonulo-pyra-
nuronic acid])-b-dd-glucopyranoside (13): A solution of the lactosamine
derivative 52 (100 mg, 196 mmol), neuraminic acid (72 mg, 235 mmol),
PEP ´ 3Na (138 mg, 587 mmol), MgCl2 ´ 6H2O (19 mg, 78 mmol), MnCl2 ´
4H2O (4 mg, 12 mmol), KCl (7 mg, 78 mmol), CTP (12 mg, 23 mmol), ATP
(1.25 mg, 2 mmol) and mercaptoethanol (3 mL) in HEPES buffer (200 mm,
pH 7.5, 2.5 mL) was adjusted with 1n NaOH to pH 7.5 and the enzymes
NMK (2.5 U), PK (80 U), PPase (8 U), CMP-NeuAc synthetase (0.3 U)
and a-2,3-sialyltransferase (0.8 U) were added to the solution. The mixture
was left at ambient temperature for 5 d. It was concentrated, and the
residue was puridied by flash column chromatography (EtOAc/MeOH/
0.02 % CaCl2 5:2:1) to give the title compound as a colourless solid (114 mg,
73%) which was spectroscopically identical to that reported previously.[7 a]


5-Methoxycarbonylhexyl 2-acetamido-2-deoxy-3-O-(a-ll-fucopyranosyl)-
4-O-(3-O-[5-acetamido-3,5-dideoxy-dd-glycero-a-dd-galacto-2-nonulo-pyra-
nuronic acid]-b-dd-galactopyranosyl)-b-dd-glucopyranoside (14): a-1,3-Fu-
cosyltransferase V (46 mU, 92 mL) was added to a solution of 13 (15.7 mg,
30.1 mmol) and GDP-l-fucose (30.0 mg, 45.0 mmol) in MES buffer (4.0 mL,
50mm, pH 6.0) containing 4 mg BSA, 30 U alkaline phosphatase and
MnCl2 ´ 4H2O (80 mL 1m solution). The mixture was shaken at 37 8C for
24 h. The reaction mixture was centrifuged, the supernatant was concen-
trated and purified with Bio Gel P-2 (aq. 50 mm NH4HCO3) to give a white
solid after lyophilisation (20.6 mg, 71%) spectroscopically identical to that
reported previously.[7 a]


5-Methoxycarbonylhexyl 2-acetamido-2-deoxy-3-O-(a-ll-galactopyrano-
syl)-4-O-(3-O-[5-acetamido-3,5-dideoxy-dd-glycero-a-dd-galacto-2-nonulo-
pyranuronic acid]-b-dd-galactopyranosyl)-b-dd-glucopyranoside (15): a-1,3-
Fucosyltransferase V (46 mU, 92 mL) was added to a solution of 13
(18.5 mg, 23.0 mmol) and GDP-l-galactose (22.5 mg, 37.2 mmol) in MES
buffer (3.0 mL, 50mm, pH 6.0) containing 3 mg BSA, 20 U alkaline
phosphatase and MnCl2 ´ 4 H2O (60 mL of a 1m solution). The mixture was
shaken at 37 8C for 5 d. It was centrifuged, the supernatant was concen-
trated and purified with Bio Gel P-2 (aq. 50mm NH4HCO3) to give 15
(14.2 mg, 64 %) as a white solid after lyophilisation. 1H NMR (D2O): d�
1.25 ± 1.30 (m, 2H; CH2linker), 1.46 ± 1.59 (m, 4H; CH2linker), 1.75 (t, J�
12.1 Hz, 1H; H-3Heq), 1.97 (s, 3 H; CH3CO), 1.98 (s, 3 H; CH3CO), 2.34 (t,
J� 7.6 Hz, 2H; CH2CO), 2.71 (dd, J� 4.8, 12.5 Hz, 1 H; H-3Hax), 3.49 ± 3.98
(m, 28H), 4.04 (dd, J� 3.3, 9.9 Hz, 1 H; H-3E), 4.45 ± 4.48 (m, 2 H; H-1D,
1E), 4.68 ± 4.71 (m, 1 H, H-5F), 5.13 (d, J� 4.1 Hz, 1 H; H-1F); selected
13C NMR (D2O): d� [24.5, 24.7 (CH3CO)], [26.4, 27.1, 30.7 (CH2linker)],
36.1 (CH2CO), 69.9 (C-5F), 70.5 (C-3E), 100.8 (C-1D), 102.0 (C-1E), 103.4
(C-1F); HRMS (ESI): calcd for C38H64N2O26Na: 987.3639; found 987.3660.
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Probing Regioselective Intermolecular Hydrogen Bonding to
[Re(CO)H2(NO)(PR3)2] Complexes by NMR Titration and Equilibrium
NMR Methodologies


Andreas Messmer, Heiko Jacobsen, and Heinz Berke*[a]


Abstract: The hydrogen-bonding inter-
action of rhenium hydrides [Re(CO)-
H2(NO)(PR3)2] (R�Me 1 a, Et 1 b, iPr
1 c) with two different proton donors
(hexafluoro-2-propanol (HFIP) and per-
fluoro-2-methyl-2-propanol (PFTB))
was studied in solution using variable-
temperature (VT) NMR spectroscopy.
As a novel feature, ReH ´´´ HX inter-
molecular hydrogen bonding was ob-
served to be dependent on R, the HX
acid strength, the HX concentration,
temperature and solvent type. The re-
gioselectivity of these interactions could
be verified. Hydrogen bonding occurs


preferably with the hydride Ha trans to
NO, but also with the hydride Hb trans to
CO, and with the ONO atom. These
interactions show similar dependencies
on the steric requirements of the phos-
phanes and the chemical nature of
the acidic substrates. NMR equilibrium
constants and thermodynamic data
(ÿDH� 2.3 ± 6.2 kcal molÿ1) are report-
ed for the hydrogen-bonded complexes


in solution. Difference NOE measure-
ments for 1 a and 1 b allowed us to
confirm the regioselectivity of the hy-
drogen bonding to Ha and Hb, with the
major interaction to Ha. From the NMR
relaxation time measurements of the
hydrides, hydrogen bond lengths were
obtained (1.78 ± 1.94 �). A solvent effect
was established with considerably small-
er K and ÿDH values in toluene than in
methylcyclohexane, which could be re-
lated to �aromatic� hydrogen bonding
between the fluorinated alcohols and
toluene.


Keywords: alcohols ´ hydrogen
bonds ´ NMR spectroscopy ´
rhenium ´ solvent effects


Introduction


The discovery of dihydrogen complexes by Kubas et al. in
1984[1] initiated quite a large number of studies, which
concerned their synthetic development, structural investiga-
tions and explorations of their physical properties.[2±8] The
most common method for the generation of dihydrogen
complexes is the protonation of transition metal hydrides.[2±7]


It was proposed that unique species of the type MH ´´´ HX
with hydrogen bonding to a metal-bound hydrogen atom
(ªdihydrogen bondº) are intermediates in such processes.[9, 10]


The idea that such ªdihydrogen bondingº might occur prior to
the proton transfer to transition metal hydrides has recently
been verified experimentally.[11, 12] Dihydrogen bonding can
indeed be observed intra-[11±18] or intermolecularly.[19±25] Inter-
molecular interactions were described with weak proton


donors for ruthenium, tungsten and rhenium hydride ligands
either in the solid state[20, 21] or in solution.[11, 19, 22±25] Presum-
ably most of the hydrides, which display a high propensity for
the formation of dihydrogen bonds, have a Md�ÿHdÿ bond,[26]


which has a relatively strong hydridic polarization. This
polarization in turn provides sufficient electrostatic attraction
in the hydrogen-bonding pro-
cess.[27]


For the rhenium hydrides 1 a
and 1 c, the existence of dihy-
drogen complexes has been
demonstrated by low-tempera-
ture NMR spectroscopy.[9] In
order to further substantiate
the above proposal that hydro-
gen bonding might occur prior
to proton transfer, we have
carried out variable-temperature (VT) IR studies on the
interaction of 1 a ± c with perfluoro-tert-butylalcohol
(PFTB).[22] This work revealed a phosphane-dependent com-
petition between the MÿH ´´´ HO and MÿNO ´´´ HO adducts.


In the present paper, we would like to deepen our under-
standing of this secondary type of binding phenomenon of the
hydrides 1 a ± c. With the use of two substrates of different
acidity, namely hexafluoroisopropylalcohol (HFIP) and
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PFTB, and by varying their concentrations, we expect to
obtain a comprehensive picture revealing chemical factors
like binding strength and site selectivity of the binding. The
method of choice is VT-equilibrium NMR spectroscopy,[28]


which provides detailed information about the hydrogen-bond-
ing process and about valuable geometrical parameters.[19]


Results and Discussion


Structural studies : The interaction between 1 a ± c and acidic
alcohols might take place at different sites of the transition
metal complex. Either a hydride ligand or the ONO atom might
be involved in dihydrogen bonding (Scheme 1). We have to
further differentiate between the two different hydride
ligands; either Ha (trans to NO) or Hb (trans to CO) might
be the preferred site. Our previous studies[22] have shown that
interaction with OCO is not likely to occur. We will exclude this
particular interaction from our discussion.


It is expected that 1H NMR spectroscopy will be especially
suitable for tracing the hydrogen bonding to the hydride
ligands and for specifically probing the regioselectivity of this
interaction. Thus, the NMR method should provide evidence
for the attack at either Ha or Hb of 1 a ± c. We investigated the
effect of the interaction in 1 a ± c by VT titrations with PFTB
and HFIP. For practical reasons, [D8]toluene had to be used as
the least polar and most easily available VT NMR solvent.
The use of toluene meant that the alcohols were sufficiently
soluble at low temperature.


PR3


Ha


ON


PR3


Hb


OC


PR3


H


ON


PR3


H


OC
PR3


H


R'OH···ON


PR3


H


OC


PR3


Ha


ON


PR3


Hb


OC


R = Me a; Et b; i Pr c
R' = CH(CF3)2, C(CF3)3


+ R'OH
ReRe Re


- R'OH


2aa, 2ba


···H
OR'


- R'OH


3b, 3c 1a-c


+ R'OH


+ R'OH- R'OH


Re


2ab, 2bb


···HOR'


Scheme 1.


Useful information was obtained from the determination of
the chemical shift changes Dd (Dd� d(2)ÿ d(1)), from the
T1(min) values and from NOE effects[19] of the metal-bound
hydrogen atoms. It should be emphasized that due to the
relatively small DH for hydrogen-bonding interactions, it was
expected that the NMR analysis would be determined by
equilibration processes, which are rapid on the NMR time-
scale. This should lead to an averaging of the signals of the
free complexes 1 a ± c and of the 1 a ± c ´ ´ ´ HOR' adducts 2 a,b
or 3 b,c. Under these conditions, we anticipated that the
observed NMR effects do not only depend on temperature,
but also that they depend on the position of the respective
equilibrium or equilibria, that is they are concentration
dependent.


This is clearly demonstrated by the chemical shift behaviour
of the hydride resonances in the presence of PFTB or HFIP.
We found that if these acidic substrates are in contact with the
hydride ligands, the resonances move significantly upfield
(Dd< 0) when the alcohol concentration is increased or the
temperature is lowered. If there is an interaction with the ONO


atom, a lowfield shift (Dd> 0) is observed under the same
conditions. It should be mentioned that in principle the type of
interaction cannot be established from such chemical shift
observations. However, in connection with the results from
previous IR studies[22] and other NMR experiments (vide
infra), it is reasonable to assume that the observed effects
are indeed due to hydrogen bonding. Apparently, the
1 a ± c ´ ´ ´ HOR' adducts with the hydrides possess higher
chemical shifts for Ha and Hb, whereas adducts with ONO lead
to lower shifts for Ha. Naturally, with higher alcohol concen-
trations and at lower temperatures, the adduct equilibrium
concentrations increase. Such dependencies are typical of
associative equilibria, which are generally disfavoured by
entropy. As proposed above, our NMR experiments not only
enable us to resolve the H/ONO regioselectivity of the
hydrogen bonding, but also to differentiate between the
binding to Ha and Hb (Scheme 1).


For 1 a in the presence of PFTB or HFIP, one finds
remarkable negative Dd changes for Ha (Figure 1 and


Abstract in German: Die Wechselwirkung über Wasserstoff-
brückenbindungen der Rheniumhydride Re(CO)H2(NO)-
(PR3)2, R�Me 1a, Et 1b, iPr 1c wurden in Lösung bei
verschiedenen Temperaturen mit zwei Protonendonatoren
(Hexafluorisopropanol (HFIP) und Perfluor-2-methyl-2-pro-
panol (PFTB)) durch NMR-Spektroskopie untersucht. Als
neues Phänomen wurden ReH ´´´ HX-Wechselwirkungen be-
obachtet, welche Abhängigkeiten vom Rest R, der Säurestärke
von HX und ihrer Konzentration, der Temperatur und dem
Lösungsmitteltypus zeigten. Diese Wechselwirkungen waren
ausserdem regioselektiv, wobei vorzugsweise Interaktion mit
Ha trans zu NO stattfand, aber auch mit Hb trans zu CO und
dem ONO-Atom. Alle diese Gleichgewichte haben ungefähr
gleiche Abhängigkeiten vom sterischen Anspruch der Phos-
phan-Liganden und von der Art der Säure. Ferner wurden
NMR-Gleichgewichtskonstanten und thermodynamische Daten
(ÿDH� 2.3 ± 6.2 kcal molÿ1) erhalten. Differenz-NOE-Mes-
sungen für 1a und 1b bestätigen schliesslich das erhaltene
Bild der Regioselektivität bei der Ausbildung von Wasserstoff-
brückenbindungen zu Ha und Hb, wobei diejenige zu Ha


bevorzugt gebildet wird. Aus NMR-Relaxationszeitmessung
für die Hydride wurden Wasserstoffbrückenbindungsabstände
erhalten (1.78 ± 1.94 �). Ein Lösungsmitteleffekt zeigte be-
trächtlich kleinere K- und ÿDH-Werte in Toluol als in
Methylcyclohexan, welche auf die Ausbildung von konkur-
rierenden ¹aromatischen Wasserstoffbrückenbindungenª zwi-
schen Toluol und den fluorierten Alkoholen zurückgeführt
wird.
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Figure 1. Chemical shift change (Dd) [ppm] vs T [K] of the 1H hydride
resonances of 1a and 1 c (0.05 mol Lÿ1) in the presence of HFIP (above) and
PFTB (below). &, ~: 1a, 1c : HFIP, PFTB� 1:1; ^½½: 1 a, 1 c : HFIP,
PFTB� 1:2; O, ^ : 1 a, 1 c : HFIP, PFTB� 1:5.


Table 1). This can be interpreted in terms of the fairly large
involvement of Ha in hydrogen-bonding interactions. The d


values of the Hb atom of 1 a are practically not affected by the
addition of PFTB at temperatures down to 213 K. Only at the
very low temperature of 193 K, one might sense that Hb starts
to become involved (Dd�ÿ0.04, Table 1). The addition of
HFIP influences the chemical shift of Hb to a much more
pronounced extent. Thus, it displays qualitatively the same
trends in the concentration and temperature dependencies as
Ha of 1 a (Figure 1). Apparently PFTB possesses a high
selectivity for the attachment to Ha and HFIP also shows a
significant preference for the binding to this ligand. However,
in a less selective manner, it noticeably interacts with Hb as
well. This difference in the behaviour of the alcohols cannot
only originate from a difference in the steric environments of
both hydride positions, which are indeed quite similar. It
should rather be associated with differences in their electronic
properties, that is ªhydridicityº.[26a] One would expect that
PFTB with higher interaction energies (vide infra) would bind
more selectively to one of the hydrogen atoms. Furthermore,
it is worth mentioning that the chemical shift data do not
provide evidence that ONO of 1 a gets involved in hydrogen
bonding with any of the alcohols used.


For 1 c in the presence of PFTB, positive Dd values, which
correspond to lowfield shifts, are obtained for Ha (Figure 1
and Table 1). These are interpreted in terms of an interaction
with the ONO atom (3 c) and thus contact with Ha is less
plausible. Therefore, a molecule of type 2 c with
ReH ´´´ HOC(CF3)3 bound to it presumably does not exist.
This is in full agreement with our previous IR studies,[22] which
allowed us to conclude that 1 c undergoes hydrogen bonding
exclusively with ONO. HFIP shows similar behaviour but
smaller chemical shift differences are observed, which sug-
gests a weaker interaction with the ONO atom. It was quite
surprising to see a relatively wide spread of chemical shifts for
Ha, especially for 1 c/PFTB mixtures. These shifts appear even
though they originate from hydrogen bonding to a fairly
remote site. We believe that this cannot solely be caused by
differences in any steric changes occurring upon hydrogen
bonding. Rather we assume an effective electronic mecha-
nism, by which the hydrogen bonding of the ONO atom is
communicated to Ha. The chemical shifts of Hb of 1 c are
practically not altered by the addition of PFTB or HFIP. This
suggests that in both cases there is no Hb ´´ ´ HOR' contact.


At a first glance, the results of the HFIP and PFTB
attachment to Ha of 1 b seemed to be difficult to analyze.
While the chemical shifts of Ha of 1 a and 1 c showed parallel
trends in their concentration and temperature dependencies
for a given alcohol, those of mixtures with 1 b did not behave
uniformly. HFIP always caused small negative Dd values, but
PFTB for instance, in the region of 1:1 to 1:5 1 b/PFTB ratios,
gave rise to small negative Dd values at lower temperatures,
which then changed into positive ones at high temperatures
(Table 1). Both data series could ultimately be interpreted in
an unified manner with the assumption that there is an overlay
of positive (lowfield) and negative (highfield) chemical shift
increments, which give rise to the resulting Dd values. This can
be explained by NMR averaging of the 2 ba > 1 b> 3 b
equilibria. For the HFIP adducts, it is suggested that the


Table 1. Selected chemical shift differences Dd (d(2)ÿd(1)) [ppm] for the
hydrides Ha and Hb of 1a ± c (0.05 mol Lÿ1) in the presence of HFIP or
PFTB (ratio 1:5) at various temperatures.


Dd


T [K] Ha Hb


HFIP PFTB HFIP PFTB


1a 295 ÿ 0.43 ÿ 0.31 ÿ 0.02 0.02
273 ÿ 0.56 ÿ 0.44 ÿ 0.03 0.03
253 ÿ 0.71 ÿ 0.60 ÿ 0.05 0.03
233 ÿ 0.89 ÿ 0.79 ÿ 0.08 0.03
213 ÿ 1.08 ÿ 1.01 ÿ 0.14 0.02
193 ÿ 1.27 ÿ 1.24 ÿ 0.24 ÿ 0.04


1b 295 ÿ 0.10 0.05 0.02 0.01
273 ÿ 0.16 0.05 0.03 0.02
253 ÿ 0.24 0.04 0.03 0.01
233 ÿ 0.36 0.01 0.04 0.02
213 ÿ 0.51 ÿ 0.03 0.06 0.01
193 ÿ 0.72 ÿ 0.10 0.06 ÿ 0.03


1c 295 0.06 0.16 0.00 0.00
273 0.07 0.20 0.00 0.00
253 0.07 0.26 ÿ 0.01 0.00
233 0.08 0.33 ÿ 0.01 ÿ 0.01
213 0.08 0.43 ÿ 0.01 ÿ 0.02
193 0.10 0.51 ÿ 0.01 ÿ 0.02
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Ha ´´´ HOR' binding of 2 ba prevails at all temperatures and
alcohol concentrations. For hydrogen bonding with PFTB,
Ha ´´´ HOR' attachment apparently dominates at higher
temperatures, whereas at low temperatures there is a prefer-
ence for R'OH ´´´ ON binding. Thus, it might even happen that
both shift increments accidentally cancel each other out,
which can be found for the 1 b/PFTB 1:2 and 1:5 mixtures; for
the latter this is at around 230 K. In the presence of PFTB, Hb


of 1 b shows very minor effects. This indicates only marginal
involvement of Hb in the hydrogen-bonding process. For
HFIP, a slight chemical shift influence can be seen on Hb,
which leads us to the conclusion that HFIP does attack 1 b to
form 2 bb, however, this is not the preferred reaction. In this
case, three simultaneous associations, Ha ´´´ HOR' of 2 ba,
R'OH ´´´ ON of 3 b and Hb ´´´ HOR' of 2 bb (Scheme 1), exist
and their K values decrease in the given order.


All this demonstrates that the chemical shift effects on Ha


and Hb already allow us to establish a fairly comprehensive
picture of the hydrogen bonding to [Re(CO)H2(NO)(PR3)2]
complexes. Furthermore, it was possible to extract quantita-
tive equilibrium data from the given changes in d. In the cases
where the NMR experiments indicate that only one major 1:1
adduct is formed, as is the case for the association of 1 a with
PFTB and of 1 c with HFIP or PFTB, only one association
reaction was considered in the analysis. From Equations (1)
and (2), formation constants K could be established for
corresponding equilibria (compare Scheme 1). In Equa-
tion (1), c(add), c(ReH) and c(alc) are the equilibrium
concentrations of 2 or 3, 1 and the alcohols, respectively and
K is the equilibrium constant.


K� c(add)/[c(ReH)� c(alc)] (1)


d(eq)� d(ReH)� [d(add)ÿ d(ReH)]X(add) (2)


d(eq) is the averaged equilibrium chemical shift of d(ReH)
and d(add); d(ReH) and d(add) are the chemical shifts of 1
and 2, and 3, respectively; ct(ReH) and ct(alc) are the initial
concentrations of 1 and the alcohols. X(add)� (0.5/ct(ReH))
(ct(ReH)� ct(alc)� 1/Kÿ ((ct(ReH)� ct(alc)� 1/K)2ÿ 4ct-
(ReH)ct(alc))1/2) is the mole fraction of 2 and 3, which is
obtained from the solution of Equation (1).


Equation (2) represents the �equilibrium NMR� method-
ology,[19, 28] which can be solved by computer fitting of the
curves of d(eq) vs. the initial alcohol concentrations ct(alc). In
this way, the association constants K and the d(add) values for
the hydrogen-bonding adducts could be obtained for different
temperatures (Table 2 and Supporting Information). A def-


inite treatment of the chemical shift data of 1 b in the presence
of PFTB and HFIP could not be achieved, since for the two or
three parallel equilibria to 2 ba, 2 bb and 3 b a fit of at least four
independent parameters out of one available data set for Ha


would be required.
In our previous comparative study of dihydrogen bonding


to the related tungsten complexes [WH(NO)(CO)2(PR3)2],[19]


the NMR-derived K values, obtained from measurements in
[D8]toluene, showed comparable trends to those obtained
from IR measurements in hexane. However, the NMR-
derived K values were significantly smaller than the IR-
derived K values. A solvent effect was considered as a possible
explanation for this phenomenon. In the present work, we
tried to analyze this effect in more detail. To this end, we
carried out exemplary NMR measurements of the adduct
formation of PFTB with 1 a in [D14]methylcyclohexane.
Experimentally this turned out to be limited by the low
solubility of PFTB at low temperature, so that a temperature
range for the titrations comparable to that for the [D8]toluene
experiments could not be established. However, we were able
to determine the equilibrium constants in this solvent in the
temperature range of 313 ± 273 K. The obtained K values are
almost up to one hundred times larger than those in toluene
(for instance K� 1.9 L molÿ1 in toluene and 180.6 L molÿ1 in
methylcyclohexane at 273 K, compare Table 2). Thus, solvent
dependency of the K values could indeed be verified
experimentally. We will return to the influence of the solvent
at a later point in our discussion.


The analysis of the K values confirmed the regioselectivity
of the hydrogen bonding to the hydrides of 1 a, with generally
stronger involvement of Ha; the hydride ligand is trans to the
NO group. In the case of the interaction of HFIP with 1 a,
where significant binding also to Hb takes place, two sets of
data could be extracted from two sets of chemical shift values,
which correspond to the equilibria with Ha and Hb. For an
appropriate treatment, it was necessary to apply a modified
curve-fitting procedure to allow for coupling of both equi-
libria shown in Scheme 1. This treatment was based on the
reasonable assumptions that only 1:1 adducts are formed
under the experimental conditions and that the influences of
association at Hb are neglegible for the chemical shift of Ha,
and vice versa. Remarkably the K values for the attachment of
HFIP to Ha of 1 a are larger than those of PFTB (Table 2)
even though the interaction strength of PFTB generally
exceeds that of HFIP (vide infra). Consequently we have to
assume that the binding of PFTB is associated with more
positive TDS increments, which contribute to DG. In contrast


Table 2. NMR-derived selected K, DH and DS values for the hydrogen bonding adducts 2 a and 3c. K values at T of T1(min) obtained from extrapolations of
the van�t Hoff plots, as well as T1(min) data and calculated hydrogen bonding lengths.[10, 19, 29, 30]


K K DH[a] DS[a] K T1(min)(add) r(H ´´´ H)
[Lmol] at 213 K [Lmolÿ1] at 273 K [kcal molÿ1] [eu] [Lmolÿ1] (T [K]) of T1(min) [ms] of Ha/b [�]


2aa(PFTB)[b] 181 ÿ 6.2� 0.4 ÿ 12.4� 1.4
2aa(PFTB)[c] 8.9 1.9 ÿ 3.1� 0.02 ÿ 10.0� 0.1 17.1 (196) 135 1.78
2aa(HFIP)[c] 14.0 4.7 ÿ 2.1� 0.04 ÿ 4.7� 0.1 22.0 (196) 141 1.80
2ab(HFIP)[c] 3.3 1.0 ÿ 1.7� 0.15 ÿ 5.5� 0.6 4.4 (194) 178 1.94
3c(PFTB)[c] 3.4 1.6 ÿ 1.4� 0.06 ÿ 4.1� 0.2
3c(HFIP)[c] 3.0 1.7 ÿ 1.3� 0.1 ÿ 3.2� 0.5


[a] Errors obtained from linear regression. [b] Measured in [D14]methylcyclohexane. [c] Measured in [D8]toluene.
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to the diverging behaviour of HFIP and PFTB in the presence
of 1 a, both alcohols show similar K values for the attachment
to the ONO location of 1 c. Presumably this has to do with a
diminished steric hindrance for the interaction at ONO, which
means there is less discrimination when hydrogen bonds are
formed with both proton donors.


At this point, we have to keep in mind that the simulta-
neous contact of HFIP to Ha and Hb could also be matched
with other mechanistic alternatives. Likewise, the signal-
averaged NMR data would to a certain extent be consistent
with the formation of doubly hydrogen-bonded adducts of
type 4 a in consecutive steps (Scheme 2).


Pi Pr3


H


(CF3)3COH···ON
Pi Pr3


H


OC


PMe3


H···HOC(CF3)3


ON
PMe3


H···HOC(CF3)3


OC


–(CF3)3COH


··· HOC(CF3)3


4c


Re


4a


Re
+(CF3)3COH


2a


–(CF3)3COH


+(CF3)3COH


3c


Scheme 2.


This however, seems to be less plausible for the HFIP
adducts, since experiments with the 1 a/HFIP mixture in a
1:1 molar ratio indicated, despite the low alcohol concentra-
tion, contact between HFIP and both hydrides Ha and Hb. For
consecutive equilibrium steps generating doubly hydrogen-
bonded species, one would rather expect NMR evidence of
stepwise associations expressed in terms of dependence on the
alcohol concentration or temperature. Unfortunately, the
interaction of 1 a with PFTB might indeed be a stepwise
double adduct formation process, which occurs only at
relatively high 1 a/PFTB ratios �1:5 and at quite low temper-
atures with significantly greater Dd values for Hb. However,
such a condition is at the experimental limits imposed by the
solvent toluene. From the NMR data for the 1 a systems, we
cannot establish with certainty, whether, in a high alcohol
concentration regime, the parallel equilibria of Scheme 1 or
the consecutive ones of Scheme 1 and 2 would better fit
reality. The same is valid for the T1(min) experiments
analyzed below. However, the IR experiments carried out in
hexane[22] allowed us to apply higher PFTB/1 concentration
ratios at lower absolute concentration levels and their results
were indeed in favour of the formation of doubly hydrogen-
bonded adducts of type 4 a. Furthermore, our analyses of the
chemical shift data in [D8]toluene did not indicate that the
doubly bonded species 4 c would exist, since even at PFTB
concentration ratios> 1:5 Ha or Hb did not show any
respective chemical shift response.


For the hydrogen bonding of HFIP to 1 a and 1 b, there is
still another conceivable structural arrangement, which in-


volves an asymmetric hydrogen
bonding bridging mode. This
structure would agree with the
requirement for simultaneous
contact between HFIP and the
hydrides Ha and Hb. However, this bonding type should be
associated with only one hydrogen-bonding equilibrium,
which can definitely be ruled out from the results of the
above analysis.


In further support of the results of the chemical shift
measurements, we then sought to trace the contacts between
Ha or Hb of 1 a ± c with HFIP and PFTB by the determination
of the temperature-dependent minima of the T1 relaxation
times (T1(min)).[10, 29, 30] In monohydride complexes, these
minimum relaxation times are generally relatively long for the
metal-bound hydrogen atoms, because there are usually no
significant dipolar interactions to assist the relaxation process.
These interactions originate from magnetically polarizing
nuclei in close vicinity. In Re(H)2 complexes, these relaxation
times are somewhat shorter, since both the hydrides have an
influence.[31] The contact between an OH proton and the
hydrides is expected to assist the relaxation process of the
hydrides further.[10, 11, 19, 29, 30] For example, it is shown in
Figure 2, how for 1 a the T1 relaxation times of Ha and Hb


develop with temperature, in the presence and in the absence
of HFIP. The minima of the parabolas move with added HFIP


Figure 2. Plots of ln (T1) (500 MHz) vs 1/T for the hydrides Ha (above) and
Hb (below) of 1 a (0.05 mol Lÿ1) (&) and in the presence of HFIP
(0.1 mol Lÿ1) in toluene[D8] (�).
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Hb


Re HOR
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to higher temperatures and to shorter relaxation times. As
expected, this occurs for Hb to a smaller extent.


In Table 3, the changes in T1(min) (300 MHz) of the
hydrides Ha and Hb are compiled for complexes 1 a ± c, with


and without added HFIP or PFTB. The quite sizeable
reduction of the minimum relaxation times for Ha of 1 a and
1 b in the presence of HFIP or PFTB again supports the idea
that the respective hydride ligands of these complexes are in
noticeable contact to protons of HFIP or PFTB. For 1 c, there
is only a negligible DT1(min) for Ha and also for Hb, which
implies that, for this compound, there is no such hydride
contact. This observation is fully consistent with the conclu-
sions reached from the chemical shift and the IR experi-
ments.[22] As mentioned before, PFTB in contact with Ha of 1 a
or 1 b shows strong effects and the quite comparable sizes of
DT1(min) for HFIP make it clear that it is mainly the dipolar
interaction of the HO proton, which assists the relaxation of
the hydrides. From Table 3 it can also be seen that the T1(min)
values of the Ha atoms of 1 a and 1 b decrease to a greater
extent than those of the respective Hb nuclei. This implies that
Ha undergoes a stronger interaction with the proton donor.
The weak contact of Hb of 1 a as indicated in the presence of
PFTB at the temperature of T1(min) (192 K) is in agreement
with the chemical shift results, where the Hb interaction sets in
at around 190 K. Furthermore, one finds a decrease in
DT1(min) for Ha and Hb from 1 a to 1 b, which means that
the contact between HFIP or PFTB and the hydride ligands
gets looser in this order. The tendency to contact the hydrides
(1 a> 1 b> 1 c) contrasts with an anticipated increase in their
ªhydridicityº, which in turn originates from the enhanced
ability to donate electron density (PiPr3>PEt3>PMe3).[32]


Instead, this trend correlates with an inverse order of the
steric bulk of these ligands.


From the determined T1(min) values for the hydrides of 1 a
and subsequently from their excess relaxation rates DR1(min),
the lengths to the OHHFIP,PFTB protons were calculated.[19, 29, 30]


The required entity T1(min)(add) of complexes 2 could not be
determined directly, but had to be calculated from the
averaging Equation (3), which is related to Equation (2).


T1(min)(add)� (T1(min)(eq)ÿ (X(ReH)�T1(ReH)))/X(add) (3)


T1(min)(eq) is the equilibrium-averaged temperature-de-
pendent minimum relaxation time; T1(ReH) is the relaxation
time of 1 at the temperature of T1(min)(eq); T1(min)(add)
and T1(min)(ReH) are the temperature-dependent minimum
relaxation times of the hydride ligands of 2 and 1, respectively.
X(ReH) and X(add) are the mole fractions of complexes 1
and 2 at the temperature of T1(min)(eq).


The lengths r(H ´´´ H) in [�] were then obtained from
Equation (4).[19, 37]


r(H ´´´ H)� 5.817(nÄ �DR1(min))ÿ1/6 (4)


nÄ is the NMR frequency in MHz and DR1(min)�
1/T1(min)(add)ÿ 1/T1(min)(ReH). The values obtained are
1.78 � for the contact between PFTB and Ha (2 aa) and 1.80 �
and 1.94 � for the Ha (2 aa) and Hb (2 ab) hydrogen-bonding
lengths to HFIP, respectively (Table 2). They fall into the
range determined for other such interactions.[10, 19] The 1.78 �
length of 2 aa is on the short side of the scale and confirms the
relatively strong hydrogen bonding in this case. It is important
to recognize that in the 2 a/(HFIP) system we quite reasonably
obtained a shorter contact to Ha than to Hb (in the ratio of
about 0.93). This is not far from the ratio calculated from the
NOE experiments, which we will describe in more detail.


NOE effects from the OH proton of HFIP and PFTB to Ha


and Hb of 1 a ± c provide more evidence that the OH proton of
HFIP or PFTB is involved in hydrogen bonding. In order to
show the distinction between the interactions of HFIP with Ha


and Hb more clearly, a 1:1 mixture of the D isotopomers
1 a,bDa and 1 a,bDb was prepared. In this way, polarization
transfer by the ªotherº hydride ligand could be excluded and
the effects were expected to be more pronounced . The results
of these measurements are collected in Table 4.


PR3


Ha
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PR3


Db


OC


PR3


Da


ON


PR3
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OC


ReRe


(1a, b) Da (1a, b) Db


Due to the exchange of Ha and Hb at higher temperatures
and a zero NOE at around ÿ70 8C, measurements for 1 b had
to be carried out at ÿ90 8C, which meant that there was a


Table 3. Temperature-dependent minimum relaxation times T1(min) of
the hydride atoms Ha and Hb of 1a ± c (0.05 mol Lÿ1) and those with HFIP
or PFTB present (ratio 1:5, 1:8 for PFTB) in [D8]toluene at 300 MHz.


T1(min)[ms]
Ha


without with HFIP D with PFTB D


1a 236[a] 145 91 147 89
1a (1:8) 236[a] 145 91
1b 208 167 41 176 32
1c 174 170 4 171 3


Hb


1a 243[a] 206 37 221 22
1a (1:8) 243[a] 217 26
1b 215 202 13 217 ÿ 2
1c 167 167 0 173 ÿ 6


[a] T1(min) extrapolated


Table 4. Difference NOE measurements of a 1:1 mixture of the Re(CO)-
DH(NO)(PR3)2 isotopomers 1Da,Db and of 1c (0.05 mol Lÿ1) in the presence
of HFIP (0.1 mol Lÿ1) (1:2 ratio) in [D8]toluene at ÿ60 8C (1a, 1c) and
ÿ90 8C (1b) and of 1a ± c (0.05 mol Lÿ1) in the presence of PFTB (1:2 ratio)
in [D8]toluene at 295 K. HHOR was irradiated. The values for ra/rb are the
Hb ´´´ HOR'/Ha ´´ ´ HOR' length ratios calculated from (h(Hb)/h(Ha))1/6.


h(Ha) h(Hb) ra/rb


1a/HFIP 9.1� 10ÿ2 4.3� 10ÿ2 0.87
1b/HFIP ÿ 1.5� 10ÿ1 ÿ 4.4� 10ÿ2 0.82
1c/HFIP no effect
1a/PFTB ÿ 2.8� 10ÿ1 no effect
1b/PFTB ÿ 4� 10ÿ2 no effect
1c/PFTB no effect
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negative NOE effect with decreasing NOE intensities�
NOE effect h� I ÿ I0


I0


�
. From h(Ha) and h(Hb), it was


possible to calculate approximate length ratios ra/rb of the
hydride/HO separations.[29, 33] The ratios for 1 a were in
reasonable agreement with those of the T1(min) measure-
ments (compare Table 3). The quite sizeable NOE responses
in the 1 a,bDa,Db/HFIP systems again make the Ha,b ´ ´ ´ HOR'
hydrogen-bonding contacts of 1 a,b quite evident. For 1 c, we
were not able to prepare the isotopomeric mixture of 1 cDa,Db.
Instead the parent complex 1 c was used in the NOE
experiments with HFIP. Since practically no effect was found,
one can quite confidently rule out any hydrogen bonding of
the hydrides of 1 c at reasonable distances. Comparable results
were obtained from room-temperature NOE experiments of
1 a ± c with PFTB. In the case of 1 c, there was no detectable
NOE response of Ha and Hb. In contrast to the measurements
in the presence of HFIP, no effect was found for Hb of 1 a and
1 b, which confirms that PFTB has a strong preference for
binding to Ha.


The results from our NMR experiments present a clear
picture of the nature of hydrogen bonding between 1 a ± c and
proton donors. The hydride ligands of 1 a and 1 b are able to
establish notable contacts with the fluorinated alcohols. For
1 c, the hydride ligands do not interact with the proton donors,
or they interact just to a very minor extent. In this case, the
ONO atom is involved in hydrogen bonding instead. Further-
more, the NMR studies provided evidence for the regiose-
lectivity of the contacts to the hydrides. This regioselectivity
depends on the alcohol used. PFTB shows a preference for
binding to Ha and the ONO atom, while HFIP can, in a less
selective manner, additionally bind to Hb. The general
preference of both alcohols for the attachment to Ha


presumably arises from the higher ªhydridicityº of Ha,[26a]


which in turn may be interpreted as a consequence of the
strong trans influence of the nitrosyl group. The equilibrium
NMR data finally allowed us to calculate formation constants
and to estimate reasonable hydrogen-bonding lengths.


Energetic studies : DH and DS values for the adduct formation
reaction 1�HOR'!2 were obtained from van�t Hoff plots,
using the K values determined by NMR spectroscopy. The
data showed surprisingly good linear regressions and were
therefore used with confidence. These values are collected in
Table 2. For the reactions 1 a�PFTB!2 a and 1 c�
PFTB!3 c, we have previously determined DH by IR
spectroscopy.[22] These measurements were carried out in the
nonpolar solvent hexane and yielded values of 6.1 kcal molÿ1


and 4.5 kcal molÿ1, respectively. The DHs determined by
NMR spectroscopy in this work in toluene are lower by
3.0 kcal molÿ1 and 3.1 kcal molÿ1. This again can be explained
in terms of a solvent effect, in which toluene establishes weak
�aromatic� hydrogen bonds to acidic substrates in the ÿDH
range of 1.5 ± 2 kcal molÿ1.[34, 35] The fluorinated Pirkle alcohol,
which is assumed to be a good chemical model for HFIP and
PFTB, is capable of establishing even stronger hydrogen
bonds of approximately 2.5 ± 3.0 kcal molÿ1 in a self-associa-
tion process.[36] In analogy to these observations, we anticipate


that HFIP or PFTB can give rise to interactions with toluene,
which are of similar strength. The differences in the inter-
action enthalpies obtained from IR and NMR experiments
are apparently in the same range as the expected hydrogen-
bonding enthalpies of toluene with fluorinated alcohols.
Consequently, this indicates that the lower enthalpies for
hydrogen bonding of the hydrides in toluene result from the
need to break the hydrogen bonds to toluene. Mapping of the
hydrogen bonding of fluorinated alcohols in toluene onto an
ªabsolute scaleº (that is a solvent with no hydrogen-bonding
capabilities) requires the addition of 2.5 ± 3.0 kcal molÿ1 to the
toluene values. In order to confirm this, we have additionally
determined the thermodynamic data for the equilibrium of 1 a
with PFTB in [D14]methylcyclohexane. We obtained a DH
value of ÿ6.2 kcal molÿ1 (Table 4), which is very close to that
determined by IR spectroscopy for the 1 a/PFTB mixture in
hexane.[22] The DDH between methylcyclohexane and toluene
thus was determined to be 3.1 kcal molÿ1, which is very close
to the value expected from the foregoing consideration based
on aromatic hydrogen bonding.


Otherwise, the DH values of Table 2 parallel our conclu-
sions drawn so far. We see, for instance, a weaker affinity of
PFTB for 1 c as compared to 1 a. Also, the HFIP adduct series
reproduce the overall binding trend, that is stronger inter-
action with the hydrides than with the ONO atom. The bond
between PFTB and Ha is 1 kcal molÿ1 stronger than that for
HFIP. As a consequence, HFIP looses binding selectivity,
which leads to two parallel equilibria with contacts to Ha and
Hb of 1 a. This is substantiated by the finding of two distinct
DH values with a DDH value of 0.4 kcal molÿ1.


Finally it is worth analyzing the entropy effects. Irrespective
of the solvent type, DS adopts the most negative values in the
case of the binding of PFTB to Ha of 1 a. Supposedly this is
due to a relatively tight binding in the adduct state, which
causes a strong loss of degrees of freedom upon attachment.
For HFIP associated with Ha in 2 a, the magnitude of the loss
of entropy is only about half, which is presumably due to the
fact that this alcohol possesses a more flexible hydrogen-
bonded arrangement. Because of the smaller ÿDS value for
HFIP, the total factor ÿTDS does not contribute so much to
the decrease of the ÿDG value. As a consequence of this, the
K values are, in this case, largest of all studied hydrogen-
bonded adducts despite a lower ÿDH value (Table 2).


Conclusion


Protonation is one of the most fundamental reactions in the
chemistry of transition metal complexes. In the last ten years,
it has also become a traditional route to dihydrogen com-
plexes: when a metal hydride is protonated, coordinated H2 is
formed as a kinetic product.[2, 7] The synthetic evidence has
always been regarded as a strong indication that the hydride
ligand is the proton accepting site. This paper confirms once
again that there is attractive interaction that results in the
formation of hydrogen-bonded species of the type
ReH ´´´ HOR', which, depending on the acid strength, could
eventually transform into a dihydrogen complex.[9]
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Furthermore, our investigations demonstrated that the
studied nitrosyl complexes possess not only chemically differ-
ent hydride positions, but also the ONO atom as competing
sites for hydrogen bonding. The activity order of these sites
could mainly be related to the steric bulk of the phosphane
ligands. Without dominating steric influence, the electronic
order of the hydrogen bonding was disclosed, which was
revealed to be Ha>Hb>ONO. Site selectivity was thus
established as an important factor in these adduct formation
processes. Our studies then showed that hydrogen bonding as
an initial stage to full protonation is not only a function of the
nature of the offered basic sites, but it is also influenced by the
chemical nature of the acid and the solvent. It is important to
recognize that these parameters may be used to tune hydride
reactivity under the influence of proton donors. A special case
of reactivity with great potential and perspectives is ionic
hydrogenation.[37] It takes place under heterolytic splitting of
H2


[30a] and thus provides at some stage the necessary
conditions for a hydride/protic substrate interaction. Further
investigations will have to demonstrate, whether this second-
ary binding phenomenon is crucial to such biological or
organometallic catalyses.


Experimental Section


Measurements : NMR data were obtained on a Varian Gemini 300
spectrometer (300 MHz, 1H). The inversion-recovery method (180-t-90)
was used to determine T1 relaxation times. The calculation of the relaxation
times was made using the nonlinear three-parameter fitting routine of the
spectrometer. In each experiment, the waiting period was 10 times the
expected relaxation time and 12 variable delays were employed. The
duration of the pulses was controlled at every studied temperature. For the
T1 NMR samples, in a typical case: The solvent ([D8]toluene) was
transferred into a 5 mm tube containing a weighed amount of [Re-
(CO)H2(NO)(PR3)2] and then HFIP or PFTB was added. The solution was
then degassed and the tube flame sealed under vacuum. The T1 experi-
ments were run starting at room temperature (295 K).


Standard Varian software was used for the NOE (DIFNOE) measure-
ments. Preparation of the NOE samples: The NMR solvent was added into
a 5 mm NMR tube containing a weighed amount of [Re(CO)H2-
(NO)(PR3)2]. The tube was transferred into a cold bath (190 K) for the
addition of HFIP or PFTB and then was degassed and sealed. IR spectra
were recorded on a Biorad FTS 15 instrument. FAB-MS(�) spectra were
recorded on a Finnigan MAT 8400 mass spectrometer. Solutions of the
samples in dichloromethane were dissolved in a 3-nitrobenzyl alcohol
matrix; m/z was based on 187Re.


Equilibrium analysis : The K and d(add) values were obtained by a
nonlinear fit using a Levenberg ± Marquardt algorithm.[38] For this purpose,
Equation (5) (modified Eq. (2)) was used in the following form.[19]


d(eq)� (d(ReH)�Q� d(add))/(1�Q) (5)


In this equation, Q� 0.5� (Sÿ a), S� (a2� 4�K� ct(ReH))1/2 and a�
K� (ct(ReH)ÿ ct(alc))� 1. For the interaction of 2a with HFIP, the two
equilibria resulting in 2aa and 2ab were treated in a coupled fashion.
Alternately one of the two sets of d and K parameters was kept fixed and
the other was fitted until a self consistent solution for both equilibria was
obtained.


Chemicals : HFIP and PFTB were available from Fluka. The NMR solvents
[D8]toluene and [D14]methylcyclohexane were purchased from Deutero
GmbH, D-56288 Kastellaun. Sodium borodeuteride was available from
CIL (Cambridge Isotope Laboratories).


Preparative procedures : All manipulations were performed under a dry
nitrogen atmosphere by standard Schlenk-tube techniques. Solvents were
dried and deoxygenated by conventional procedures and were freshly


distilled before use. Compounds 1a ± c and [ReCl(CO)H(NO)(PR3)2] were
prepared as described in the literature.[39]


Synthesis of [Re(CO)DH(NO)(PMe3)2]: The monodeuterated complex
was prepared by the reaction of [ReCl(CO)H(NO)(PMe3)2] (150 mg,
0.35 mmol) and sodium borodeuteride (100 mg, 2.39 mmol) in ethanol (ca.
20 mL). The suspension was heated to reflux for 5 min. The solvent was
removed under reduced pressure and then the residue was extracted with
hexane (five times with 10 mL). The yellow solution was filtered through
Celite and the solvent evaporated, which gave a lemon yellow powder (a
1:1 mixture of the isomers D trans NO and D trans CO). Yield: 130 mg
(93 %); IR (hexane, cmÿ1): nÄ � n(CO) 1965, 1961 (vs), n(ReÿH) 1799 (w,
br), n(NO) 1679, 1659 (s), n(ReÿD, KBr) 1266 (w); 1H NMR (300 MHz,
[D8]toluene, 295 K): d� 1.33 (t, J(P,H)� 8.2 Hz, P(CH3)3), ÿ0.99 (t,
J(P,H)� 27.0 Hz, ReHa), ÿ4.39 (t, J(P,H)� 27.9 Hz, ReHb); 13C{1H} NMR
(75.46 MHz, [D8]toluene, 295 K): d� 209.7 (t, J(PC)� 5.7 Hz, ReCO), 23.0
(t, J(PC)� 35.9 Hz, P(CH3)3); 31P{1H} NMR (121.47 MHz, [D8]toluene,
295 K) d�ÿ32.8 (s); FAB-MS (positive ion): m/z (%): 396 (15) [MÿH,
ÿD]� , 366 (6), [MÿH, ÿD, ÿNO]� .


Synthesis of [Re(CO)DH(NO)(PEt3)2]: [Re(CO)DH(NO)(PEt3)2] was
prepared as described for [Re(CO)DH(NO)(PMe3)2] using [ReCl(CO)H-
(NO)(PEt3)2] (80 mg, 0.15 mmol) and sodium borodeuteride (100 mg,
2.39 mmol) in ethanol (ca. 15 mL). Evaporation to dryness in vacuo yielded
the product (70 mg, 93 %) as a yellow oil (isomeric mixture) with a melting
point below 0 8C. IR (hexane, cmÿ1): nÄ � n(CO) 1960, 1954 (vs), n(ReÿH)
1814 (w, br), n(NO) 1672, 1654 (s); 1H NMR (300 MHz, [D8]toluene,
295 K): d� 1.54 (m, P(CH2CH3)3), 0.91 (tt, J(H,H)� 7.6 Hz, J(P,H)�
15.9 Hz, P(CH2CH3)3), ÿ1.64 (t, J(P,H)� 26.5 Hz, ReHa), ÿ5.29 (t,
J(P,H)� 26.3 Hz, ReHb); 13C{1H} NMR (75.46 MHz, [D8]toluene, 295 K):
d� 23.8 (t, J(P,C)� 32.2 Hz, P(CH2CH3)3), 8.5 (s, P(CH2CH3)3); 31P{1H}
NMR (121.47 MHz, [D8]toluene, 295 K) d� 8.0 (s); FAB-MS (positive
ion): m/z (%): 481 (100) [MÿH,ÿD]� , 450 (66) [MÿH,ÿD,ÿNO]� , 422
(38) [MÿH, ÿD, ÿNO, ÿCO]� ; elemental analysis calcd for
C13H31DNO2P2Re: C 32.23, H 6.24, N 2.9; found: C 32.35, H 6.10, N 2.8.
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Platinum(ii) Complexes of Dipyridophenazine as Metallointercalators for
DNA and Potent Cytotoxic Agents against Carcinoma Cell Lines


Chi-Ming Che,*[a] Mengsu Yang,*[b] Kar-Ho Wong,[a] Hing-Leung Chan,[b] and Wing Lam[b]


Abstract: The synthesis and spectro-
scopic characterization of a new class
of DNA-intercalating platinum(ii)
complexes, [Pt(dppz)(tN^C)]CF3SO3


(dppz� dipyrido[3,2-a :2',3'-c]phena-
zine, tN^CH� 4-tert-butyl-2-phenylpyr-
idine) and [Pt(dppz)(L)2](CF3SO3)2


(L� 1-methylimidazole (Meim-1) or
4-aminopyridine (NH2py-4)) are descri-
bed. All the complexes are photolumi-
nescent in degassed acetonitrile at room
temperature. [Pt(dppz)(tN^C)]CF3SO3


shows a vibronic structured emission
(lmax� 477 nm) which is assigned to the
intraligand transition (IL) of the C-de-
protonated 4-tert-butyl-2-phenylpyri-
dine ligand. Both [Pt(dppz)(Meim-1)2]-


(CF3SO3)2 and [Pt(dppz)(NH2py-4)2]-
(CF3SO3)2 display a lower energy emis-
sion band with lmax at 558 nm, which is
originated from a 3MLCT state
[5d(Pt)!p*(dppz)]. The binding reac-
tions of platinum(ii) complexes with
double-stranded DNA (dsDNA) were
studied by spectroscopic methods and
the intrinsic binding constants (K) are
1.1� 104 ± 1.3� 104 dm3 molÿ1. The re-
sults of gel electrophoresis and UV
melting experiments revealed that


they interact strongly with DNA. In
aerated aqueous Tris buffer solution,
[Pt(dppz)(tN^C)]CF3SO3 is nonemis-
sive. Upon intercalation of [Pt(dppz)-
(tN^C)]CF3SO3 into calf thymus DNA
(ctDNA), a low energy emission with
lmax� 650 nm is developed and this is
ascribed to exciplex formation between
the excited state of [Pt(dppz)(tN^C)]�


with the DNA base pairs. The cytotox-
icity of [Pt(dppz)(tN^C)]CF3SO3 was
compared to that of cisplatin using
human carcinoma KB-3-1 and its multi-
drug-resistant subclone KB-V1 cell
lines, which is 10 and 40 times more
potent than cisplatin in the killing of
KB-3-1 and KB-V1 cells, respectively.


Keywords: antitumor agents ´ bio-
inorganic chemistry ´ DNA recogni-
tion ´ luminescence ´ platinum


Introduction


The binding interaction(s) between DNA and transition metal
complexes has received intense interest from different
perspectives.[1±3] In general, metal complexes can bind to
double-helix DNA noncovalently through electrostatic inter-
action, groove binding, and/or intercalation. We were partic-
ularly interested in the latter which involves insertion of a
planar aromatic molecule between two nucleotide base units
of the biomolecules. As suggested by Barton and co-work-
ers,[1e] the DNA p stack is essential for biological electron


transfer reactions to occur over a long distance. In the context
of developing new metallointercalators, we were attracted to
the work of Barton[1] and recent findings on the photo-
luminescence of platinum(ii) complexes.[4, 5] Barton and others
had reported that octahedral metal complexes containing the
dppz ligand (dppz� dipyrido[3,2-a :2',3'-c]phenazine), in par-
ticular that of ruthenium(ii), are good metallointercalators
and in some instances, act as luminescent probes for biological
molecules.[6±9] However, this class of compounds are coordi-
natively saturated, and hence the metal atom has difficulty in
covalently interacting with nucleic acid. Square-planar plat-
inum(ii) complexes of aromatic diimine ligands are a likely
remedy to this problem.[4, 10] Usually, they have vacant
coordination site(s) at the platinum atom, which is(are)
available for substrate binding reactions. Furthermore, this
class of compounds displays rich photoluminescent proper-
ties, which are sensibly affected by the microenvironment in
which the compounds are located.[4b,d,e, 5b, 10] A notable exam-
ple is the luminescent cyclometalated platinum(ii) complexes
reported by Che and co-workers,[4d,e] which act as a molecular
light switch for calf thymus DNA and sodium docecyl sulfate
(SDS) micelles. We envisaged that platinum(ii) complexes
containing the dppz ligand have the combined advantages of
ruthenium(ii) dppz and platinum(ii) complexes in the context
of DNA binding studies and are potential new metal
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therapeutics. Here, the synthesis, spectroscopic properties,
and biological activities of a new class of luminescent
platinum(ii) complexes bearing the dppz ligand are reported.


Results and Discussion


The titled complexes could be prepared by two methods. For
1, the [Pt(tN^C)Cl2]ÿ precursor was first generated and then
allowed to react with dppz to afford the desired product. A
different synthetic route was employed for 2 or 3.
[Pt(dppz)Cl2] was the precursor and it underwent chloride


substitution reactions with the nitrogen donor ligands. Re-
cently, the X-ray crystal structure of [Pt(dppz)Cl2] was
reported by Kato et al.[11] Stacking of the [Pt(dppz)Cl2]
molecules through platinum ± platinum (intermolecular PtÿPt
contacts ca. 3.4 �) and/or ligand p ± p interactions has been
revealed by X-ray structure analysis. The reaction between
the C-deprotonated 2-phenylpyridine and [Pt(dppz)Cl2] was
studied in this work. A deep red product presumably
[Pt(dppz)(N^C)]Cl was obtained. This compound has a low
solubility in common organic solvents rendering further


studies difficult. For this reason, 4-tert-butyl-2-phenylpyridine
was used to improve the solubility. Complex 1 is soluble in
polar organic solvents rendering spectroscopic characteriza-
tions feasible. For complexes 2 and 3, the imidazole and
pyridine ligands can twist with respect to the PtN4 plane.[4b, 10d]


This structural feature together with the cationic charge
support the solubility of 2 and 3 in aqueous solution. The
1H NMR spectra for 1 ± 3 display the correct number of proton
signals and their mass spectra confirm the molecular mass of
the corresponding parent complex cation. As shown by
1H NMR and UV/Vis spectroscopy, complexes 1 ± 3 are stable
with regard to solvolysis reaction at room temperature.


Spectroscopic properties : The absorption and emission data
for 1 ± 3 are summarized in Table 1. All the complexes show
several intense absorption bands at l< 380 nm (e>


104 dm3 molÿ1 cmÿ1), which are assigned to intraligand tran-
sitions (IL) of the dipyridophenazine (1, 2, and 3) and 4-tert-
butyl-2-phenylpyridine ligands (1). Complex 1 shows a broad
and structureless band ranging from 410 to 470 nm (e>


103 dm3 molÿ1 cmÿ1). As a similar absorption band is absent
in [Pt(en)(tN^C)]� (en� 1,2-diaminoethane),[12] the assign-
ment of a (5d)Pt!(p*)tN^Cÿ transition is not favored. The
absorption spectra of other [Pt(N^N)(tN^C)]� (N^N� bpy
or phen) complexes[12] show a similar band at 400 ± 460 nm,
but the lmax value changes with the p* orbital of the diimine
ligands. Hence the broad absorption ranging from 410 ±
470 nm for 1, which is similarly present in 2 and 3, is assigned
to the (5d)Pt!(p*)dppz transition. The absorption spectra of
the complexes are shown in Figure 1.


At room temperature, a degassed solution of 1(CF3SO3) in
acetonitrile gives a vibronic structured emission (lmax�
477 nm) upon excitation at 350 nm (Figure 2). The vibrational
progression (ca. 1100 ± 1300 cmÿ1) matches with the skeletal
vibrational frequency of the tN^Cÿ ligand. Similar emissions
with the same lmax have been recorded with related
[Pt(N^N)(tN^C)]� complexes in acetonitrile, despite the
difference in a,a'-diimine ligands.[12] We infer that the
emission at 477 nm originates from a 3pp* state of the
coordinated tN^Cÿ ligand. The solid-state emission of 1 with
lmax at 675 nm is at a lower energy (Figure 2). The large
difference in emission energies indicates that the excited
states for the solution and solid emissions have different
electronic origins. According to previous work,[13,14] solid-state
stacking of platinum(ii) complexes affects their photolumi-
nescent properties. Although we were not able to obtain
suitable crystals of 1(CF3SO3) for X-ray crystal analysis,
[Pt(dppz)Cl2] was found to stack through both platinum ±
platinum and ligand p ± p interactions.[11] We consider that
the [Pt(dppz)(tN^C)]� cation also stacks in solid state and


Table 1. UV/Vis absorption and emission data recorded in acetonitrile at room temperature.


Complex UV/Vis Emission
l,[a] nm (e,[b] [dm3 molÿ1 cmÿ1]) lmax,[a] nm (t[c] [ms], Fem


[d])


1(CF3SO3) 280 (69000), 363 (15000), 382 (16000), 410 ± 470 (4500) 477 (2.3, 0.0012)
2(CF3SO3)2 280 (71000), 358 (17000) 376 (16000), 400 ± 450 (1200) 558 (74.6, 0.0023)
3(CF3SO3)2 280 (89000), 358 (15000) 376 (16000), 400 ± 450 (1100) 558 (79.9, 0.0024)


[a] Error�� 2 nm. [b] Error�� 100 dm3 molÿ1 cmÿ1. [c] Error�� 0.05 ms. [d] Error�� 0.00005.
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Figure 1. The UV/Vis absorption spectra of a) 1(CF3SO3), b) 2(CF3SO3)2,
and c) 3(CF3SO3)2 in acetonitrile at room temperature.


Figure 2. The emission spectra of a 10ÿ5 mol dmÿ3 acetonitrile solution of
a) 1(CF3SO3), b) 2(CF3SO3)2, and c) 3(CF3SO3)2 at room temperature.
Excitation at 350 nm.


hence a lower energy MMLCT (metal-metal to ligand charge
transfer) transition is expected. Indeed, in frozen acetonitrile
(77 K), the emission of 1 is distinctly different from that
described above. At low complex concentration


(10 mmol dmÿ3), the high energy (474 nm) intraligand (IL)
emission of the coordinated tN^Cÿ ligand prevailed. Increas-
ing the complex concentration led to a decrease in the 474 nm
emission with a concomitant development of a low energy
emission at 665 nm. The similarity in energy and band profile
of the 665 nm emission to that of the solid-state emission
(lmax� 675 nm) at room temperature suggests that the former
arises from the interaction between the ground state and
excited state of the [Pt(dppz)] moieties. Both Che et al.[15] and
Vogler and Kunkley[16] had reported that the excimer
emission of [Pt(diimine)(CN)2] occurs at a much lower
energy than the intraligand diimine [p!p*] or 3MLCT
[(5d)Pt!(p*)diimine] emission. In acetonitrile, complexes 2
and 3 display a vibronic structured emission (lmax� 558 nm) at
room temperature (Figure 2). The average vibrational pro-
gression is about 1200 cmÿ1, which matches the frequency of
the �ring-breathing� mode of dipyridophenazine ligand. For
the [Pt(diimine)2]2� systems, Miskowski and co-workers
assigned the intraligand emission of the diimine ligands in
glassy solution to occur at around 458 nm.[13a] Thus the 558 nm
emission band of 2 or 3 is assigned to the 3MLCT
[(5d)Pt!(p*)dppz] excited state. Interestingly, the metal
!dppz emission for PtII occurs at a higher energy than for
RuII ; for example, the 3MLCTemission of [Ru(bpy)2(dppz)]2�


is at 615 nm.[6] Both 2 and 3 show no solid-state emission at
room temperature and 77 K.


DNA binding studies : Absorption and emission titration
experiments were performed for complexes 1 ± 3 in the
presence of calf thymus DNA. Their absorption spectra in
aqueous Tris buffer are similar to that in acetonitrile. The
absorption spectral traces for the titration of 1 with ctDNA
are depicted in Figure 3. The 350 nm band showed hypo-
chromism upon addition of ctDNA and an isosbestic point at


Figure 3. Absorption spectral traces of complex 1(CF3SO3) (20 mmol dmÿ3)
in aqueous Tris buffer (5 mmol dmÿ3 Tris, 50 mmol dmÿ3 NaCl, pH 7.2) with
increasing ctDNA concentrations: 0, 21, 42, 63, 126, 189 mmol dmÿ3.


286 nm was recorded. The spectral data suggests binding of
the metal complex to the biopolymer through a noncovalent
intercalative mode.[17] The intrinsic binding constants K were
derived from a plot of D/Deap vs. D according to Equa-
tion (1)[18] , where D is the concentration of DNA in base pairs,


D/Deap�D/De� 1/(De�K) (1)
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Deap�j eAÿ eF j and De�j eBÿ eF j , the apparent extinction
coefficient, eA�Aobs/[complex], eB and eF are the extinction
coefficients of the bound and free form of the platinum(ii)
complex, respectively. The slope and y intercept of the linear
fit of D/Deap vs. D give 1/De and 1/(De�K), respectively. The
binding parameters are listed in Table 2. The intrinsic binding
constants K are 1.1� 104 ± 1.3� 104 dm3 molÿ1. These values
are comparable to those found in other platinum(ii) interca-
lators.[4b,10d]


Square-planar platinum(ii) complexes have vacant coordi-
nation sites. Their interactions with DNA base pairs would
change the local environment around the metal atom,
decrease mobility of the complexes, and affect the photo-
luminescent properties. Indeed, complexes 1 ± 3 are not
emissive in aerated Tris buffer solution. However, in the
presence of ctDNA, 1 displays an intense photoluminescence
with lmax� 650 nm, as depicted by the emission spectral traces
shown in Figure 4. The increase in emission intensity on
addition of ctDNA is similar to that found with the cyclo-
metalated platinum(ii) complexes.[4d] This is ascribed to a
decrease in complex ± solvent interaction and reduced mobi-
lity of the complex. However, the lmax of the emission
developed by addition of DNA to 1 deserves further
discussion. As mentioned in the previous section, the 3MLCT
[(5d)Pt!(p*)dppz] emission of mononuclear PtII dppz com-
plexes is at 558 nm, which is at a higher energy than the
650 nm emission. Indeed, the latter is comparable in energy to
the excimer emission of complex 1 with lmax at 665 nm. But
since only one [Pt(dppz)(tN^C)]� is likely to be intercalated
between two DNA base pairs, the possibility of having an
excimer emission of two [Pt(dppz)(tN^C)]� ions is not
favored. In such a case, we ascribe the 650 nm emission to


Figure 4. Emission spectral traces of complex 1(CF3SO3) (20 mmol dmÿ3)
in aqueous Tris buffer (5 mmol dmÿ3 Tris, 50 mmol dmÿ3 NaCl, pH 7.2) with
increasing increasing ctDNA concentrations: 0, 21, 42, 63, 84, 105, 126,
189 mmol dmÿ3.


exciplex formation between the DNA base pair and
[Pt(dppz)(tN^C)]� in the excited state (Figure 5). Indeed,
Balzani and co-workers had reported a similar kind of
exciplex emission to occur at about 600 nm for the
[Pt(bpy)(NH3)2]2� ± dibenzo[30]crown-10 adduct.[19] Com-
plexes 2 and 3 show no photoluminescence even in the
presence of ctDNA in aerated Tris buffer. For the ª1�DNAº
system, a plot of I/Io vs. [DNA]/[complex], where I and Io are
the emission intensities in the presence and absence of
ctDNA, respectively, indicates that the emission intensity is
enhanced by 140 times at a [DNA]:[complex] ratio of 14:1
(Figure 6). The emission titration data were analyzed with
the McGhee ± von Hippel equation [Eq. (2)],[20] where r�
(CTÿCF)/[DNA] and CF�CT[(I/I0)ÿP]/(1ÿP). CT is the


r/CF�K(1ÿ nr){(1ÿ nr)/[1ÿ (nÿ 1)r]}nÿ1 (2)


total concentration of the complex, CF is the concentration of
the free complex, n is the binding site size in base pairs, and P
is given by the y intercept of the plot of I/I0 vs. 1/[DNA].
Fitting the experimental data gave K� 1.0� 104 molÿ1 dm3,
n� 1. While the intrinsic binding constant determined by
emission titration experiments closely matches with that
determined by absorption titration experiment (1.3�
104 molÿ1 dm3), the binding site size of 1 is too small to


Table 2. The intrinsic binding constant (K) for the PtII complexes to calf
thymus DNA.


Complex K [dm3 molÿ1] [a]


1(CF3SO3) 1.3� 104


2(CF3SO3)2 1.1� 104


3(CF3SO3)2 1.2� 104


[a] Error�� 500 dm3 molÿ1. The absorbance was monitored at 350 nm for
1(CF3SO3) and at 360 nm for 2(CF3SO3)2 and 3(CF3SO3)2.


Figure 5. Schematic illustration of the interaction between complex cation 1 and DNA.
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Figure 6. A plot of I/I0 vs. [DNA]/[complex] for 1(CF3SO3). The emission
intensity was monitored at 650 nm.


account for the neighbor exclusion principle. The possibility
that some of the complex molecules bind to DNA by alternate
modes cannot be ruled out.


DNA intercalation requires changes in sugar ± phosphate
chain torsion angles for separation of adjacent base-pairs to
allow insertion of the complex, which causes extension of the
DNA duplex, local unwinding of the base-pairs, and other
conformational distortions in the DNA backbone. To gain
insight into the binding mode of the complexes, the structural
changes of DNA associated with the bindings were inves-
tigated by gel electrophoresis which is sensitive to DNA
conformation, as well as by DNA melting experiments which
are sensitive to the unwinding of base pairs. Figure 7 shows
the typical results of polyacrylamide gel electrophoresis of a
33-bp DNA in the presence of 1. Smearing and tailing of the


Figure 7. 20% ployacrylamide gel showing the results of electrophoresis of
a 33-bp DNA (165 mmol dmÿ3 bpÿ1) in the presence of 1(CF3SO3)
(mmol dmÿ3) at various concentrations: A) 0, B) 1, C) 5, D) 25.


DNA bands were observed with increasing complex concen-
tration. Since the mobility of DNA through a gel strongly
depends on the length of DNA molecules (the frictional force
on DNA exerted by the gel matrix is proportional to the
length of DNA molecules), the results indicate a lengthening
of the DNA due to its interaction with the complex. The
binding of 1 to DNA is nonspecific towards either GC or AT
sites, as shown by the increasing conformational polymor-
phism of DNA with increasing complex concentration. Similar


results were observed using a plasmid DNA (pBR322) and
1 % agarose gel. These observations indicate that the binding
of 1 to dsDNA is intercalative in nature and is not sequence
specific. Additional evidence for intercalation was obtained
by the restriction cleavage assay. As shown in Figure 8, a
plasmid DNA (pDR2, 10.7-kb) can be readily cleaved by
endonuclease EcoR I into five fragments (Lane B). Interca-
lation of 1 into pDR2 leads to a conformational change of the
DNA, which cannot be recognized by EcoR I. As a result, no
cleavage of pDR2 was observed.


Figure 8. 0.8% agarose gel showing the results of electrophoresis of a
plasmid DNA pDR2. A) negative control containing pDR2
(21 nmol dmÿ3 bpÿ1) only; B) pDR2 (21 nmol dmÿ3 bpÿ1) digested with
restriction endonuclease EcoR I; C) pDR2 could not be digested by EcoR I
in the presence of 1(CF3SO3) (200 mmol dmÿ3).


Melting of DNA is a phenomenon observed when double-
stranded DNA molecules are heated and separated into two
single strands; it occurs due to disruption of the intermolec-
ular forces such as p ± p stacking and hydrogen bonding
interactions between the DNA base pairs. The DNA melting
experiments reveal that Tm of the 33-bp DNA (1.65�
10ÿ5 mol dmÿ3 bpÿ1) was 88.5 and 69.5 8C in the absence and
presence of 1 (1.00� 10ÿ5 mol dmÿ3), respectively. The reduc-
tion in Tm indicates a reduced affinity of the DNA double
helix due to the unwinding of the DNA helix and suggests
unstacking of the DNA bases upon intercalation of the
complex.


Cytotoxicity : The biological activity of 1 was studied by its in
vitro cytotoxicity against KB-3-1 and KB-V1 cell lines. The
former is a sensitive human epithermal carcinoma cell line,
while the latter is a multidrug-resistant subclone. The
cytotoxicities of 1 and the clinically used anticancer drug,
cisplatin (cis-diamminedichloroplatinum(ii)), are listed in
Table 3. It is known that cisplatin undergoes solvolysis of
the PtÿCl bond to give reactive Pt ± OH2 species, which
crosslinks with DNA and exerts its antitumor activity by
inhibition of DNA replication. On the other hand, 1 is
substitutionally inert and the coordinated chelated ligands are
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stable with regard to solvolysis reactions. However, the results
showed that 1 is a potent cytotoxic agent in both KB-3-1 and
KB-V-1 cell lines. In comparison with cisplatin, it is 10 and 40
times more toxic towards both KB-3-1 and KB-V-1 cells,
respectively. The ratio of the cytotoxicities for the two cell
lines (Dm(KB-V1):Dm(KB-3-1)) was found to be 0.6 and 1.8
for 1 and cisplatin, respectively. According to this ratio, the
complex is more efficient in killing of the multidrug-resistant
KB-V1 cells than the sensitive KB-3-1 cells, as judged by the
paired t-test. These findings imply that 1 is not only a potent
cytotoxic agent against different human carcinoma cell lines
but also confers certain advantages in overcoming multidrug
resistance in these cell lines. Because of the substitutional
inertness of the chelated dppz or tN^Cÿ ligand, 1 is unlikely to
crosslink DNA in a similar fashion as cisplatin does. Rather, it
could be the intercalation that inhibits the DNA replication.
Of course, the possibility that the cytotoxicity is due to
inhibition of cellular functions other than DNA replication
cannot be ruled out.


Experimental Section


All starting materials were used as received, and the solvents were purified
according to literature methods.[21] 4-tert-Butyl-2-phenylpyridine was
prepared by the procedure from Vogel,[22] dipyrido[3,2-a :2',3'-c]phena-
zine,[23] Bu4N[Pt(tN^C)Cl2],[24] and [Pt(dppz)Cl2][11] were prepared accord-
ing to published methods. Calf thymus DNA (type I) was purchased from
Sigma Chemical Co. and purified by phenol extraction as described in
literature.[25]


1H NMR spectra were recorded on a DPX-300 Bruker FT-NMR
spectrometer with chemical shift (in ppm) relative to tetramethylsilane.
FAB mass spectra were recorded on a Finnigan MAT 95 Mass Spectrom-
eter using 3-nitrobenzyl alcohol (NBA) as matrix. UV/Vis spectra were
recorded on a Perkin Elmer Lambda 19 UV/vis spectrophotometer.
Emission spectra were obtained on a SPEX Fluorolog-2 Model F11
fluorescence spectrophotometer. Elemental analysis was performed on a
Carlo Erba 1106 elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences. All spectroscopic titrations were carried out in
aerated aqueous Tris buffer (5 mmol dm-3 Tris, 50 mmol dmÿ3 NaCl, pH 7.2).


Two complementary 33-mer oligonucleotides (5'-GCTCCCCTTTCTTG-
CGGAGATTCTCTTCCTCTG; 5'-CAGAGGAAGAGAATCTCCG-
CAAGAAAGGGGAGC) were synthesized (Gene Assembler Special,
Pharmacia) and annealed at 95 8C to prepare a well-defined 33-bp dsDNA.
The DNA (0.17 mmol dmÿ3 bpÿ1) was mixed with various concentrations
(0 ± 1.0 mmol dmÿ3) of the platinum complex and the mixtures were
analyzed by gel electrophoresis (D GENE System with Power Pac 300
power supply, Bio-Rad) using 20% polyacrylamide gel and 1�Tris-borate
electrophoresis (TBE) buffer.


Digestion of a 10.7-kb plasmid DNA (pDR2, Clontech) with the restriction
enzyme EcoR I (New England Biolabs) was carried out by mixing the DNA
(21 nmol dmÿ3 bpÿ1) in 1�EcoR I digestion buffer (New England Biolabs)


with EcoR I (1 unit mLÿ1), followed by incubation at 37 8C for one hour. For
the effect of complex 1, the DNA solution was first mixed with the complex
(200 mmol dmÿ3) at room temperature for 5 min before addition of EcoR I.
The DNA samples were analyzed by running a 0.8% agarose gel
electrophoresis.


UV melting experiments were carried out in deionized water solution using
a UV/Visible spectrophotometer (Lambda 19, Perkin-Elmer) equipped
with a temperature programmer (PTP-6, Peltier). The absorbance
at 260 nm was monitored for either the same 33-bp DNA (1.65�
10ÿ5 mol dmÿ3 bpÿ1) or a mixture of the DNA (1.65� 10ÿ5 mol dmÿ3 bpÿ1)
with the complex (1.00� 10ÿ5 mol dmÿ3). The UV melting temperature
(Tm) is defined as the temperature at which half the helical structure is lost.


The parental KB-3-1 cell line and the multidrug-resistant KB-V1 cell line
derived from KB-3-1 cells by a series of stepwise selections in vinblastin
were generously provided by Dr. Michael Gottesman, National Institute of
Health, Bethesda.[26, 27] Cells were grown as monolayers in minimal
essential medium (MEM-Eagle, Sigma) supplemented with 10 % fetal calf
serum (FCS, Gibco) and 1 % Sigma A-7292 Antibiotic and Antimycotic
Solution. KB-V1 cells were maintained in the presence of 1 mg mLÿ1


vinblastin. For the measurement of cytotoxicity, the complex was dissolved
in spectroscopic grade dimethylsulphoxide. The dose response curves of
drug effects on cell survival were determined by the tetrazolium salt MTT
assay.[28] The median dose value (Dm) was determined from plots of median
effects[29,30] and is equivalent to the LD50.


[Pt(dppz)(tN^C)]CF3SO3 [1(CF3SO3)]: A mixture of Bu4N[Pt(tN^C)Cl2]
(0.50 g, 0.70 mmol) and AgCF3SO3 (0.36 g, 1.40 mmol) in ethanol (50 mL)
was refluxed for 4 h. The AgCl formed was filtered through celite and dppz
(0.20 g, 0.70 mmol) was added to the filtrate. The resulting mixture was
refluxed for 12 h and its volume was reduced to 5 mL. Addition of diethyl
ether gave a yellow precipitate, which was filtered and washed with diethyl
ether (2� 5 mL). The crude product was recrystallized from acetonitrile.
Yield 0.29 g, 49%; elemental analysis calcd (%) for C34H26N5F3O3SPt
(836.75): C 48.80, H 3.13, N 8.37; found: C 48.76, H 3.10, N 8.34; 1H NMR
(300 MHz, CD3CN, 25 8C, TMS): d� 9.32 (d, 1H), 9.24 (d, 1H), 9.19 (d,
1H), 9.03 (d, 1H), 8.25 (m, 3H), 8.18 (m, 3H), 7.86 (dd, 1 H), 7.24 (d, 1H),
6.95 (s, 1H), 6.71 (d, 2 H), 6.44 (m, 1H), 6.18 (d, 1H), 1.41 (s, 9H); MS-
FAB: m/z (%): 687 (100) [M�].


[Pt(dppz)(Meim-1)2](CF3SO3)2 [2(CF3SO3)2]: A mixture of [Pt(dppz)Cl2]
(0.30 g, 0.55 mmol) and excess 1-methylimidazole (0.90 mL, 10 mmol) in
absolute ethanol (50 mL) was refluxed for 24 h. A clear dark brown
solution was obtained and excess LiCF3SO3 was added to give a green
precipitate, which was filtered and washed with diethyl ether (2� 5 mL).
The crude product was recrystallized from acetonitrile. Yield 0.25 g, 48%;
elemental analysis calcd (%) for C28H22N8F6O6S2Pt (939.73): C 35.78, H
2.36, N 11.92; found: C 35.76, H 2.33, N 11.95; 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS): d� 9.92 (d, 2H), 8.71 (s, 2H), 8.51 (m, 2 H), 8.38
(m, 2H), 8.27 (m, 4H), 7.70 (s, 2H), 7.56 (s, 2 H), 3.89 (s, 6H); MS-FAB: m/z
(%): 790 (20) [M2��CF3SO3


ÿ], 641 (40) [M2�], 559 (100) [C22H16N6Pt�].


[Pt(dppz)(NH2py-4)2](CF3SO3)2 [3(CF3SO3)2]: The procedure was similar
to that for 2(CF3SO3)2, except 4-aminopyridine (1.03 g, 10 mmol) was used.
Yield 0.23 g, 43%; elemental analysis calcd (%) for C30H22N8F6O6S2Pt
(963.75): C 37.39, H 2.30, N 11.62; found: C 37.42, H 2.33, N 11.65; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS): d� 9.92 (d, 2H), 8.54 (m, 2H), 8.38
(m, 6H), 8.26 (m, 4H), 7.40 (s, 4 H), 6.75 (d, 4 H); MS-FAB: m/z (%): 814
(20) [M2� �CF3SO3


ÿ], 665 (40) [M2�], 571 (100) [C23H16N6Pt�].
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Abstract: The electrochemical reduc-
tion of anti- and syn-[Cr(CO)3(inde-
nyl)Rh(cod)] complexes (cod� cyclo-
octadiene) has been investigated, to
evaluate, in each stereochemical situa-
tion, the effects of the contemporary
presence of two metals coordinated to
the indenyl ligand. In contrast to the
reduction of monometallic [(inden-
yl)Rh(cod)], which gives rise to two
well separated monoelectronic waves,
the reduction of both bimetallic com-


plexes occurs at more positive potentials
in a single bielectronic and chemically
reversible wave. These results indicate
that an ECrevE mechanism is active, in
which the chemical step following the
first electron transfer is the reversible
structural rearrangement of the 35-elec-


tron radical anion, which allows the
second electron transfer to occur at a
more positive potential than the first
one. This structural rearrangement is
more marked when the two metals are
syn, which suggests the presence of an
interaction between the two metals in
this configuration. Side reactions corre-
spond to the dissociation of the mono-
and dianions; yet the dianions are sur-
prisingly less frangible than the mono-
anions.
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Introduction


The paramagnetic species generated by addition or uptake of
one electron from a stable compound are very often
recognised as the key intermediates in many catalytic cycles,
even if the initial electron transfer (ET) activation process is
not clearly identified.[1] In a recent paper,[2] we reported a
study on the electrochemical reduction of the [(indenyl)-
Rh(cod)] complex and the reactivity of the corresponding
mono- and dianion towards free cycloctadiene. Those results
established the ET-tunable change of hapticity of the indenyl
ligand, which we related to the formation of 17- and 19-
electron metal-centred intermediates.


In most cases, the ET induces a profound chemical
reorganisation of the structure, which makes the complex
prone to react chemically. Yet, the drawback is often that the
intermediate formed after the ET is so activated (note that the
transfer of one electron over one volt amounts to the injection


of 23 Kcalmolÿ1) that several reaction pathways are generally
opened, which leads to a poor selectivity. In the case of
bimetallic complexes, the situation can be depicted as two
coordination shells with possible interactive effects between
the two metal centres. Since electronically cooperative
bimetallic centres are more prone to stabilise one extra
electron (or hole), the corresponding radical ions are often
fairly stable and several studies have aimed to characterise the
coupling of the unpaired electron with centres in terms of
ªelectronic communicabilityº.[3] However, bimetallic or poly-
metallic centres (clusters) are also catalysts and are frequently
more efficient and more selective than the corresponding
monometallic analogues, which fully justifies the importance
of studying their ET activation. In this respect, it seems
worthwhile to be able to control the energy release to the
metal centre Mcat of interest, namely to that where the sought
catalytic reaction should occur (Scheme 1). A solution to the
problem consists in designing structures in which one metal
centre, Mant , plays the role of an electron (or hole) antenna,
which upon ET activation is able to shuttle selectively part of
the energy gained to a second centre through chemical
modification of their common coordination sphere.


The concept of ªtopo-chemical communicabilityº can be
invoked for those compounds where the activation of one
metal centre by an electron transfer or the addition of a ligand
would result in a structural modification responsible for the
chemical (not the redox) activation of the second centre. This
tandem activation, which differs from the ªelectronic com-
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Scheme 1.


municabilityº in which the tandem activation occurs by means
of electronic delocalisation or internal ET, may appear
somewhat idealistic. However, it should be kept in mind that
it actually governs a lot of fundamental biological processes,
which require a separation of charges.[4]


Within this framework, it appears that the presence of a
bridging ligand is required. In this respect, indenyl is a good
candidate since its hapticity (from 1 to 6) may be governed by
the oxidation state, electronic properties and the total number
of ligands of the coordinated metal centre.[5] Also of great
interest when two metals are coordinated to the same indenyl
ligand is that the control of the oxidation state of one of the
metal centres Mant (namely antenna) should lead to a
modification of its electronic demand to the shared ligand.
This in turn forces a change of hapticity at the second (namely
catalytic) metal centre Mcat that will eventually control further
modifications of this latter coordination shell (Scheme 1). The
redox changes on the antenna should allow a fine tuning of the
chemical reactivity of the true catalytic centre by means of a
structural modification of its ligand sphere. In this respect, it is
worth emphasising that this concept is quite different from
that of ªelectronic communicabilityº between redox centres,
which occurs by means of electronic delocalisation or internal
electron exchange.[3]


The above concept requires the confluence of two factors.
1) One must be able to induce changes in the topology of the


indenyl ligand by redox changes on the first centre.
2) Structural modification of the indenyl ligand should result


in a chemical activation of the second metallic centre.
[(In)RhL2](In� indenyl) complexes have proven to be very


efficient catalysts for hydroacylation of olefins, cyclotrimer-
isation of alkynes or even CH bond activation of alkanes.[6]


The ªindenyl effectº is quite strong in this series since it was
shown that the rate of exchange of ligand L becomes 108 times
faster when the cyclopentadienyl ligand in CpRhL2 is replaced
by the indenyl. Three more orders of magnitude are gained
when a tricarbonylchromium group is coordinated to the six-
membered ring.[6, 7] This establishes the experimental validity
of the second requirement above, which shows that the most
critical point of the above somewhat idealistic concept relies
in fact on the validity of the first requisite. We wish to present
evidence that this is actually the case by examining the effect
of the ET activation in the bimetallic anti and syn isomers
of [Cr(CO)3(indenyl)Rh(cod)] (cod �cyclooctadiene).
[Cr(CO)3(indenyl)Rh(cod)] was denoted by [CTC(In)Rh-
(cod)] in the following (CTC� chromium tricarbonyl).


Results


Electrochemical reduction of anti- and syn-[Cr(CO)3(inde-
nyl)Rh(cod)]: The reduction of both isomers, the anti
represented by 1 and the syn represented by 2, led to
analogous cyclic voltammograms, as illustrated in Figure 1a
(solid line for 1, dashed line for 2), for a 2.2 mm solution of
complex in THF/0.15m nBu4N ´ BF4 at 0.5 V sÿ1. In either case,
the voltammogram exhibits one apparently chemically revers-
ible reduction wave, with a rather broad peak-to-peak


Figure 1. Voltammetric reduction of anti- and syn-[Cr(CO)3(indenyl)Rh-
(cod)] (2.2 mm) in THF (0.3m) nBu4BF4 at a gold disk electrode (0.5 mm
diameter); n� 0.5 V sÿ1, 20 8C. a) solid line for the anti isomer, dashed line
for the syn isomer; b) after electrolysis at ÿ2.1 V vs. SCE (solid line)
superimposed to the previous voltammograms (a) shown now in dotted
line; c) reduction of [(indenyl)Rh(cod)] (solid line) superimposed to the
voltammograms shown in (a) in dotted line.


separation: Ep�ÿ1.89 V vs. SCE (saturated calomel elec-
trode), DEp�Ep


oxÿEp
red� 360 mV for 1 and Ep�ÿ1.82 V vs.


SCE, DEp�Ep
oxÿEp


red� 440 mV for 2.[8] The peak current
associated with the reduction wave is not proportional to n1/2


as would be expected for a simple reversible process;[9] the
current function ipnÿ1/2 increases with decreasing potential
scan rate. Figure 2 shows the variation of this current
functionÐnormalised to its value at high scan rateÐwith
the potential scan rate.


Figure 2. Variations of the current function normalised to its value at
infinite scan rate (n� 100 V sÿ1) of the reduction wave of anti- (solid line)
and syn- (dashed line) [Cr(CO)3(indenyl)Rh(cod)] (2.2 mm) in THF (0.3m)
nBu4NBF4 at a gold disk electrode (0.5 and 0.125 mm diameter according to
the scan rate), 20 8C. Symbols: experimental data; solid or dotted lines:
theoretical variations based on the results of simulation; for the kinetic
parameters used, see the Experimental Section.
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For the anti isomer, this normalised current function
increases from one, at high scan rate, to approximately two
at low scan rates; determination of the absolute electron
stoichiometry[10] at sufficiently low scan rate (napp� 2.0� 0.4
at n� 0.1 V sÿ1) confirmed that, within this time scale, the
reduction wave is bielectronic. The syn isomer behaves
similarly, except that the current function remains smaller
than two (Figure 2 dashed line), in agreement with the
measured value of napp� 1.73� 0.35 at n� 0.1 V sÿ1. It must
be pointed out that the overall reduction wave of either
isomer remains reversible chemically within the range of the
scan rate investigated.


In contrast, preparative scale electrolytic reduction, carried
out on one isomer or the other, requires only one Faraday at
this longer time scale and yields h6-indenyl tricarbonylchro-
mate [(CO)3Cr(In)]ÿ , (denoted as [CTC(In)]ÿ , quantitative-
ly. The final voltammogram (identical for either isomer),
obtained after consumption of one electron per mole (Fig-
ure 1b solid line), displays only one oxidation wave (Ep�
ÿ0.25 V at 0.5 V sÿ1) corresponding to CTC(In)ÿ. This could
be checked with an authentic sample generated by in situ
deprotonation of [Cr(CO)3(indene)].


In fact, this oxidation wave is already present in the cyclic
voltammograms obtained from complex 2 for the whole range
of scan rates (Figures 1 and 3d ± f). The wave indicates that the
formation of CTC(In)ÿ from the reduced syn isomer takes
place, at least to some extent, on the time scale of cyclic
voltammetry. This supports qualitatively the difference in
voltametric electron stoichiometry noted above, since this


Figure 3. Experimental (solid line) and simulated (open circles) voltam-
metric reduction of anti- and syn-[Cr(CO)3(indenyl)Rh(cod)] (2.2 mm) in
THF (0.3m) nBu4NBF4 at a gold disk electrode (0.5 mm diameter) 20 8C;
a) isomer anti at n� 0.5 Vsÿ1, b) isomer anti at n� 5 V sÿ1, c) isomer anti at
n� 100 Vsÿ1, d) isomer syn at n� 0.2 V sÿ1, e) isomer syn at n� 2 Vsÿ1,
f) isomer syn at n� 20 V sÿ1.


wave features a one-electron pathway. A different situation is
encountered with the anti isomer 1, for which the cyclic
voltammogram displays a different oxidation wave (Ep�
ÿ0.35 V at 5 V sÿ1). The size of the wave increases with the
potential scan rate and the wave is practically absent at n�
0.5 V sÿ1 but clearly visible at 5 V sÿ1 and above (Figure 3a ± c).
Finally, two other oxidation waves are also present on the
reverse scan following the reduction of the syn isomer 2
(Figures 3d ± e) but these do not occur for 1. The waves are
located at ÿ1.6 (shoulder) and ÿ0.8 V and they originate (see
below) from the rhodium fragment Rh(cod).[11]


Discussion


Qualitative analysis of the cyclic voltammetry behaviour


The bielectronic reversible wave : an ECrevE mechanism
controlled by the rates of the heterogeneous electron transfers :
The reduction of syn and anti isomers of [Cr(CO)3(inde-
nyl)Rh(cod)] appears as a chemically reversible monoelec-
tronic process at high potential scan rate (n> 20 V sÿ1); upon
decreasing the scan rate, the reduction tends to and finally
becomes (isomer 1) a bielectronic process, which is still a
chemically reversible process at a lower scan rate. This is
characteristic of an ECrevE mechanism in which the radical
anion formed after the first electron transfer undergoes a
reversible chemical transformation, which leads to a product
reducible at the potential of the first electron transfer. At a
sufficiently high scan rate, the forward reaction of the
chemical step is kinetically ªfrozenº and the scheme is
restricted to the first reversible electron transfer. When the
time scale increases, the reducible product formed by the
chemical step is significantly formed, which leads to the
progressive increase of the current function from 1 to 2. The
fact that the two electron reduction waves never appear
chemically irreversible indicates that both the forward and
backward reactions of the chemical step become operative
almost in the same time scale, which means that the forward
rate constant k1f cannot be significantly different from the
backward rate constant k1b. In other words, in both cases the
interposed chemical step is almost isoenthalpic (DG0� 0).


The reversible chemical step involved in this ECrevE process
cannot be the cleavage of the rhodium ± indenyl bond, as
established in the case of the monometallic analogue;[2]


indeed, in the latter case, the rhodium fragment Rh(cod) is
necessarily reduced at the very negative potential, at which
the reduction of the parent monometallic complex (E0�
ÿ2.35 V) takes place. However, this fragment cannot be
reduced at the less negative reduction potentials for the
bimetallic species 1 or 2. Therefore, a two-electron reversible
reduction could not be observed. This crucial point was
demonstrated by an independent study of the electrochemical
behaviour of [Rh(cod)(THF)2]� as well as [{Rh(cod)Cl}2],
which allowed us to determine the reduction potential of the
[Rh(cod)] radical at Ep�ÿ2.15 V.[11]


For this reason, and because of the presence of only one
reduction wave for the bimetallic complex (whereas two, one
for the formation of the monoanion and one for the dianion,
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were visible for the monometallic analogue[2]), a structural
rearrangement of the monoanion from a form Aÿ to a readily
reducible form Bÿ precursor of the dianion B2ÿ has been
considered [Eq. (1) ± (3)] as the reversible reaction Crev, which
takes place on the time scale of a few milliseconds.


Main reversible reduction wave : ECrevE system.


[CTC(In)Rh(cod)]� e> [CTC(In)Rh(cod)]A
ÿ E0


1, k0
1, a1 (1)


[CTC(In)Rh(cod)]A
ÿ> [CTC(In)Rh(cod)]B


ÿ k1f, k1b, K1� k1f/k1b (2)


[CTC(In)Rh(cod)]B
ÿ� e> [CTC(In)Rh(cod)]B


2ÿ E0
2, k0


2, a2 (3)


Cleavage of the monoanion [Eq. (4) ± (5)].


[CTC(In)Rh(cod)]A/B
ÿ> [CTC(In)Rh(cod)]C


ÿ k2f, k2b, K2� k2f/k2b (4)


[CTC(In)Rh(cod)]C
ÿÿ!CTC(In)ÿ�Rh(cod) k3 (5)


In those time scales where the equilibrium is labile, the
apparent standard potential of the bielectronic reduction
wave normally depends on both E0


1 and E0
2, as well as K1.[12]


[Eq. (6)].


E0
app� (E0


1�E0
2�/2� (RT/2F) ln K1 (6)


This square scheme situation, an example of which is the
well-known hydroquinone/quinone system, leads to the
reversible bielectronic wave being situated in between the
two reversible monoelectronic waves, which correspond to the
reduction of A (redox couple A/Aÿ) in one case and the
oxidation of B2ÿ (redox couple Bÿ/B2ÿ) in the other case. Both
processes take place more easily than expected from their
thermodynamics, as a result of the kinetics of the labile
equilibrium.[9] However, in the system described here, the
situation looks slightly different because it involves slow and
eventually rate-determining heterogeneous electron transfers.
These are responsible for the broad peak-to-peak separation
observed even at low potential scan rate (DEp�Ep


oxÿEp
red�


360 mV for 1 and 440 mV for 2 at 0.5 V sÿ1) and for the width
of the waves measured by (EP/2ÿEp) (Figure 4). Under such
conditions, the position of the reduction wave is mostly
determined by the thermodynamic (E0


1� and kinetic (k0
1, a1)


parameters of the heterogeneous electron transfer from the
electrode to the neutral species. The position of the oxidation
wave is determined by the related parameters of the electron
transfer from the dianion to the electrode.[9] The peak current
(Figure 2) is far less affected by this phenomenon and remains
governed by the extent of the rearrangement, which leads to
the second electron transfer.


The cleavage process, a two-step pathway from the monoanion :
Preparative scale electrolysis showed that the final reduction
product of either isomer is the indenyl tricarbonylchromate
[CTC(In)]ÿ , which was obtained in a quantitative yield after
consumption of one Faraday; the neutral rhodium fragment
or its evolution products were not characterised.


Figure 4. Experimental (solid line) and simulated (circles) data concerning
the main reversible reduction wave of anti- and syn-[Cr(CO)3(indenyl)Rh-
(cod)] (2.2 mm) in THF (0.3m) nBu4NBF4 at a gold disk electrode (0.5 mm
diameter) 20 8C; a) and c) variation of the half peak width (Ep/2ÿEp)red for
the reduction wave as a function of log(n): a) anti, c) syn ; b) and d) variation
of the peak potentials Ep


red (open circles) and Ep
ox (full circles) vs. log(n):


b) anti and d) syn.


In the case of the syn isomer, this cleavage takes place
partially on the time scale of cyclic voltammetry and the
oxidation wave of [CTC(In)]ÿ is visible in the whole range
of potential scan rates at approximately ÿ0.2 V vs. SCE
(Figure 3d ± e). This is crucial since it indicates that on the
shorter time scales, when the reduction is monoelectronic
(Figure 2), that is when the dianion is not formed, the
formation of [CTC(In)]ÿ already occurs; it establishes that
the cleavage works on the monoanion. At lower scan rates,
when the Aÿ to Bÿ rearrangement is fully operative and the
dianion has formed for a significant time, the wave at ÿ0.2 V
is less developed. This is a further confirmation that the
monoanion is the main source of [CTC(In)]ÿ as it is less stable
than the dianion with respect to its cleavage. In the case of the
anti isomer, the cleavage does not take place on the time scale
of cyclic voltammetry. However, the oxidation wave at around
ÿ0.35 V proves the formation of an intermediate complex
(represented by Cÿ); the fact that this oxidation wave is very
visible at scan rates as high as 100 V sÿ1 (Figure 3c) indicates
that this intermediate is formed from a monoanion. That it
disappears at low scan rates and is totally absent at 0.5 V sÿ1


proves that the process yielding the Cÿ intermediate is fully
reversible.


Since the syn and anti isomers exhibit similar behaviour
with regard to the main reversible reduction peak and their
fate in preparative scale electrolysis as well, we are forced to
consider that the cleavage processes are analogous despite the
difference observed in cyclic voltammetry. Indeed both
voltammetric patterns can be explained by a common two-
step pathway, which consists of a reversible reaction leading to
Cÿ [Eq. (4)], followed by an irreversible cleavage of Cÿ


leading to [CTC(In)]ÿ and the rhodium fragment
[Eq. (5)].[13] However, the rate constant kanti


3 is too slow for
the cleavage to take place on the time scale of slow cyclic
voltammetry and the scheme is limited to reactions 1 to 4, and
the oxidation of Cÿ atÿ0.35 V. Conversely, ksyn


3 is high enough
to drive part of the reversible dynamic system to the final
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fragmentation. This partial irreversible loss of some mono-
anionic bimetallic species on the time scale of voltammetry
accounts for the lower limit of the normalised current function
for the syn isomer, since the corresponding pathway accounts
for one electron in the overall stoichiometry.


Rates and mechanism of the reduction process using digital
simulation : The mechanism shown in Equations (1) ± (5) and
proposed on the basis of cyclic voltammetry at different scan
rates and preparative scale electrolyses needs to be ascer-
tained on quantitative grounds. This requires the use of digital
simulation because of the complexity of the scheme. The rate
constants are far too numerous to allow a significant blind
search for a fitting set of values. This operation must be
performed step by step and the approach sticks to the
qualitative analysis described above: the characteristics of the
main reversible reduction wave were determined first and the
parameters related to the chemical follow-up reactions were
then introduced progressively in a second stage.


Since the intrinsic slowness of the two heterogeneous
electron transfer steps [Eq. (1) and (3)] governs primarily
both the position Ep and shape (half width) of the reduction
and subsequent oxidation waves, the corresponding transfer
coefficients a had to be determined first. Voltammograms at
high potential scan rate, that is when the reduction process is
mainly restricted to Equation (1) without the interference of
any homogeneous kinetics (plateau value in Figure 4a and c),
were used to measure a1 associated with the cathodic wave.
The half peak width value (Ep/2ÿEp� 47.7/ana) gave aanti


1 �
0.39 and asyn


1 � 0.5, whereas another determination of the
same coefficients based on the peak potential shift with the
potential scan rate (DEp� 29.6/ana per decade of n) led to
aanti


1 � 0.43 and asyn
1 � 0.6.[9] The average values aanti


1 � 0.41 and
asyn


1 � 0.55 were then used in the digital simulations. The
thermodynamic (E0


1� and heterogeneous rate constants of the
first electron transfer (k0anti


1 � 2.0� 10ÿ3 and k0syn
1 � 3.5�


10ÿ2 cm sÿ1) were then adjusted from the peak potential
position of the reduction wave in the same range of scan
rates.


The parameters a2 and k0
2 relating to the second electron


transfer (Bÿÿ!B2ÿ) can be extracted in a similar way from the
reverse oxidation wave, under conditions where this wave
actually corresponds to the oxidation of the dianion B2ÿ (the
initial electron transfer being again determining) and not to
the oxidation of Aÿ. The voltammograms at low potential
scan rate (0.1 to 5 V sÿ1) were then used. The shift of the peak
potential with the scan rate (DEp� 29.6/(1ÿa)na per decade
of n) meant that (1ÿaanti


2 �� 0.5 and (1ÿasyn
2 �� 0.8. The


thermodynamic (E0
2� and heterogeneous rate constants of the


second electron transfer (k0anti
2 � 4.0� 10ÿ3 and k0syn


2 � 4.5�
10ÿ2 cm sÿ1) were also adjusted from the peak potential
position.


Whereas the position of the reduction (and backward
oxidation) wave is set by the thermodynamics and kinetics of
the initial heterogeneous electron transfers, the current is
essentially related to the kinetics of the homogeneous
chemical reactions: the shift from one to two electrons
reflects:


1) The possibility to settle the dynamic equilibrium between
Aÿ and Bÿ (rate constants k1f and k1b), which controls the
second electron transfer.


2) The competition between this bielectronic reduction to
B2ÿ and the monoelectronic pathway leading first
to Cÿ and eventually to the cleavage (rate constants k2


and k3).
The parameters k1f and k1b have been adjusted to reproduce


the experimental cathodic peak current function of the
reduction wave (Figure 2); more precisely, k1f was optimised
from the peak current of the cathodic wave in the range of
higher scan rates (n� 5 V sÿ1) and then k1b was extracted from
the same peak current in the range of lower scan rates. The
best fittings were obtained for kanti


1f � 150 sÿ1, kanti
1b � 150 sÿ1,


ksyn
1f � 100 sÿ1 and ksyn


1b � 600 sÿ1.
In the case of isomer 1, the competition parameter kanti


2f /kanti
1f


was then introduced and optimised from the values of the
reduction and oxidation peak currents measured in the whole
range of scan rates. Finally the rate constant kanti


2b has been
adjusted to simulate the dependence with the scan rate of the
size of the oxidation wave of Cÿ visible at ÿ0.35 V [Eq. (7)].


[CTC(In)Rh(cod)]C
ÿÿ e> [CTC(In)Rh(cod)]Cÿ! .. E0


3, k0anti
3 , aanti


3 (7)


It was not possible to distinguish which of the two forms of
the monoanion (Aÿ or Bÿ) was actually responsible for the
follow-up reaction [Eq. (4)], since the results of digital
simulation (kanti


2f � 100 sÿ1, kanti
2b � 100 sÿ1) were practically


identical for either case. This occurs because the first
equilibrium [Eq. (2)] is first order both ways and kinetically
labile when the reaction in Equation (4) occurs significantly.
The cleavage rate constant kanti


3 could obviously not be
determined since the cleavage does not take place on the
time scale of cyclic voltammetry.


In the case of isomer 2 where the intermediate Cÿ is so
frangible that it is never seen in the voltammograms, the only
kinetic parameter that can be extracted is the overall rate
constant ksyn


app that includes Ksyn
2 and ksyn


3 . The parameter ksyn
app/


ksyn
1f influences the oxidative current of the main wave, as in


the previous case, but it influences also the current of the
oxidation wave of [CTC(In)]ÿ . The value ksyn


app� 20 sÿ1 gave
the best results; it was also necessary to introduce two other
homogeneous reactions [Eq. (8) and (9)] involving the
products of the cleavage reaction to reproduce simultaneously
the size of the oxidation wave of [CTC(In)]ÿ and the size of
the two smaller oxidation waves assigned to [Rh(cod)]
residues. These reactions did not affect significantly the
parent wave but were required to fit correctly the behaviour
of the [CTC(In)]ÿ wave over time.[14]


syn-[CTC(In)Rh(cod)]ÿ� [Rh(cod)]ÿ![CTC(In)]ÿ� [Rh2(cod)2] ksyn
4 (8)


[CTC(In)]ÿ� ][Rh(cod)]�ÿ! ksyn
5 (9)


Although not directly apparent from the cyclic voltammo-
grams, a cleavage reaction of the dianion must also be
considered [Eq. (10)]. Such a cleavage cannot play a decisive


[CTC(In)Rh(cod)]B
2ÿÿ![CTC(In)]ÿ� [Rh(cod)]ÿ k6 (10)
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role, that is it cannot be fast enough to significantly compete
with the other reactions, considering that the overall reduc-
tion process is reversible at low potential scan rate and a
recombination of the would-be anionic fragments appears
rather unlikely.


Equation (10) was then introduced into the digital simu-
lation pattern for both isomers and, as expected, the current of
the reoxidation peak atÿ1.4 V in the range of 0.05 to 0.5 V sÿ1


was found to be very sensitive to the value of the correspond-
ing rate constant k6 . The best simulation corresponds to a slow
process (k6� 0.01 sÿ1), which confirms the higher stability of
the dianion compared to the monoanion.


This process, in which one kinetic aspect only is favoured,
allowed us to construct a basic set of thermodynamic and
kinetic parameters. Variations of each parameter around its
initial value were then admissible to reproduce at best the
voltammetric behaviour over the whole range of the scan rate.
In fact, the values given above are the final values obtained at
the start of the process. The fact that no significant variation
(<20 %) of each parameter was necessary validates a
posteriori the procedure used to determine each parameter
independently. The remarkable agreement between experi-
mental and predicted voltammograms is illustrated by the set
of three voltammograms shown for each isomer in Figure 3 as
well as by the agreement between measured individual
characteristics and their predicted variations (Figures 2
and 4).


Topological aspects : First of all, the presence of two metals,
which coordinate simultaneously to the indenyl ligand, poses
the question regarding the first site of reduction. The
chromium tricarbonyl group is well known as a strong
electron-withdrawing group[15] as well as an electroactive
centre; [(arene)Cr(CO)3][16] undergo a bielectronic reduction
around ÿ2 V. The compound [(naphtalene)Cr(CO)3], which
is isoelectronic with [(indenyl)Cr(CO)3], is reduced atÿ1.9 V
vs. SCE in THF/nBu4NBF4 with a chemically reversible two
electron wave.[17] On the other hand, the rhodium cyclo-
octadiene group bears a formal positive charge, but the
monometallic [(indenyl)Rh(cod)] complex exhibits two re-
duction waves[2] at more negative potential (ÿ2.42 and
ÿ2.7 V) than [(naphtalene)Cr(CO)3]. Bimetallic complexes,
1 and 2, are reduced at potentials very close to [(naphtha-
lene)Cr(CO)3] and this suggests that the initial electron
transfer occurs at the chromium site. However, the cleavage of
the radical anions of 1 and 2 to give, on a long time scale, the
[(indenyl)Cr(CO)3] anion as discussed above and the absence
of any trace of [(indenyl)Rh(cod)] indicate an activation of
the rhodium coordination shell.[2]


Thus, it seems likely that the Cr(CO)3 group plays the role
of the ªantennaº, which accepts the first electron and then
transfers the ªactivationº to the rhodium centre. A similar
interpretation has been recently made for the oxidation of the
bimetallic complex [Cr(CO)3(phenyl)Fc],[18] where a fast
internal electron transfer from the oxidised chromium centre
to the iron centre has been suggested in the radical cation.


Comparison of the results obtained for the parent mono-
metallic [(indenyl)Rh(cod)] complex (Figure 1c, solid line)
shows that the introduction of Cr(CO)3 on the six-membered


ring makes the reduction of the complex easier by 560 mV.
This is in agreement with its electron-withdrawing properties
but it also greatly changes the reactivity associated with the
electron transfers and the stability of the generated inter-
mediates. Since the radical anions (form Bÿ) of the bimetallic
complexes are more easily reduced than the corresponding
neutral species, we can conclude that the reduction potentials
of Bÿ are at least 830 mV (anti isomer) and 900 mV (syn
isomer) more positive than the values for the radical anion of
the monometallic complex.


These data can be more clearly understood if the following
points are considered.
1) The presence of the electron-withdrawing group Cr(CO)3


facilitates the initial reduction.
2) The excess electron density in the coordination shell of


chromium is reduced by an electronic rearrangement,
which involves a change in the hapticity[19] of the bridging
indenyl ligand and this in turn leads to a decrease in the
coordination number and electronic availability at the
rhodium centre. This decrease is responsible for a favour-
able second reduction (Scheme 2).


3) The dianion, which can be depicted as two 18 electron
centres (see below), is thus expected to be quite stable
compared with the dianion of the monometallic species,
which undergoes a fast cleavage.[2]


Scheme 2.


The bimetallic dianions are far more stable than the
corresponding monometallic dianion (k6� 0.01 sÿ1 against
kmono� 1200 sÿ1). The consideration that these formal 36-
electron species have a 18�18 close shell configuration should
be enough to explain the high stability. Note however that this
dianion could not be obtained in preparative electrolysis,
since on a long time scale the cleavage of the radical anion,
which is formed by conproportionation of the dianion and the
neutral parent in solution, prevents the accumulation of the
dianion, as shown by the consumption of one Faraday per
mole and the quantitative formation of the [(indenyl)Cr-
(CO)3] anion in the electrolysis.[20]


A comparison between the reduction of anti and syn
isomers indicates that, even if their reduction potentials are
almost the sameÐthat is the electronic environments at the
metal centres are similarÐthe peak to peak distance DEp of
the reversible reduction wave is greater for the syn isomer. It
means that the structural rearrangement concomitant with the
second electron transfer is more important; the oxidation of
the syn dianion, which occurs at less negative potential than
that of the anti isomer, is more difficult and this suggests a







Reductive Activation of [(indenyl)RhL2] Complexes 3357 ± 3365


Chem. Eur. J. 1999, 5, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3363 $ 17.50+.50/0 3363


greater stabilisation of the added electrons for the syn dianion
than for the anti. A reasonable explanation is that, in the syn
geometry, the two additional electrons are shared between the
two metals placed side by side thus giving rise to a bond
interaction, which is not feasible when the metals are on
opposite sides as in the anti configuration. In the absence of
any spectroscopic data,[20] the structure of the dianions
remains hypothetical. The electrochemical results described
above and their interpretation in terms of a change of
hapticity in both coordination shells (isomerisation from Aÿ


to Bÿ) point to a 17-electron rhodium centre for the
monoanion and support the idea of a 18-electron rhodium
centre, which bears the two formal charges in the dianion. In
the case of the syn geometry, the extra stabilisation of the
dianion suggests a bonding interaction between the two
metals that is better accounted for by a structure with two 17-
electron monoanionic centres (18-electron if considering a
real bond) and a non-coordinated double bond at the junction
of the two rings.


To conclude this section, it must be stressed that these
bimetallic compounds do not undergo trans to syn or syn to
trans interconversion upon electron transfer on the time scale
of cyclic voltammetry. This is made clear by repetitive scan
voltammetry and by the different patterns observed during
the backward oxidation scan of the voltammograms of each
isomer.


Conclusion


The two isomers anti- and syn-[Cr(CO)3(indenyl)Rh(cod)]
complexes have 34 electrons shared between the two coordi-
nation shells; both metals are coordinatively unsaturated.
They are easily reduced at approximately ÿ1.8 V vs. SCE,
irrespective of their stereochemistry in an overall reversible
bielectronic wave on the time scale of cyclic voltammetry. This
situation contrasts with the stepwise reduction (namely two
well separated waves vs. a single two-electron wave) of the
monometallic [(indenyl)Rh(cod)]. The reason for this differ-
ent behaviour is to be found in a rearrangement of the
monoanion, which makes the second electron transfer easier
than the first one. The rearrangement can be depicted as a
modification of hapticity of the indenyl ligand. Whatever the
syn or anti structure, the monoanion evolves over a longer
time scale and it eventually leads to a decoordination of the
rhodium moiety. It has not been possible to characterise all
the steps of this decoordination process, which depends on the
stereochemistry of the parent complex, yet this probably
occurs as suggested before for the monometallic species.[2]


The dianion formed after the two-electron reduction
appears to be highly stabilised by the presence of the
tricarbonylchromium group. The data obtained here showed


that this stabilisation is more pronounced in the syn geometry,
which supports the hypothesis of a bonding interaction
between the two metals in the dianionic form. The existence
of such an interaction had already been proposed for the
neutral species[21] on the basis of the metal ± metal distance
and this is reinforced at the two electron reduction stage.


Finally, this electrochemical investigation has shown that
the three step general schemeÐactivation of one metal centre
by electron transfer, relaxation by bridging ligand slippage,
chemical activation of the second metalÐis indeed realistic.
The electron demand of the rhodium group, which is observed
here by the very easy reduction of the monoanion, is
transposable to a coordination unsaturation responsible for
enhanced catalytic activity.


Experimental Section


Chemicals and instrumentation : THF (Acros or Carlo Erba) was purified
by distillation from Na/benzophenone under an argon atmosphere and then
oxygen degassed with vacuum line techniques just before use. Ferrocene
(Acros) was purified by recrystallisation before use.


The complexes anti-[7b] and syn-[Cr(CO)3(indenyl)Rh(cod)][21] were syn-
thesised according to the published procedure. [Cr(CO)3(indenyl)K] salt
was prepared at 243 K from a solution of freshly crystallised [Cr(CO)3(in-
dene] and KH (10 equiv) in THF (0.1m) under a blanket of argon, as
previously described.[22]


The supporting electrolyte nBu4NBF4 was prepared from nBu4NHSO4
ÿ


and NaBF4, recrystallised from hexane/ethylacetate and dried at 60 8C
under vacuum.


All the electrochemical experiments were carried out under a blanket of
argon. The electrolyses were performed in a two-compartment cell with
solutions of the complex (3 mm) in THF (concentration of nBu4NBF4


0.2m). The working electrode was a 2 cm2 platinum grid basket, the
counter electrode a platinum grid set in the anodic compartment, which
had been filled with the same THF supporting electrolyte solution. A Amel
Model 731 (integrator) and Model 551 (potentiostat) were used in the
electrolyses.
Cyclic voltammetry experiments were performed in an air-tight three-
electrode cell, which was connected to a vacuum/argon line. The reference
electrode was a SCE (Tacussel ECS C10), which was separated from the
solution by a bridge compartment filled with the same solvent/supporting
electrolyte solution used in the cell. The counter electrode was a platinum
spiral with approximately 1 cm2 apparent surface area. The working
electrodes were disks obtained from the cross section of gold wires of
various diameters (0.5, 0.125 mm and 25 mm) sealed in glass. Between each
CV scan, the working electrodes were polished on alumina according to
standard procedures and sonicated before use.
An EG&G PAR 175 signal generator was used. The potentiostat was home-
built with a positive feedback loop for compensation of ohmic drop.[23] The
currents and potentials were recorded on Nicolet 310 or Lecroy 9310L
oscilloscopes.


Simulations : Digital simulations of the proposed mechanisms were
performed with the program Antigona for applied electrochemistry
(chronoamperometry and voltammetry) written by Loïc Mottier.[24] It
allows the treatment of experimental curves and the comparison with the
prediction based on a kinetic mechanism defined by the user. The
numerical algorithm is based on the Crank ± Nicholson algorithm with a
space exponential grid.[25] The program runs under Windows 95 and 3x with
the extension Win32 and its running codes can be provided by Dr. Mottier
on request.


The voltammograms resulting from the simulation were obtained when
using the following set of kinetic data.


anti isomer : reduction of 1: E0
1�ÿ1.75 V vs. SCE, k0anti


1 � 2.5� 10ÿ3 cm sÿ1,
aanti


1 � 0.42; reduction of 1ÿ: E0
2�ÿ1.62 V vs. SCE, k0anti


2 � 4� 10ÿ3 cm sÿ1,
aanti


2 � 0.5; oxidation of Cÿ : E0
3�ÿ0.45 SCE, k0anti


3 � 4� 10ÿ3 cm sÿ1, aanti
3 �
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0.5; homogeneous rate constants: kanti
1f � 150 sÿ1, kanti


1b � 150 sÿ1, kanti
2f �


100 sÿ1, kanti
2b � 100 sÿ1 and kanti


6 � 0.01 sÿ1


syn isomer : reduction of 2 : E0
1�ÿ1.71 V vs. SCE, k0syn


1 � 3.5� 10ÿ2 cmsÿ1,
asyn


1 � 0.55; reduction of 2ÿ : E0
2�ÿ1.46 V vs. SCE, k0syn


2 � 4.5� 10ÿ2 cmsÿ1,
asyn


2 � 0.8; oxidation of [CTC(In)]ÿ: E0
3�ÿ0.30 V vs. SCE, k0


3�
0.005 cmsÿ1, a3� 0.5; oxidation at ÿ1.6 V assigned to [Rh(cod)]: E0


4�
ÿ1.59 V vs. SCE, k0


4� 0.1 cmsÿ1, a4� 0.5; oxidation wave at ÿ0.8 V:
E0


5�ÿ0.87 V vs. SCE, k0
5� 0.1 cmsÿ1, a5� 0.5; homogeneous rate con-


stants: ksyn
1f � 100 sÿ1, ksyn


1b � 600 sÿ1, ksyn
app� 20 sÿ1, ksyn


6 � 0.01 sÿ1. The rate
constants for the extra homogeneous reactions (8) and (9) were found to be
ksyn


4 � 4� 104mÿ1 sÿ1 and ksyn
5 � 104mÿ1 sÿ1.


Determination of the absolute electron stoichiometry :[10] The chrono-
amperometric diffusion currents at a 0.5 mm diameter gold electrode for a
stepuration of 0.2 s and the steady-state reduction currents at a 12.5 mm
radius gold disk microelectrode (potential scan rate 20 mV sÿ1) were
measured for solutions of 1 and 2 (3 mm) and ferrocene (D� 8�
10ÿ6 cm2 sÿ1 under identical conditions (THF 0.28 mol dmÿ3 nBu4NBF4).
These data allowed the determination of the absolute consumption of
electrons at the reduction wave of 1 and 2 and the diffusion coefficients
of these two isomers. For a given period of 0.2 s, the results were as follows
for complex 1. napp� 2.0� 0.35, D� (9.6� 0.1)� 10ÿ6 cm2 sÿ1; for complex
2 : napp� 1.75� 0.3, D� (5.2� 0.5)� 10ÿ6 cm2 sÿ1.
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Electronic Variations in Carbonate- and Phosphane-Related 24- and
26-Electron E4 Clusters of Silicon and Germanium


Reinard Nesper,* Steffen Wengert, Fabio Zürcher, and Antonio Currao[a]


Abstract: The crystal structures and
physical properties of four new Zintl
compounds, M5�xMg18ÿxE13 (M� Sr, Ba;
E� Si, Ge), are presented. The com-
pounds are isotypic and crystallize with
a novel structure type in P62m. The
anionic sublattice is built of isolated E
atoms and starlike E4 clusters. The
planar naked trisilylsilane Si4 cluster
anion was first discovered in the com-
pound Li12Si7 and has given rise to many


discussions. Temperature-dependent re-
sistivity measurements show the com-
pounds to be metallic, while measure-
ments of the magnetic susceptibility
indicate the presence of temperature-


independent Pauli paramagnetism. The
electronic structure of the compounds is
investigated on the basis of ab initio
band structure calculations and the re-
sults of the latter are in good agreement
with the physical properties. The analy-
sis of the electron localization function
(ELF) proves to be a useful tool for
gaining a better understanding of the
present bonding situation.


Keywords: electron localization
function ´ electronic structure ´
germanium ´ silicon ´ structure
elucidation ´ Zintl phases


Introduction


The planar naked trisilylsilane Si4 cluster anion was first
discovered in 1980 in the compound Li12Si7;[1, 2] this compound
gave rise to many discussions[3] because, despite its diamag-
netism and its semiconducting behavior, chemical valence
rules could not be applied in a straightforward way. The
structure contains two different types of Zintl anions,
according to the formulation Li24[Si5]2[Si4]. A molecular-like
description of isolated silicon clusters did only allow for
formulations of the electronic structure by paired (diamag-
netism) and localized (semiconductor) electrons according to
(Li�)24[Si5


10ÿ]2[Si4
4ÿ] (A), (Li�)24[Si5


8ÿ]2[Si4
8ÿ] (B), and


(Li�)24[Si5
6ÿ]2[Si4


12ÿ] (C). However, open questions remained:
the purely s-bonded [Si5


10ÿ] ion in (A) is not expected be
planar, and a planar [Si5


8ÿ] ion like in (B) should be a radical
according to Hunds rules.


Shortly thereafter, on the basis of semiempirical INDO
calculations (INDO� intermediate neglect of differential
overlap) a description according to (C) was proposed,[4, 5]


which, however, has the drawback that [Si4
12ÿ] is isolectronic


to ClF3 but of different shape. Consequently, two electrons
were assigned to the coordinating lithium shell around this
cluster and localized in a so-called cage orbital.[6] Even then,
the planarity of a [Si4


10ÿ] ion was somewhat ackward. Some


other Zintl phases with not really understood planar groups
had already been reported at that time.[7, 8] Practically at
the same time, the assumption of a quasi-aromatic pentasila-
pentadienyl group according to description (C) was supported
by the compound Li8MgSi5,


[9] which was consistently under-
stood as (Li�)3Mg2�[Si5


6ÿ][Si4ÿ] on the basis of INDO
calculations[5, 10] and its semiconducting and diamagnetic
behavior. However, this compound does not contain the E4


stars.[9]


Finally an ab initio localized-spherical-wave calculation on
crystalline Li12Si7 by van Leuken et al.[11] provided new
insights into the compound and supported a description
similar to model (B) with a planar [Si4


8ÿ] ion, which had first
been suggested by Schnering et al.[2] The main difference to
the latter was that in the picture generated by van Leuken
et al. two electrons less reside in the Si5 ring, while a Li atom
in the neighborhood of this unit has its 2s shell filled, resulting
in [Li�]22[Liÿ]2[Si5


6ÿ]2[Si4
8ÿ]. While this interpretation in terms


of [Liÿ] and [Si5
6ÿ] gave rise to further questions and a


renewed investigation,[12] the formulation of a [Si4
8ÿ] ion


seems to be quite reasonable. The novel ternary Zintl phases
M5�xMg18ÿxE13 (M� Sr, Ba, E� Si, Ge), which are isotypic
(although the strontium compounds have a slightly different
ratio of earth alkaline metals), exclusively contain planar E4


clusters and thus allow an independent test of the results of
the recent calculation on Li12Si7.[12] On the basis of the
chemical and structural data different valence electron counts
are found for the starlike Si4 and Ge4 clusters in the new
ternary compounds and the binary Li12Si7 which give rise to a
new understanding of the internal redox capacity of such
planar E4 groups.


[a] Prof. Dr. R. Nesper, Dr. S. Wengert, Dr. F. Zürcher,
Dr. A. Currao
Laboratorium für Anorganische Chemie
Eidgenössische Technische Hochschule Zürich (Switzerland)
Fax: (�41) 1-632-1149
E-mail : nesper@inorg.chem.ethz.ch
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Experimental Section


The compounds were synthesized from mixtures of the pure elements (Mg
pieces (Fluka 99.8 %), Sr pieces (ALFA 99%), Ba rods (ALFA 99.9 %), Si
powder (ALFA 99.99 %), Ge lump (ALFA 99.9999 %) which were sealed
under an argon atmosphere in niobium ampoules and transferred into a
furnace under vacuum. All compounds decomposed readily under contact
with air and moisture. The phase purity of the samples was checked by
X-ray diffraction (XRD) investigations on the powder, and thermal
properties were studied by differential thermal analysis (DTA).


Sr6.3Mg16.7Si13 (1): Compound 1 decomposes peritectically above 1380 K to
give SrMgSi and a melt of Sr/Mg. Consequently, pure phase material was
not yielded at stoichiometric amounts of the elements, even after annealing
the mixture below the decomposition temperature. A maximum yield of
crystalline Sr6.3Mg16.7Si13 was gained by cooling a melt of the composition
Sr:Mg:Si of 1:5:6 from 1570 K at 50 K per hour. The compound forms
brittle silvery, platelike crystals of metallic luster.


Ba5Mg18Si13 (2), Sr6.3Mg16.7Ge13 (3), and Ba5Mg18Ge13 (4): Compounds 2 ± 4
melt congruently at 1370, 1400, and 1370 K, respectively. Pure phase
samples of good crystallinity were gained from the melts by cooling.
Neither in the system Sr/Mg/Si nor in the systems Sr/Mg/Ge was it possible
to synthesize compounds of the stoichiometry Sr5Mg18E13 (E�Si,Ge).
Since the compounds 2 ± 4 were synthesized in a fairly high purity (no extra
lines in the X-ray pattern), an investigation of the physical properties,
namely measurements of the conductivity and the magnetic susceptibility,
appeared reasonable. The conductivity measurements were performed on
pellets that had been pressed from powder samples (diameter 6 mm,
thickness 1 mm, p 0.5 kbar). These were sintered under inert conditions at
1200 K for two days to reduce the influence of grain boundaries. A four-
point van der Pauw method was applied after four gold contacts had been
sputtered onto the pellets surface. In all three cases the temperature
dependence of the resistance (Figure 1) shows metallic behavior with
specific resistance of 1(0 K)� 9.7� 10ÿ5 Wcm (2), 1(0 K)� 6.0� 10ÿ3 Wcm


Figure 1. Temperature-dependent measurements of specfic resistance and
magnetic susceptibility of Ba5Mg18Si13 (a), Sr6.3Mg16.7Ge13 (b), and
Ba5Mg18Ge13 (c).


(3), and 1(0 K)� 2.2� 10ÿ4 Wcm (4). This is basically supported by the
magnetic susceptibility measurements (Figure 1) which indicate temper-
ature-independent (Pauli) paramagnetic behavior with cmol� 1.0�
10ÿ3 cm3molÿ1 (2), cmol� 8.0� 10ÿ3 cm3molÿ1 (3), and cmol� 2.1�
10ÿ2cm3 molÿ1 for (4).


Results and Discussion


Crystal structures


All presented crystal structures have been determined from
single-crystal X-ray data. The compounds are isotypic and
crystallize with a novel structure type. The Laue symmetry,
6/mmm and the lack of systematic extinctions confine the
possible space groups to the symmorphic groups P622, P6mm,
P6Å2m, P6Åm2, and P6/mmm. The structures were solved and
refined in P6Å2m and the quality of the structure determina-
tions is good in all four cases.[13±16] The lattice constants and
the atomic positions show only moderate deviations, which,
on the one hand, in a very reasonable way express the size
differences between Sr and Ba and on the other betweeen Si
and Ge (Table 1 and Table 2).


Figure 2 shows a perspective view on the structure of
Ba5Mg18Si13 along [001] The silicon sublattice is built of a
starlike Si4 cluster and isolated silicon atoms. However, there
are two peculiarities that should be discussed in more detail :
the first is the mixed occupancy of one position (M(3), 3f) by
Sr and Mg in Sr6.3Mg16.7Si13 (1) and Sr6.3Mg16.7Ge13 (3) which
leads to a deviation in stoichiometry compared to the two
barium compounds Ba5Mg18Si13 (2) and Ba5Mg18Ge13(4). The
Wyckoff site 3f, which in the latter is completely occupied by
Mg, is a somehow geometrically unusual position because it


Figure 2. Perspective view on the structure of Ba5Mg18Si13 .


Table 1. Lattice constants of the compounds M5�xMg18ÿxE13.


a [�] c [�]


Sr6.3Mg16.7Si13 (1) P6Å2m 14.640(1) 4.4313(3)
Ba5Mg18Si13 (2) P6Å2m 14.606(3) 4.4818(9)
Sr6.3Mg16.7Ge13 (3) P6Å2m 14.711(1) 4.4459(2)
Ba5Mg18Ge13 (4) P6Å2m 14.727(1) 4.5093(3)
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has only one close and four very far neighbors. In the
strontium compounds there is a 45:55 Sr to Mg
occupation of M(3). This results in one very short
SrÿSi distance of 292 pm and in case of the germanium
compound 293 pm, and four distances of usual length
of 315 pm and 317 pm, respectively (Table 3). The
shortest SrÿSi distances observed so far in related
Zintl phases are 301 pm in Sr13Mg2Si20,[17] 302 pm in
Sr2Mg2ÿxSi3 (x� 0.38),[18] and 308 pm in SrMgSi2.[19] On
the basis of effective coordination numbers
(ECON[20]) and bond length bond strength consider-
ations the distance of 292 pm is tolerable but unusual.
On the basis of the sums of radii an effective radius of
at least 180 pm is calculated for the terminal silicon
atom and one of 109 pm for the Sr2� ion with a
coordination number five, which yields a SrÿSi dis-
tance of 289 pm. Thus, radii are difficult to apply since
it is known that negatively charged silicon species are
extremely polarizable. The chemical analysis of a pure
phase sample of Sr6.3Mg16.7Ge13 did not give any
indication for a calcium content in this compound that


Table 2. Wyckoff sites, atomic coordinates, and equivalent isotropic displacement parameters [pm2] of the compounds M5�xMg18ÿxE13.


Atom Wyckoff site Compound x y z nocc Ueq


EA(1) 2c (1) Sr 1/3 2/3 0 1 170(2)
EA(1) 2c (2) Ba 1/3 2/3 0 1 147(3)
EA(1) 2c (3) Sr 1/3 2/3 0 1 173(4)
EA(1) 2c (4) Ba 1/3 2/3 0 1 177(2)
EA(2) 3g (1) Sr 0.81884(4) 0 1/2 1 181(2)
EA(2) 3g (2) Ba 0.81528(6) 0 1/2 1 149(3)
EA(2) 3g (3) Sr 0.17662(9) 0 1/2 1 196(3)
EA(2) 3g (4) Ba 0.18270(4) 0 1/2 1 183(2)
Mg(1) 3g (1) Mg 0.2768(2) 0 1/2 1 159(3)
Mg(1) 3g (2) Mg 0.2782(4) 0 1/2 136(11)
Mg(1) 3g (3) Mg 0.7217(4) 0 1/2 1 170(11)
Mg(1) 3g (4) Mg 0.7203(2) 0 1/2 1 171(6)
Mg(2) 6k (1) Mg 0.8754(2) 0.5187(2) 1/2 1 171(3)
Mg(2) 6k (2) Mg 0.8765(3) 0.5152(3) 1/2 1 177(8)
Mg(2) 6k (3) Mg 0.3574(3) 0.8767(3) 1/2 1 191(8)
Mg(2) 6k (4) Mg 0.3612(2) 0.8773(2) 1/2 1 191(4)
M(3) 3f (1) Mg/Sr 0.43860(6) 0 0 0.561(3)/0.439(3) 173(2)
M(3) 3f (2) Mg 0.4418(3) 0 0 1 206(10)
M(3) 3f (3) Mg/Sr 0.5601(2) 0 0 0.559(8)/0.441(8) 174(7)
M(3) 3f (4) Mg 0.5574(2) 0 0 1 296(8)
Mg(4) 6k (1) Mg 0.6267(2) 0.8056(2) 0 1 165(3)
Mg(4) 6k (2) Mg 0.6264(3) 0.8030(4) 0 1 162(10)
Mg(4) 6k (3) Mg 0.3737(3) 0.1945(3) 0 1 172(8)
Mg(4) 6k (4) Mg 0.3739(2) 0.1977(2) 0 1 182(4)
E(1) 1a (1) Si 0 0 0 1 391(9)
E(1) 1a (2) Si 0 0 0 1 530(40)
E(1) 2e (3) Ge 0 0 0.0990(2) 1/2 427(15)
E(1) 2e (4) Ge 0 0 0.0937(8) 1/2 383(8)
E(2) 3f (1) Si 0.1727(1) 0 0 1 165(3)
E(2) 3f (2) Si 0.l712(4) 0 0 1 161(12)
E(2) 3f (3) Ge 0.8278(2) 0 0 1 158(4)
E(2) 3f (4) Ge 0.l8266(1) 0 0 1 161(2)
E(3) 3f (1) Si 0.6381(1) 0 0 1 153(3)
E(3) 3f (2) Si 0.6305(3) 0 0 1 167(10)
E(3) 3f (3) Ge 0.3609(2) 0 0 1 164(3)
E(3) 3f (4) Ge 0.3693(1) 0 0 1 161(2)
E(4) 6k (1) Si 0.8302(1) 0.3102(1) 1/2 1 150(2)
E(4) 6k (2) Si 0.8334(3) 0.3100(3) 1/2 1 159(7)
E(4) 6k (3) Ge 0.1698(1) 0.6893(1) 1/2 1 148(3)
E(4) 6k (4) Ge 0.1675(1) 0.6896(1) 1/2 1 169(2)


Table 3. Atomic distances (esd) [pm] for Sr6.3Mg16.7Si13 n denotes the frequency of
the corresponding distances.


Atom pair d n Atom pair d n Atom pair d n


Sr1ÿSi4 340.14(7) 6 Mg2ÿMg2 315.8(3) Mg4ÿSr1 372.06(13)
Sr1ÿMg2 364.96(11) 6 Mg2ÿMg4 317.36(14) 2
Sr1ÿMg4 372.06(13) 3 Mg2ÿM3 342.73(12) 2 Si1ÿSi2 252.9(2) 3


Mg2ÿSr1 364.96(11) 2 Sr1ÿSr2 345.58(4) 6
Sr2ÿSi2 341.03(6) 4 Mg2ÿSr2 382.4(2)
Sr2ÿSi3 345.14(12) 2 Si2ÿSi1 252.9(2)
Sr2ÿSi1 345.58(4) 2 M3ÿSi3 292.0(2) Si2ÿMg1 268.9(2)
Sr2ÿMg1 356.5(2) 2 M3ÿSi4 315.41(8) 4 Si2ÿMg4 279.2(2) 2
Sr2ÿMg4 359.44(12) 4 M3ÿMg4 320.5(2) 2 Si2ÿSr2 341.03(6) 4
Sr2ÿMg2 382.4(2) 2 M3ÿMg1 324.3(2) 2


M3ÿMg2 342.72(12) 4 Si3ÿMg4 276.7(2) 2
Mg1ÿSi2 268.9(2) 2 M3ÿSi2 389.24(18) Si3ÿMg2 284.65(10) 4
Mg1ÿSi4 276.2(2) 2 Si3ÿSr2 345.14(12)
Mg1ÿMg4 317.25(10) 4 Mg4ÿSi4 275.16(12) 2
Mg1ÿM3 324.3(2) 2 Mg4ÿSi3s 276.7(2) Si4ÿMg2 272.7(2)
Mg1ÿSr2 356.5(2) 2 Mg4ÿSi2 279.2(2) Si4ÿMg4 275.15(12) 2


Mg4ÿMg1 317.24(10) 2 Si4ÿMg1 276.2(2)
Mg2ÿSi4 272.7(2) Mg4ÿMg2 317.36(14) 2 Si4ÿM3 315.41(8) 2
Mg2ÿSi4 278.1(2) Mg4ÿM3 320.5(2) Si4ÿSr1 340.14(7) 2
Mg2ÿSi3 284.65(10) 2 Mg4ÿSr2 359.43(12) 2
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might have explained the observed electron density on site 3f,
as well. If the 3f site is occupied by magnesium the contacts
yield a different meaning: the distance of 292 pm is medium-
sized compared to MgÿSi and MgÿGe distances which start
from about 270 pm as observed for numerous silicides and
germanides.[12, 21] The longer contacts, however, may somehow
be considered as unfavorable for the small Mg2� ion. This
situation changes slightly in the barium compounds where the
short contacts decrease to 276 and 277 pm, while the four
other silicon and germanium neighbors are even further away
(Table 4). In Ba5Mg18Si13 and Ba5Mg18Ge13 the displacement
ellipsoid of M(3) shows the large positional freedom of this
site quite well.[14, 16] In Sr6.3Mg16.7Si13 and Sr6.3Mg16.7Ge13 there
is no special displacement of this position because the main
scatterer Sr is supposed to be essentially fixed. However, the
close neighbor Si(3) exhibits some elongation of the proba-
bility ellipsoid along this interatomic vector. In conclusion,
the comparison of all four compounds supports our structure
model that contains one fairly strained metal site in this
structure type, which under certain circumstances may lead to
a mixed occupation.


The second peculiarity is found at the central atom Si1 and
Ge1 of the E4 star. This site shows a very pronounced
anisotropic displacement for both of the two silicides (see
Figure 4 a), while in the germanides a slightly pyramidal Ge4


group is resolved. These differences in the geometry of the E4


star are reflected in the electron density distributions which
can be calculated from the X-ray diffraction data. Figure 3
compares the electron density distribution of the barium
compounds 2 and 4 in sections perpendicular to the plane of
the star.


While the electron density map of the silicide 2 (Figure 3
top) shows only a strongly anisotropic distribution corre-
sponding to the Si1 position, the map of the germanide
(Figure 3 bottom) exhibits two distinct density maxima for the
Ge1 position. Therefore, we refined the structures of the two


Figure 3. Electron density distributions of Ba5Mg18Si13 (top) and
Ba5Mg18Ge13 (bottom) in sections perpendicular to the plane of the X4 star.


germanides 3 and 4 by splitting the central atom of the star
(0,0,0) into two positions (0,0,z).[15, 16] The mean displace-
ments of the central silicon atoms Si1 from the mean plane of
the clusters amount to 28(5) pm in 1 and 34(10) pm in 2 at
room temperature. This compares fairly well with the
displacement of the central germanium atom Ge1 in 3 of
42(1) pm and 50(6) in 4.


In order to check whether an ordering of the pyramidal Si4


cluster could be seen at lower temperatures measurements
were taken at 170 K on a crystal of 2.[22] These revealed that
this is clearly not the case: while all displacement parameters
are reduced by about 55 % the U33 term of Si1 only reduces by
17 %, which leaves the reduction still in the range of the
standard deviation (Figure 4 b). Consequently, it has to be


Figure 4. Coordination sphere of the starlike Si4 unit in Ba5Mg18Si13 .
Anisotropic displacements at room temperature (a), and at 170 K (b).


Table 4. Interatomic distances (esd) [pm] for Ba5Mg18Si13 n denotes the frequency
of the corresponding distances.


Atom pair d n Atom pair d n Atom pair d n


Ba1ÿSi4 344.9(3) 6 Mg2ÿMg2 312.5(8) Mg4ÿBa1 370.9(4)
Ba1ÿMg2 365.1(3) 6 Mg2ÿMg4 324.8(4) 2
Ba1ÿMg4 370.9(4) 3 Mg2ÿMg3 337.1(4) 2 Si1ÿSi2 250.1(6) 3


Mg2ÿBa1 365.1(3) 2 Si1ÿBa2 350.73(8) 6
Ba2ÿSi2 343.6(2) 4 Mg2ÿBa2 381.5(4)
Ba2ÿSi1 350.73(8) 2 Si2ÿSi1 250.1(6)
Ba2ÿSi3 350.8(3) 2 Mg3ÿSi3 275.6(7) Si2ÿMg1 273.2(5)
Ba2ÿMg1 358.1(4) 2 Mg3ÿSi4 315.6(3) 4 Si2ÿMg4 278.7(6) 2
Ba2ÿMg4 360.2(4) 4 Mg3ÿMg4 319.5(6) 2 Si2ÿBa2 343.6(2) 4
Ba2ÿMg2 381.5(4) 2 Mg3ÿMg1 327.5(5) 2


Mg3ÿMg2 337.1(4) 4 Si3ÿMg2 284.1(3) 4
Mg1ÿSi4 269.6(5) 2 Mg3ÿSi2 395.1(8) Si3ÿMg4 284.8(5) 2
Mg1ÿSi2 273.2(5) 2 Si3ÿBa2 350.8(3)
Mg1ÿMg4 316.6(3) 4 Mg4ÿSi4 274.3(4) 2
Mg1ÿMg3 327.5(5) 2 Mg4ÿSi2 278.7(6) Si4ÿMg1 269.6(5)
Mg1ÿBa2 358.1(4) 2 Mg4ÿSi3 284.8(5) Si4ÿMg4 274.3(4) 2


Mg4ÿMg1 316.6(3) 2 Si4ÿMg2 278.6(6)
Mg2ÿSi4 273.7(6) Mg4ÿMg3 319.5(6) Si4ÿMg3 315.6(3) 2
Mg2ÿSi4 278.6(6) Mg4ÿMg2 324.8(4) 2 Si4ÿBa1 344.9(3) 2
Mg2ÿSi3 284.1(3) 2 Mg4ÿBa2 360.2(4) 2
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assumed that this displacement is mostly due to a static
disorder of pyramidal Si4 groups.


For all four compounds the electron count based on the
observed compositions leaves a formal charge of q�ÿ10 on
the starlike units and thus makes them isoelectronic to the
pyramidal EX3 groups such as PCl3. The assumption of a
formal charge transfer in semiconductor compounds goes
back to the so-called Zintl ± Klemm concept[23±26] for semi-
conductors which actually does not really refer to charges but
to the assignment of occupied electronic states to different
atoms.[27] The formulation (M2�)5�x(Mg2�)18ÿx(E4


10ÿ)(E4ÿ)9


(M� Sr, Ba; E� Si, Ge) then states that all occupied
valence states have to be assigned to or, in other words, are to
be localized at the E atoms.


Theoretical investigations


In order to check whether the simple assumptions of the
Zintl ± Klemm concept still hold for Ba5Mg18Si13 (2) and
Ba5Mg18Ge13 (4), the electronic structures were investigated
by using extended Hückel (EH[28]) and LMTO (linear muffin
tin orbital) methods.[29] A first impression of the present
bonding situation can be gained by an analysis of the electron
localization function (ELF) calculated on the basis of the
electronic wavefunction.[30, 31] In Figure 5 some structural


Figure 5. ELF distributions of Ba5Mg18Si13 (2) and Ba5Mg18Ge13 (4) in
some structural sections. a) principal plane of X4 unit in 2 ; b) section
perpendicular to principal plane of X4 unit in 2 ; c) SiÿSi bond section;
d) principal plane of X4 unit in 4; e) section perpendicular to principal plane
of X4 unit in 4 ; GeÿGe bond section. See text for details.


sections are shown for which the ELF has been calculated
(here, based on the LMTO method, the results using the EH
method are comparable).


The principal plane of the X4 units of 2 and 4 is shown in
Figure 5 a and 5 d. The semimetal atoms Si and Ge are easily
detected because of their nonspherical distribution pattern. In
the light colored region (white, orange) electrons are highly
localized, and these regions are interpreted in terms of atomic
cores, chemical bonds, and lone pairs of electrons.[31] It is quite
interesting to note how the lone pair shells at the isolated Si4ÿ


ions are polarized towards the Mg2� ions and away from the
Ba2� ions. The strongly localizing influence of the Mg2� ion is
also visible at the X4 units in both displays. This illustrates the
well-established strong interaction of Mg2� with Zintl
anions.[12] Both cation types appear just as cores with nearly
spherical distributions and have no direct contact to the
extended valence electron localization around silicon and
germanium. Thus, the ELF distributions support quite directly
the Zintl ± Klemm approach, stating that all valence electrons
are in states which exclusively have to be assigned to the
semimetal atoms.[23±26]


The overall differences are smaller for the germanide: This
is in agreement with the general trend that more electron-rich
atoms especially those with occupied d and f states generate
less pronounced ELF patterns. The low ELF around Ge1 in
Figure 5 d is due to the pyramidal geometry which shifts Ge1
out of the plane of the other three Ge atoms. The sections
perpendicular to the principal plane of the X4 groups show a
well expressed p-shaped lone pair at the central Si1 atom for 2
(Figure 5b) and a more sp3-shaped lone pair at the pyramidal
Ge1 atom for 4 (Figure 5e). Clearly, this is different for a
carbonate-like 24-electron system such as in Li12Si7, in which
no lone pair localization at the central silicon atom is found.[12]


The bond sections (Figure 5c and f) show a very small
elliptical character which may be due to p contributions but
also to polarization effects. The overall bonding characteristic
is of s-type.


A more detailed picture of the electronic situation can be
obtained from an analysis of the electronic band structures.
Figure 6a shows a LMTO band structure plot of Ba5Mg18Si13


together with the corresponding electronic density of states
(DOS). Clearly, there is no band gap at the Fermi level (EF).
Thus, the compound is supposed to show metallic properties,
which is indeed supported by the results of the conductivity
and magnetic susceptibility measurements.


At first these results were quite puzzling since they were in
contrast to the outcome of the EH calculations which show
significant band gaps, even after a charge iteration procedure.
Here, the number and character of the occupied states were
totally in agreement with the ideas of the Zintl ± Klemm
concept. As can be shown, this dilemma is due to an improper
choice of the Slater exponents for the 3s and 3p basis functions
of silicon (x3s� 1.383, x3p� 1.383[32]) for the EH calculations.
Compared with the LMTO band structure the Si-s bands show
larger and the Si-p bands smaller dispersions, respectively.
This is very often found in calculations on Zintl phases of
silicon[12] and points to the fact that the 3s function of silicon
has to be contracted, while the 3p functions should be slightly
more diffuse. Using a rough estimate of x3s� 1.9 and x3p�
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1.2[33] for the basis functions of silicon, and performing a
charge iteration with respect to the Hii we end up with a band
structure quite similar to that found in the LMTO ± ASA
calculation, especially in the energy region below and around
EF. The main effect of enlarging x3s is a lowering of the
antibonding s* levels of the Si4 cluster (Figure 7). Together
with a stabilization by the coordinating cations, especially
barium, this leads to a band mainly due to the s10 state
competing with the highest p band, which is mainly due to the
p4 state close to EF. In the case of an isolated Si4


10ÿ cluster we
find partial p bonding at the expense of a slight weakening of
the s bonds.


To gain information in support of this interpretation we
performed a LMTO ± ASA calculation on Ba5Mg18Si13 with
the Ba-6s, Ba-6p, Mg-3s, and Mg-3p functions down-folded in
the tails of the MTOs.[29] Thus we have only Si-3s and Si-3p
MTOs in the basis set for the band structure calculation. The
resulting band structure shown in Figure 6b is below and
around EF quite similar to that found in the full calculation
(Figure 6a). The contribution of the Si-pz function to the
bands is determined by employing a fatband analysis.[29] Here,
the broadening of a line is a measure of the corresponding Si-
pz contribution to that band. First, we can recognize the strong
dispersion of the p bands along G!A due to their interaction
along the stacking direction c. One has to keep in mind that
from symmetric arguments a strict s ± p separation is defined


only in regions of the Brouillin
zone with k� (x,y,0). If one
concentrates on the region
round EF one may identify at G


a degenerate band at about
2 eV based on the highest anti-
bonding s11s12 orbitals, at about
1 eV a p band which is due to
the highest antibonding p4 or-
bital, and slightly below EF the
s band based on the antibond-
ing s10 orbital of the Si4 unit.
Thus, compared with the isolat-
ed cluster there is an exchange
between p4 and s10 of which the
latter is occupied at G. This
situation remains for all k�
(x,y,0) (G, K, M). Things change
totally if one focuses on regions
with k� (x,y,1/2) (A, L, H).
Here, the p4 band lies below
the s10 band, as expected. Both
bands are below EF and thus
occupied. Along the G!A di-
rection there is an avoided
crossing between the s10 and
the p4 band leading to a change
in the character of the bands.[*]


So far, we are able to under-
stand the band structure of
Ba5Mg18Si13 in terms of only
silicon states, which strongly


Figure 7. Scheme of the MO levels of an isolated Si4
10ÿ unit.


Figure 6. Electronic band structure and density of states of Ba5Mg18Si13 (a), band structure of Ba5Mg18Si13 with all
metallic partial waves down-folded, the contributions of Si-pz are figured out by fatbands (b).


[*] This is due to the fact that in this region of the Brouillin zone both
bands are of the same symmetry and thus cannot cross.
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supports the Zintl ± Klemm picture we used in our discussion,
despite the fact that the compound displays metallic behavior.


The band structure of Ba5Mg18Ge13 is not shown here. One
finds nearly the same situation as in the silicon compound,
even if the Ge4 unit is slightly pyramidal. Again, Ba5Mg18Si13


shows metallic behavior.
One important point of interest which we still have to settle


is the question of planarity of the E4 cluster. As was shown
before, one can formally assume E4


10ÿ ions. A comparison of
data for related units such as Si(SiH3)3


ÿ (d(SiÿSi)� 2.379 �,
a(Si-Si-Si)� 98.68 [34]), and P4


6ÿ in Ni5P4 (d(PÿP)� 2.19 �,
a(P-P-P)� 111.5o [35]) reveals that the planar situation is quite
unfavorable for the 26-electron case. The structural results on
the compounds 1 ± 4 (pronounced anisotropic displacement or
even split positions of the central atoms of the starlike E4 unit)
support this as well. A first step to study this problem in more
detail is to perform geometry optimizations with respect to
the position of the central atom of the E4 cluster. From the
previous static band structure investigations on Ba5Mg18Si13


and Ba5Mg18Ge13 it is clear that the geometry of the E4 unit is
strongly correlated with a subtle balance between the
antibonding s10 and p4 levels.


The LMTO method in its atomic sphere approximation
(ASA) used so far is known to be not suitable for such
geometry optimization studies.[36] Thus, the investigations
were restricted to more qualitative EH calculations. Due to a
lack of repulsion terms in the simple EH method the
optimization of distance dependencies is expected to give
nonsensical results, but the study of angle dependencies is
shown to be quite useful for a qualitative understanding of
molecular geometry.[37, 38]


Figure 8 shows a Walsh diagram for Ba5Mg18Si13 (based on
the optimized Hückel parameters), which illustrates the
change in total energy with respect to an out-of-plane
displacement of the central Si1 atom of the Si4 star. The
pyramidal geometry is calculated to be significantly more
stable. One finds an energy minimum for a displacement of
the central Si1 atom of about 1.1 �. The results are strongly
dependent on the choice of the Slater exponents for silicon. In
case of the standard parameters (x3s� 1.383, x3p� 1.383[32]) the
minimum is shifted towards a value of 0.7 �. It is clear that


Figure 8. Walsh diagram for Ba5Mg18Si13.


these EH considerations have only preliminary character. Ab
initio studies based on Hartree Fock (HF) and FLAPW
methods are topics of current investigations. These would
burst the frame of the present work and will be reported later.
However, the first results of the HF calculations[39] on
Ba5Mg18Si13 support these EH results. With an energy mini-
mum for an out-of-plane displacement of 0.45 � they show
that the EH approach clearly overestimates the effects. Even
the latter value seems to be slightly too large. Considering the
large thermal displacement component of Si1 found in the
structure refinement one would expect an elongation of about��������


U33


p � 0.32 �.


Conclusion


Considering our recent investigations on Li12Si7
[12] the present


work strongly supports that the starlike E4 group may occur as
a completely planar E4


8ÿ ion, which is isostructural and
isoelectronic to CO3


2ÿ, or as an E4
10ÿ ion, which is slightly


pyramidal and isoelectronic to PCl3, for example. The
pyramidality is expressed by the extraordinary anisotropic
displacements for the silicides and by split positions in case of
the germanides. The metallic behavior of the compounds is
well understood with respect to their electronic band struc-
tures.


There are several interconnected reasons for the different
redox states of the E4 cluster, of which the stoichiometry is a
trivial one but only if there is no competition between
different electron reservoirs. Thus, it must be emphasized that
not all cations are able to stabilize highly charged Zintl anions.
For example, the Group 14 elements form the limiting E4ÿ ion
only by coulomb stabilization of at least divalent cations.
Except lithium, the monovalent alkali metal ions do not
stabilize Group 14 elements to a higher formal charge than
q�ÿ1. Besides such cation ± anion charge transfer relations,
there may be competition between different Zintl anions for
the electrons. The Zintl anions themselves change their
electron uptake capacity with respect to their actual cation
coordination as can be seen in case of the E4 units.
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Intramolecular Triplet Energy Transfer in Pyrene ± Metal Polypyridine Dyads:
A Strategy for Extending the Triplet Lifetime of the Metal Complex


Muriel Hissler, Anthony Harriman,* Abderrahim Khatyr and Raymond Ziessel*[a]


Abstract: A series of photoactive dyads
bearing pyrene and metal (M�RuII) or
OsII) tris(2,2'-bipyridine) terminals
bridged by an ethynylene or PtII bis(s-
acetylide) moiety has been synthesized
and investigated by transient spectro-
scopy. Selective excitation into the ter-
minal metal complex is possible in each
case and generates the lowest energy,
excited triplet state localized on that
molecular fragment. For both OsII-based
dyads, the triplet state is unperturbed by
the appended pyrene unit and the ob-
served photophysical properties can be
understood within the framework of the
energy-gap law. The triplet state local-


ized on the metal complex in the two
RuII-based dyads is involved in reversi-
ble energy transfer with the triplet
associated with the pyrene unit, which
is situated at slightly lower energy. When
the terminal metal complex is a RuII


bis(2,2':6',2''-terpyridyl) fragment, how-
ever, the triplet levels are inverted such
that the pyrene-like triplet state lies
slightly above that of the metal complex.
Kinetic spectrophotometry has allowed


determination of the various rate con-
stants and energy gaps and, on the basis
of nonadiabatic electron-transfer theory,
it appears that the central Pt bis(s-
acetylide) unit is a much inferior elec-
tronic conductor than is a simple ethy-
nylene group. Reversible energy trans-
fer of this type greatly prolongs the
triplet lifetime of the RuII tris(2,2'-bipyr-
idyl) fragment. For example, equilibra-
tion between the triplet states is ach-
ieved within 10 ps for the ethynylene-
bridged dyad while the equilibrium
mixture decays with a lifetime of about
40 ms in deoxygenated acetonitrile at
room temperature.


Keywords: alkynes ´ energy transfer
´ luminescence ´ photochemistry ´
transition metals


Introduction


Bichromophoric molecular systems continue to provide
valuable information regarding the mechanisms of light-
induced energy- or electron-transfer processes, especially in
solution.[1] Of the myriad dyads studied to date those based on
luminescent metal polypyridine complexes[2] are of particular
significance since the triplet excited state can be visualized by
ultrasensitive emission spectroscopy. Within this family of
photoactive dyads, ruthenium(ii) tris(2,2'-bipyridine) com-
plexes bearing pendant aryl hydrocarbons have been studied
in some detail.[3±12] Thus, Ford and Rodgers[3] observed
reversible triplet energy transfer between a ruthenium(ii)
tris(polypyridine) complex and a covalently linked pyrene
moiety. Equilibration between the two triplet states localized
on the terminals of this highly flexible dyad extended the
phosphorescence lifetime of the metal complex from about
1 ms to 11.2 ms in deoxygenated solution at room temperature.
Related work by Sasse et al.[4, 5] also described reversible


triplet energy transfer between the metal complex and pyrene,
although the phosphorescence lifetime of the ruthenium(ii)
tris(polypyridine) derivative was somewhat lower, being
5.2 ms in deoxygenated methanol at 20 8C. It was further
reported that covalently attached naphthalene, pyrene or
anthracene units transferred singlet excitation energy to the
appended ruthenium(ii) complex while the identity of the
lowest energy triplet state was dependent on the nature of the
polycyclic chromophore.[5] In fact, several studies have
described triplet energy transfer from a metal complex to an
aryl hydrocarbon,[6±11] but in several cases the photosystems
are unstable with respect to sensitized oxygenation of the
polycycle.[6, 7, 9] Very recently, Schmehl and co-workers[12]


studied the photophysical properties of ruthenium(ii) tris(di-
imine) complexes linked by a single bond to naphthalene or
pyrene. It was concluded that the closely spaced terminals
remained in weak electronic communication and that triplet
states associated with these terminals were not in equilibrium
at room temperature.


We now describe the results of a spectroscopic investigation
of the energy-transfer processes occurring in geometrically
constrained dyads comprising pyrene and ruthenium(ii)
tris(2,2'-bipyridine) terminals. Two types of connector are
considered: Firstly, the terminals have been joined together
by a single ethynylene group which is known to promote
strong electronic coupling along the molecular axis.[13, 14]
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Secondly, the conjugated bridge has been broken by incorpo-
ration of a PtII fragment,[15] which has the effect of curtailing
electronic coupling between the terminals.[16] This strategy is
intended to provide dyads in which the terminals retain
comparable relative energy levels but for which the connector
exhibits different propensity for through-bond or through-
space energy transfer.[11] The experimental measurements can
be conveniently categorized according to the spin multiplicity
of the initial excited state. Thus, excitation at long wavelength
(l> 500 nm) populates the triplet excited state localized on
the metal complex and this, because of the alkyne substituent,
corresponds to a metal-to-ligand charge-transfer (MLCT)
state in which an electron has been promoted from the metal
center to the functionalized 2,2'-bipyridine ligand.[17] Alter-
natively, excitation with UV light can produce a singlet
excited state localized on the pyrene moiety, although,
because of overlapping absorption profiles, this process is
not selective. Both initial ex-
cited states decay by way of
intramolecular energy transfer
and kinetic experiments have
been made in each case. The
present manuscript concen-
trates on the fate of the triplet
excited state localized on the
metal complex whilst a sepa-
rate paper[18] deals with energy
redistribution following laser
excitation into the pyrene
chromophore. The correspond-
ing osmium tris(2,2'-bipyri-


dine) complexes have been studied as model systems for the
triplet energy-transfer processes while a related ruthenium(ii)
bis(2,2':6',2''-terpyridine) complex has been investigated to
confirm the derived triplet energy spacings. Further details
concerning the photophysical properties of the metal-free
ligands will be reported elsewhere.[18]


Results and Discussion


Synthesis : The hybrid pyr ± bpy and pyr ± terpy ligands were
prepared in three reactions and in excellent yield from
1-bromopyrene according to Scheme 1. The key step is a
palladium(00) promoted cross-coupling reaction between
1-ethynyl-pyrene and 5-bromo-2,2'-bipyridine[19] or 4'-[{(tri-
fluoromethyl)sulfonyl}oxy]-2,2':6',2''-terpyridine.[20] In order


to prepare the pyr ± Pt ± bpy and pyr ± Pt ± terpy metallo-
synthons the key mono-substituted pyr ± Pt ± Cl building block
has to be synthesized. Previous studies have revealed that a
square-planar trans-[Pt(PnBu3)2Cl2] complex undergoes suc-
cessive substitution reactions with ethynyl-grafted oligopyr-
idines with CuI as a catalyst precursor and iPr2NH as the
base.[15] Unfortunately, no mono-substituted bpy or terpy
compounds could be properly isolated under these conditions.
This situation is confirmed herein by the reaction of 1-ethyn-
yl-pyrene with trans-[Pt(PnBu3)2Cl2] under the experimental
conditions optimized earlier (CuI, iPr2NH). The symmetri-
cally disubstituted pyr ± Pt ± pyr was obtained in good yield
regardless of the starting molar ratio of 1-ethynyl-pyrene/Pt
(Scheme 2). However, the use of an SnMe3-substituted
1-ethynyl-pyrene derivative, which avoids basic coupling
conditions, allows mono-functionalization of trans-
[Pt(PnBu3)2Cl2] in high yield. These latter conditions afford
easy access to pyr ± Pt ± Cl with only minor (6 %) contami-
nation by pyr ± Pt ± pyr.


At this stage, chromatographic separation of these two
compounds is tedious as a result of their similar retention
properties. Separation of the pyr ± Pt ± pyr side-product
proved to be much easier after connection of the bpy or
terpy fragment. Subsequent attachment of the chelating
center (5-ethynyl-2,2'-bipyridine[21] or 4'-ethynyl-2,2':6',2''-ter-
pyridine[21]) is straightforward with a copper-promoted cross-


Abstract in French: Une famille de dyades photoactives
comportant une sous-unitØ pyr�ne et un centre mØtallique
ªRu(bpy)3º ou ªOs(bpy)3º pontØs par une entretoise acØtyl�ne
ou platine(ii)-s-diacØtyl�ne a ØtØ prØparØe, caractØrisØe et
ØtudiØe par spectroscopie d'absorption transitoire.
L'irradiation sØlective du centre mØtallique gØn�re un Øtat
excitØ triplet localisØ sur le complexe. Dans le cas des
complexes d'osmium, cet Øtat excitØ triplet n'est pas perturbØ
par la prØsence de la sous-unitØ pyr�ne; les propriØtØs photo-
physiques peuvent donc eÃtre interprØtØes dans le cadre de la loi
du seuil d'Ønergie. Par contre dans le cas des complexes de
ruthØnium, cet Øtat excitØ est en Øquilibre avec l'Øtat excitØ triplet
localisØ sur le pyr�ne, proche en Ønergie. Le transfert rØversible
d'Ønergie augmente de façon tr�s significative la durØe de vie de
l'Øtat excitØ triplet des complexes de ruthØnium. Les Øtudes
cinØtiques spectrophotomØtriques ont permis de dØterminer les
constantes de vitesse des divers processus de transfert qui ont
lieu dans les dyades. Elles ont montrØ que l'entretoise
platine(ii)-s-diacØtyl�ne est un moins bon conducteur Ølectro-
nique qu'un coupleur acØtyl�nique. En effet, l'Øtat excitØ triplet
du complexe de ruthØnium(ii) se dØsactive en 40 microsecondes
pour une dyade construite avec un espacer acØtyl�nique tandis
que cet Øtat se dØsactive en 17 microsecondes pour une dyade
contenant un pont platine(ii)-s-diacØtyl�ne dans une solution
d'acØtonitrile dØgazØe.


Scheme 1. i) Trimethylsilylacetylene, n-propylamine, [Pd(PPh3)4] (6 mol %), 60 8C, 24 h; ii) KF, CH3OH, 72 h;
iii) benzene, diisopropylamine, [Pd(PPh3)4] (6 mol %), 80 8C, 24 h.
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coupling reaction carried out in the presence of base
(Scheme 3). The trans geometry of the square-planar plati-
num unit was confirmed by the 31P chemical shift (d� 4.3) and
phosphorous-platinum coupling constant (J(P,Pt)� 2300 Hz)
which are in the expected range for trans but not cis
isomers.[22] Noteworthy, the cis isomers could not be prepared


Scheme 3. i) THF, diisopropylamine, CuI (1 mol %), RT.


by the same route, starting with cis-[Pt(PnBu3)2Cl2] precur-
sors. In all cases, the corresponding trans derivatives were
isolated, indicating a pronounced trans effect induced by the
electron-rich pyrene fragment. Coordination of the vacant
polypyridine ligands in the various pyrene-containing frag-
ments was readily accomplished by reaction with
[M(bpy)2Cl2] (M�Ru or Os; bpy� 2,2'-bipyridine) or [Ru-
(terpy)(dmso)Cl2] (terpy� 2,2':6',2''-terpyridine; dmso� di-
methyl sulfoxide) precursors, as depicted in Scheme 4.


The molecular structure of each new multi-component
system has been unequivocally authenticated on the basis of
spectroscopic evidence and by elemental analysis. We have


used 1H and 13C NMR aug-
mented by 31P NMR spectro-
scopy in appropriate cases for
structural assignment and for
determination of purity. For
each compound, mass spectral
and FT-IR spectroscopic data
are provided, together with
details of the absorption spec-
trum recorded in solution.
Schemes 1 ± 4 also indicate the
abbreviations used throughout
the text to identify particular
molecular dyads and their met-
al-free ligands. Structures of the
reference compounds used for
photophysical and electro-
chemical evaluation of the
new materials are shown in
Scheme 5.


Spectroscopic properties of the
osmium(iiii)-based dyads : Be-


cause the substituent has a marked effect on the absorption
spectral profile of the pyrene chromophore,[18] there is
considerable spectral overlap between p,p* transitions asso-
ciated with the polycycle and MLCT bands localized on the
metal complex for both pyr ± Os and pyr ± Pt ± Os. Absorption
spectra recorded for these two dyads in acetonitrile solution
are shown in Figure 1, where the spin-allowed MLCT
transitions can be recognized as shoulders centered around
500 nm. Both compounds exhibit spin-forbidden MLCT
transitions in the far-red region of the spectrum,[17, 23] however,
these facilitate selective excitation into the metal complex.
Thus, excitation at 598 nm, where the metal complex is the
sole chromophore, gives rise to very weak luminescence
centered between 700 and 800 nm (Figure 1). This emission is
attributed to the lowest energy triplet excited state localized
on the ªOs(bpy)º fragment by reference to model com-
pounds.[17] The emission maximum (lLUM), quantum yield
(FLUM), and lifetime (tT) measured in deoxygenated acetoni-
trile at 20 8C are somewhat dependent on the nature of the
connector Table 1), although there is no indication for
emission from the pyrene unit. For both dyads, decay of the
luminescence signal followed a single-exponential process at
all wavelengths. Corrected excitation spectra closely matched
the absorption spectrum over the entire spectral range; this
indicates that efficient energy transfer occurs from the pyrene
chromophore to the appended ªOs(bpy)º fragment in both
cases.[18] The similarity of photophysical properties recorded
for the ªOs(bpy)º fragment and for appropriate reference
compounds[17, 24, 25] suggests that there is little, if any, quench-
ing of the triplet state localized on the metal complex in these
dyads (Table 1). The triplet lifetimes recorded for these two
compounds, however, are somewhat different.


Although the dyads are but weakly emissive, there is
sufficient luminescence from the ªOs(bpy)º fragment in
deoxygenated acetonitrile at room temperature for the
calculation of the triplet energy. This calculation was made


Scheme 2. i) THF, diisopropylamine, CuI (1 mol %), 72 h, RT; ii) n-butyllithium, THF, ÿ78 8C; iii) THF, CuI
(3 mol %), 60 8C.
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Scheme 5. Structures of the reference compounds.


following the procedures introduced by Meyer and co-work-
ers.[10] Thus, the reduced emission spectrum,[26, 27] as displayed
in wavenumbers, was deconvoluted into the minimum number
of Gaussian-shaped components of equal half-width (Dn1/2).
The peak maximum (E0) of the highest energy Gaussian


component is taken to represent the energy difference
between 0,0 vibronic levels in the triplet and ground states
while the energy spacing between adjacent Gaussian compo-
nents (�hw) is attributed to the averaged medium frequency
vibrational mode coupled to the MLCT triplet state. The
derived parameters were used to reconstruct the reduced
luminescence spectrum according to Equation (1),[10] where
the summation was restricted to x� 5.


L(n) �
X5


x�0


�
Eo ÿ x�hw


Eo


� �3 S x


x!


� ��
exp
�
ÿ4 ln2


�
nÿ Eo � x�hw


Dn1=2


�2���
(1)


Iteration was continued until good agreement was reached
between observed and calculated spectra, allowing refine-


Figure 1. Absorption spectra recorded for pyr ± Pt ± Os (top) and pyr ± Os
(bottom) in acetonitrile at 20 8C with the extinction coefficients expressed
in units of mÿ1 cmÿ1. The insert to each panel shows the corrected
luminescence recorded in deoxygenated acetonitrile at 20 8C following
excitation at 514 nm.


Scheme 4. i) [Ru(terpy)(dmso)Cl2], AgBF4,
methanol, 80 8C, 24 h, followed by anion
metathesis; ii) cis-[Ru(bpy)2Cl2] ´ 2H2O or
cis-[Os(bpy)2Cl2], ethanol, 80 8C, 24 h, fol-
lowed by anion metathesis.
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ment of the parameters and calculation of the electron-
vibrational coupling constants (S). The re-organization energy
(lT) for each compound, assumed to contain contributions
from both nuclear and solvent terms, was estimated from the
temperature (ÿ20<T< 60 8C) dependence of the half-width
of the Gaussian components according to Equation (2), while
the triplet energy (ET) was calculated as in Equation (3). A
complete compilation of the derived parameters is given in
Table 2.


lT �
�Dn1=2�2


16 kB T ln�2� (2)


ET � Eo�lT (3)


Comparison of these parameters shows that the central Pt
unit raises the triplet energy of the ªOs(bpy)º fragment by
approximately 1300 cmÿ1 and slightly increases the re-organ-
ization energy accompanying decay of the triplet state. There
is a modest variation in the size of the electron ± vibrational


coupling constants. While pyr ± Os gives an S value similar to
that found for the parent complex [Os(bpy)3]2� (S� 0.69)[10]


the value found for pyr ± Pt ± Os is larger. This parameter is
related to the nuclear displacement between ground and
triplet states[28] so that the central Pt unit increases structural
differences between triplet and ground states. A similar
conclusion is reached by considering the larger re-organiza-
tion energy and Stokes' shift found for the Pt-linked system. It
is instructive to consider if these parameters can account for
the disparity in triplet lifetimes found for the two dyads. Thus,
within the framework of the energy-gap law as formulated by
Englman and Jortner[28] and the application to osmium(ii)
tris(diimine) complexes by Meyer and co-workers,[29] the
triplet lifetime is expected to increase with increasing triplet
energy, as is observed.


kT �
1


tT


� C 2
�������
2 p
p


�h
�������������
�hw ET


p exp(ÿS)exp
�
ÿgET


�hw


�


g � ln
ET


S�hw


� �
ÿ 1


(4)


In Equation (4), C refers to the vibrationally induced
electronic coupling matrix element but it is variations in the
final exponential term that exert the more significant effect on
the triplet lifetime. It appears, however, that the two dyads
share a common g value (Table 2) which is comparable to that
of the parent complex (g� 1.77). This suggests that the triplet
lifetime is set by the amount of energy to be dissipated during
nonradiative deactivation.


The triplet energies for the ªOs(bpy)º fragments calculated
from this spectral curve-fitting routine remain closely com-
parable to those estimated as the crossover point between
normalized absorption and emission spectra.[17] Comparison
with the triplet energy calculated for the parent complex
[Os(bpy)3]2� (ET� 14 700 cmÿ1)[10] shows that the substituent
has almost no effect on the triplet energy of pyr ± Pt ± Os,
perhaps raising it by about 100 cmÿ1, but lowering that of pyr ±
Os by about 1200 cmÿ1. We might expect similar substituent
effects to operate at the opposite terminal such that the triplet
energy of the pyrene chromophore in these dyads will remain
somewhat similar to that of the parent polycycle (ET�
16 600 cmÿ1).[30] On this basis, it is reasonable to suppose that,
despite the presence of an alkyne substituent, the energy of
the pyrene triplet will remain well above that of the
ªOs(bpy)º fragments (Figure 2, left). This suspicion was
confirmed[18] by room temperature phosphorescence spectra
recorded for pyr ± bpy (lLUM� 648 nm) and pyr ± Pt ± bpy
(lLUM� 590 nm) in micellar media where the 0,0 bands reside
at considerably higher energy than the triplet states localized
on the ªOs(bpy)º terminals.


The nature of the connector has no effect on the half-wave
potential (EOX) measured for one-electron oxidation of the
OsII cation but does perturb the reductive behavior of the
coordinated bpy ligands (Table 3). By reference to cyclic
voltammograms recorded for the model compounds, appa-
rently both for pyr ± Os and pyr ± Pt ± Os the alkyne-substi-
tuted bpy ligand is reduced before the parent bpy ligands. The
presence of the central Pt unit raises the corresponding half-
wave potential (ERED) by about 140 mV, although the first


Table 1. Photophysical properties recorded for the various dyads and
reference compounds in deoxygenated acetonitrile at room temperature.


Compound[a] lLUM [nm][b] FLUM
[c] tT [ns][d] t1 [ns][e] A1


[f] t2 [ms][g]


pyr ± Os 790 0.0012 12
pyr ± Pt ± Os 740 0.0042 63
[Os(bpy)3]2� 745 0.0046 60
bpy ± Os 760 0.0040 55
Os ± Pt ± Os 750 0.0048 68
pyr ± Ru 670 0.026 40 000[h] 0.007[i] 0.98 42.4[j]


pyr ± Pt ± Ru 620 0.022 17 000[h] 3.2[j] 0.97 17.4[j]


[Ru(bpy)3]2� 620 0.062 980
bpy ± Ru 668 0.047 1 430
Ru ± Pt ± Ru 625 0.084 1 300
pyr ± Ru(terpy) 698 0.0050 580


[a] For the compound labelling see Schemes 1, 2, 4 and 5. [b] � 5 nm.
[c] � 8% for RuII-based and �25% for ªOs(bpy)º-based compounds.
[d] � 10 %. [e] Shortest lived component detected in the transient decay
records, �5%. [f] Fractional contribution that the shorter-lived compo-
nent makes to the initial signal, �0.005. [g] Longest lived component
found in the decay records, �5 %. [h] Measured with a 20 ns laser pulse at
532 nm. [i] By transient absorption spectroscopy. [j] By time-resolved
emission spectroscopy.


Table 2. Spectroscopic properties derived from curve-fitting of the emission
spectra observed for the various dyads in deoxygenated acetonitrile at 20 8C.


Property pyr ± Os pyr ± Pt ± Os pyr ± Ru pyr ± Pt ± Ru pyr ± Ru(terpy)


E0 [cmÿ1][a] 12 640 13 710 14 830 15 970 14 320
�hw [cmÿ1][b] 1 350 1 305 1 490 1 465 1 180
Dn1/2 [cmÿ1][c] 1 440 1 590 1 850 2 105 1 250
S [cmÿ1][d] 0.64 0.78 0.66 0.82 0.58
lT [cmÿ1][e] 890 1 110 1 490 1 920 680
ET [cmÿ1][f] 13 525 14 825 16 320 17 890 15 000
g[g] 1.75 1.68 1.81 1.70 2.09


[a] Maximum of the highest energy Gaussian component obtained by fitting
the emission spectrum to a series of Gaussian profiles, �50 cmÿ1. [b] Single-
averaged, medium-frequency vibrational mode coupled to the MLCT triplet
state, �50 cmÿ1. [c] Half-width of the Gaussian components deconvoluted
from the emission spectrum, �100 cmÿ1. [d] Huang ± Rhys factor calculated
from Equation (1), �0.04. [e] Re-organization energy associated with deacti-
vation of the lowest energy triplet state, �100 cmÿ1. [f] Triplet energy,
�200 cmÿ1. [g] Englman ± Jortner gamma factor calculated from Equation (4),
�0.05.
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reduction step for pyr ± Pt ± Os occurs at a more positive
potential than that of [Os(bpy)3]2� under similar conditions. In
fact, the Pt bis(s-acetylide) unit partially compensates for the
electron-withdrawing properties of the ethynylene group. The
second and third electrons are added to the coordinated
parent bpy ligands while the fourth electron goes to the
pyrene unit. Comparison with the parent complex shows that
the unsubstituted bpy ligands are somewhat easier to reduce
in pyr ± Os and pyr ± Pt ± Os; this suggests that, even in the
latter compound, there is some electron delocalization onto
the bridging unit at the first reduction stage. Incidently, the
electrochemical properties, used in conjunction with the
derived triplet energies, indicate that electron transfer to or
from the ªOs(bpy)º triplet state is thermodynamically un-
favorable for both pyr ± Os and pyr ± Pt ± Os.


Laser flash photolysis studies performed in deoxygenated
acetonitrile at room temperature confirmed that the lowest
energy triplet state in these dyads is that associated with the
ªOs(bpy)º fragment (Figure 3). Based on the electrochemical
results, we can conclude that these triplets are generated by
selective charge injection from the metal center to the alkyne-
substituted bpy ligand.[17] The transient differential absorption
spectra show bleaching of the ground-state MLCT absorption


region and weak absorbance in
the visible region. Both triplets
decay by first-order kinetics,
giving triplet lifetimes in excel-
lent agreement with those ob-
tained from time-resolved lu-
minescence spectroscopy. The
decay profiles give no indica-
tion of additional transient spe-
cies that persist on timescales
longer than about 50 ps and the
spectral properties are inde-
pendent of excitation wave-
length. This latter finding is
indicative of efficient energy


transfer from pyrene to ªOs(bpy)º but the pyrene-like triplet
is not seen in any spectroscopic record.


Figure 3. Triplet ± triplet differential absorption spectra recorded for pyr ±
Pt ± Os (top, delay time 50 ns) and pyr ± Os (bottom, delay time 100 ps) in
deoxygenated acetonitrile following laser (FWHM� 25 ps) excitation at
598 nm.


Spectroscopic properties of the ruthenium(iiii) tris(2,2''-bipy-
ridyl)-based dyads : There is considerable spectral overlap
between p,p* transitions localized on the pyrene chromo-
phore and MLCT bands associated with the ªRu(bpy)º
fragment for both pyr ± Ru and pyr ± Pt ± Ru (Figure 4).
Although the spin-forbidden MLCT transitions are less well
developed than in the corresponding OsII-based dyads, it is
possible to selectively excite the ªRu(bpy)º fragments at l>


500 nm. Under such conditions, emission characteristic of the
metal complex[17] is observed for both pyr ± Ru and pyr ± Pt ±
Ru in deoxygenated acetonitrile at 20 8C (Figure 4). Relative
to appropriate reference compounds this emission is very
long-lived, although the quantum yields, spectral profiles and
emission maxima (Table 1) closely resemble those of the
reference compounds. Following excitation with a 20 ns laser
pulse, the emission decay profiles were well described in terms
of a single exponential component, at all detection wave-
lengths and regardless of excitation wavelength. Corrected
excitation spectra remain in excellent agreement with ab-


Figure 2. Simplified energy level diagrams for pyr ± Pt ± Os (left) and pyr ± Pt ± Ru (right). The triplet energy of
the metal complex was established by fitting the emission spectrum recorded at 20 8C while the triplet energy for
the pyrene unit was derived by kinetic spectrophotometry. Similar diagrams can be drawn for the corresponding
pyr ± Os and pyr ± Ru systems.


Table 3. Electrochemical properties measured at room temperature in deoxygen-
ated N,N-dimethylformamide for the various dyads and reference compounds. All
processes correspond to the transfer of a single electron unless denoted otherwise
while the value given in parenthesis after the half-wave potential refers to the
potential difference between cathodic and anodic peaks in the cyclic voltammo-
grams.


Compound EOX [V] vs. SCE[a] ERED [V] vs. SCE[b]


pyr ± bpy 1.45[c] ÿ 1.58(75), ÿ1.83(85)
pyr ± Pt ± bpy 1.07[c] ÿ 1.97(55), ÿ2.10(60)
pyr ± Os 0.88(85), 1.47[c] ÿ 1.01(70), ÿ1.29(70), ÿ1.56(95), ÿ1.74(80)
pyr ± Pt ± Os 0.85(65), 1.11[c] ÿ 1.15(60), ÿ1.35(60), ÿ1.69(60), ÿ1.95(80)
[Os(bpy)3]2� [d] 0.83(70) ÿ 1.25(65), ÿ1.54(65), ÿ1.80(80)
bpy ± Os 0.81(70) ÿ 1.15(70), ÿ1.30(70), ÿ1.59(80)
Os ± Pt ± Os 0.79(2e,65) ÿ 1.23(2e,70), ÿ1.53(2e,65), ÿ1.78(2e,75)
pyr ± Ru 1.47(2e)[c] ÿ 1.05(80), ÿ1.38(80), ÿ1.57(85), ÿ1.75(75)
pyr ± Pt ± Ru 1.10,[c] 1.47(85) ÿ 1.23(65), ÿ1.41(60), ÿ1.70(70), ÿ2.10(80)
[Ru(bpy)3]2� [d] 1.27(70) ÿ 1.35(65), ÿ1.54(70), ÿ1.79(75)
bpy ± Ru 1.40(70) ÿ 1.22(70), ÿ1.49(70), ÿ1.60(70)
Ru ± Pt ± Ru 1.22(2e,75) ÿ 1.33(2e,70), ÿ1.54(2e,70), ÿ1.79(2e,80)


[a] One-electron half-wave potential for oxidative processes, �15 mV. [b] One-
electron half-wave potential for reductive processes, �15 mV. [c] Irreversible
electrode process. [d] Measured in acetonitrile solution.
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Figure 4. Absorption (solid curve) and corrected emission (dotted curve)
spectra recorded for pyr ± Pt ± Ru (top) and pyr ± Ru (bottom) in acetoni-
trile at 20 8C. An excitation wavelength of 514 nm was used for the emission
spectra while extinction coefficients are expressed in units of mÿ1 cmÿ1.


sorption spectra recorded over the entire wavelength range,
indicating efficient energy transfer from pyrene to the
appended ªRu(bpy)º fragment in both cases.[18] The pro-
longed triplet lifetime observed for these dyads is consistent[3]


with the triplet state localized on the ªRu(bpy)º fragment
being in equilibrium with the triplet associated with the
pyrene unit.


The emission spectra were analyzed[10] according to Equa-
tions (1) ± (3) and the derived parameters are listed in Table 2.
Again, it is apparent that the central Pt unit serves to increase
the re-organization energy accompanying deactivation of the
triplet state of the metal complex, to raise the triplet energy,
and to increase the extent of structural change between triplet
and ground states. The effects are somewhat more pro-
nounced than found for the corresponding ªOs(bpy)º-based
dyads while the triplet energies of pyr ± Ru and pyr ± Pt ± Ru
exceed those of pyr ± Os and pyr ± Pt ± Os by approximately
3000 cmÿ1. The significantly increased S and l values found for
pyr ± Pt ± Ru relative to pyr ± Ru indicate a more substantial
geometry change between triplet and ground states, perhaps
as a result from the differences in the extent of charge-transfer
character inherent to these states. In fact, comparison of the
ERED values recorded for pyr ± Ru and pyr ± Pt ± Ru shows that
the presence of a central Pt unit induces a 180 mV negative
shift in the first reduction potential but the measured value is
still about 100 mV more positive than that recorded for the
parent complex. Thus, the lowest energy MLCT triplet states
of both pyr ± Ru and pyr ± Pt ± Ru are formed by selective
electron donation from metal center to the alkyne-substituted
bpy ligand.


Under anodic scans, the cyclic voltammograms indicate that
both the pyrene unit and the metal center can be oxidized but
there is no indication that the PtII unit is redox active at
accessible potentials. For pyr ± Pt ± Ru the pyrene terminal is
oxidized more easily than is the ªRu(bpy)º fragment but the
two units are oxidized simultaneously in pyr ± Ru. Within
experimental limitations, there is no indication that the nature
of the connector affects EOX for the metal center. Upon
considering the electrochemical data (Table 3) in terms of the


calculated triplet energies it is concluded that all possible
electron-transfer events occurring via the lowest energy
MLCT triplet state of the ªRu(bpy)º fragment are thermo-
dynamically unfavorable by at least 300 meV.


Reversible triplet energy transfer in pyr ± Pt ± Ru : Following
excitation of pyr ± Pt ± Ru in deoxygenated acetonitrile at
20 8C with a 25 ps laser pulse at 532 nm, where ªRu(bpy)º is
the sole chromophore, the emission was found to decay with
dual-exponential kinetics (Figure 5). Analysis of the decon-
voluted signal showed the two lifetimes (t1 and t2) to be (3.2�
0.1) ns and (17.4� 1.3) ms while the fractional amplitude of the
shorter-lived component (A1) was (0.970� 0.005). These


Figure 5. Decay profiles recorded for the emission from pyr ± Pt ± Ru in
deoxygenated acetonitrile at 20 8C following laser (FWHM� 25 ps)
excitation at 532 nm. The profiles are shown on two different timescales
with detection by a fast-response photodiode (top) and a red-sensitive
photomultiplier tube (bottom). Detection was at 650 nm in both cases. The
entire decay curve requires analysis in terms of two exponential compo-
nents with lifetimes of 3.2 ns and 17.4 ms. Top curve is shown in semi-
logarithmic form to emphasize the presence of the longer-lived component.


lifetimes and fractional amplitudes remained independent of
both excitation and monitoring wavelength. No changes in the
spectral profile could be detected during the decay process.
Under flash photolysis conditions with excitation being made
with a 20 ns laser pulse at 532 nm the transient differential
absorption spectrum observed at all delay times corresponds
to the pyrene-like triplet (Figure 6), as already characterized
for pyr ± Pt ± bpy.[18] The pyrene-like triplet seen in the
transient spectroscopic records decayed with the same life-
time (tT� 16� 2 ms) as found for the longer-lived component
in the time-resolved emission spectra. This behavior is
consistent[3] with the three-state model shown in Figure 2,
right. Here, excitation of the dyad with visible light produces
the MLCT triplet state localized on the ªRu(bpy)º fragment.
This species decays with an inherent lifetime (tR) to restore
the ground state but there is a competitive intramolecular
energy-transfer process that results in population of the triplet
state associated with the pyrene unit. The pyrene-like triplet
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Figure 6. Triplet ± triplet differential absorption spectrum recorded 100 ns
after excitation of pyr ± Pt ± Ru in deoxygenated acetonitrile with a 20 ns
laser pulse at 532 nm. The insert shows a decay profile recorded at 415 nm.


decays via nonradiative pathways with an inherent lifetime
(tP) and by way of reverse energy transfer to the ªRu(bpy)º
fragment. The two triplet states exist in equilibrium and decay
slowly with a common lifetime (tT).


IL (t) � A1 exp
�
ÿ t


t1


�
� A2 exp


�
ÿ t


t2


�
(5)


Within this model, the rate constants for forward (kF�
3.0� 108 sÿ1) and back (kB� 9.4� 106 sÿ1) triplet energy trans-
fer can be obtained from the kinetic fit while the equilibrium
constant (K� 32� 2) for partitioning between the two triplets
can be calculated from the fractional amplitudes.


kF�kB �
1


t1


; K � A1


A2


� kF


kB


(6)


This latter value allows estimation of the energy gap
between triplet states localized on ªRu(bpy)º and pyrene
terminals as being about 8.5 kJ molÿ1 (DETT� 710 cmÿ1) such
that the energy of the pyrene-
like triplet must be about
17 200 cmÿ1. As such, the pyr-
ene-like triplet lies at much
higher energy than the ªOs(b-
py)º fragment in pyr ± Pt ± Os
and slightly above that of pyr-
ene itself.[30] The derived ET is in
keeping with the 0,0 band found
in the phosphorescence spec-
trum of pyr ± Pt ± bpy recorded
in micellar media at room tem-
perature.[18] The overall effect
of the central Pt bis(s-acety-
lide) unit, therefore, is to raise
the triplet energies of both
terminals by a similar amount.


Flash photolysis studies
made with excitation at
532 nm with a 25 ps laser pulse
confirmed the occurrence of


intramolecular triplet energy transfer in pyr ± Pt ± Ru. Thus,
immediately after excitation the transient differential absorp-
tion spectrum indicates population of the MLCT triplet state
associated with the ªRu(bpy)º fragment (Figure 7). The
spectral profiles evolve over a few nanoseconds until the
characteristic differential absorption spectrum of the pyrene-
like triplet state is established. This latter signal decays slowly
by first-order kinetics, giving an average lifetime of (15.6�
1.7) ms. Analysis of the spectral records collected on short
timescales indicates that the pyrene-like triplet grows-in with
a lifetime of (2.9� 0.3) ns. No other transient species are
apparent in the spectral profiles.


These studies indicate fast establishment of an equilibrium
mixture of triplet states because of the close positioning of
triplet levels associated with each terminal. Decay of this
equilibrium mixture occurs relatively slowly so that the
effective lifetime of the ªRu(bpy)º triplet is prolonged well
beyond that of the reference compounds. Under identical
conditions, the triplet lifetime (tP) recorded for pyr ± Pt ± bpy
is (30� 5) ms and, assuming this lifetime also applies to the
inherent pyrene triplet state in pyr ± Pt ± Ru, the inherent
triplet lifetime (tR) of the ªRu(bpy)º fragment is calculated to
be about 1.2 ms. This value is similar to triplet lifetimes
measured for appropriate reference compounds under iden-
tical experimental conditions (Table 1).


kD �
1


t2


� A2


tR


�A1


tP


(7)


Reversible triplet energy transfer in pyr ± Ru : Time-resolved
emission decay curves recorded for pyr ± Ru in deoxygenated
acetonitrile at 20 8C could be analyzed satisfactorily in terms
of a single exponential processes having a lifetime (t2) of
(42� 3) ms. Transient differential absorption spectra recorded
after excitation of pyr ± Ru with a 25 ps laser pulse at 532 nm,
where the ªRu(bpy)º fragment is the only absorbing species,
showed that the pyrene-like triplet was present immediately
after the pulse (Figure 8). This species decayed via first-order


Figure 7. Transient differential absorption spectra recorded at various times after excitation of pyr ± Pt ± Ru in
deoxygenated acetonitrile with a 25 ps laser pulse at 532 nm. Spectra were recorded at delay times of 0, 1, 2, 3, 5,
and 10 ns. Also shown are kinetic traces obtained by overlaying spectral data collected at different delay times.
Formation of triplet pyrene can be monitored at 415 nm while decay of the triplet state localized on the
¹Ru(bpy)ª fragment can be followed at 460 nm. Solid lines drawn through the data points correspond to first-
order kinetic processes with lifetimes of 2.9 and 3.1 ns, respectively, at 415 and 460 nm.
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Figure 8. Triplet ± triplet differential absorption spectrum recorded after
excitation of pyr ± Ru in deoxygenated acetonitrile with a 20 ns laser pulse
at 532 nm. The spectrum was recorded 100 ns after excitation with the
point-by-point method. The insert shows a decay profile recorded at
400 nm following excitation with a low energy laser pulse.


kinetics with a lifetime of (40� 4) ms to restore the pre-pulse
baseline. The agreement between lifetimes measured by
transient absorption spectroscopy and by time-resolved
emission, taken together with the fact that only the ªRu(bpy)º
fragment emits but only the pyrene-like triplet is detected by
absorption, indicates that equilibration between the two
triplets occurs within the excitation pulse. For pyr ± Ru,
therefore, the rate constant for energy transfer from the
ªRu(bpy)º triplet to the appended pyrene unit must exceed
about 2� 1010 sÿ1.


It was not possible to detect the anticipated shorter-lived
component in time-resolved emission decay records within
the 50 ps temporal resolution available. However, excitation
of pyr ± Ru with a sub-ps laser pulse at 565 nm generated the
MLCT triplet state localized on the ªRu(bpy)º fragment
(Figure 9). This species could be identified by comparison of
the observed transient differential absorption spectrum with
that recorded for the reference compound Ru ± bpy. Forma-
tion of the MLCT triplet state was complete within a few ps
but it decayed rapidly to give the transient spectrum already
seen at longer delay times and assigned to the pyrene-like
triplet. Kinetic measurements made at a series of wavelengths


Figure 9. Transient absorption spectra recorded after excitation of pyr ±
Ru with a 0.35 ps laser pulse at 565 nm. Spectra were recorded at delay
times of 0, 1, 2, 5, 10, and 20 ps.


across the visible region showed the average lifetime of the
MLCT triplet of the ªRu(bpy)º fragment to be (7� 2) ps
while the pyrene-like triplet did not decay over the accessible
time window (Figure 10). This fast decay process is readily
assignable to intramolecular triplet energy transfer from the
ªRu(bpy)º fragment to the nearby pyrene unit.


Figure 10. Kinetic profiles obtained by overlaying spectra collected at
different delay times for the experiment reported in Figure 11. Kinetic
measurements are shown at detection wavelengths of 620 nm (top) and
410 nm (bottom). In each case, the solid line drawn through the data points
corresponds to a computer nonlinear least-squares fit to two consecutive
first-order processes having lifetimes of 0.41 and 7.1 ps. The faster step is
assigned to rapid formation of the ªRu(bpy)º triplet within the excitation
pulse while the slower step is attributed to intramolecular triplet energy
transfer.


In order to estimate the partitioning of triplets within the
equilibrium mixture, and thereby derive rate constants for
forward and reverse energy-transfer steps, the emission
quantum yield measured for pyr ± Ru in aerated acetonitrile
was compared with that of the reference compound bpy ± Ru.
Under these conditions, the two compounds possess the same
triplet lifetime, this being set by O2 quenching, and, assuming
the radiative rate constants remain comparable, the ratio of
emission yields reflects the concentration of ªRu(bpy)º triplet
present at equilibrium. On this basis, it was concluded that
FLUM for the dyad is only 2 % that of the mononuclear
reference compound. As such, individual rate constants for
the two energy-transfer events can be estimated from the
overall triplet lifetime, giving kF� 1.4� 1011 sÿ1 and kB� 2.0�
109 sÿ1. These derived rates greatly exceed those found for
pyr ± Pt ± Ru but the energy gap between the triplet states, as
calculated from the rates, (DETT� 930 cmÿ1) remains compa-
rable to that measured for the Pt bis(s-acetylide)-bridged
system. This estimate locates the energy of the pyrene-like
triplet in pyr ± Ru at about 15 390 cmÿ1, which is some
1200 cmÿ1 below that of the parent polycycle.


Deactivation of the equilibrium mixture occurs more slowly
for pyr ± Ru than for pyr ± Pt ± Ru and provides for an
exceptionally long-lived MLCT triplet state localized on the
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ªRu(bpy)º fragment. In fact, the effective lifetime of this
latter species (tT� 42� 4 ms) greatly exceeds those reported
earlier[3±5] for pyrene ± ruthenium(ii) tris(polypyridine) dyads
with flexible connectors where triplet lifetimes of 5 and 11 ms
have been recorded. This prolongation of the triplet lifetime
reflects both the low percentage of MLCT triplet present in
the equilibrium mixture and the relatively long inherent
lifetime of the perturbing pyrene unit. This latter value (tP�
130� 10 ms), being equated to the triplet lifetime of pyr ± bpy,
allows estimation of tR� 1.2 ms.


Triplet state properties of pyr ± Ru(terpy): Additional studies
were made with the corresponding ethynylene-linked dyad in
which the terminal metal complex comprised a ruthenium(ii)
bis(2,2':6',2''-terpyridine) complex. It was considered that,
since the triplet energy of [Ru(terpy)2]2� (where terpy�
2,2':6',2''-terpyridine) is lower than that of [Ru(bpy)3]2�, the
triplet energies of the two terminals might be more compa-
rable than in pyr ± Ru. For this new system, pyr ± Ru(terpy),
the MLCT absorption band is very much better resolved than
in the other RuII-based compounds, appearing as a relatively
sharp and very intense (e� 44 800 mÿ1 cmÿ1) band centered at
511 nm. The intensity of this MLCT transition is unusually
high but strong MLCT bands appear to be a characteristic of
ªRu(terpy)º-based chromophores bearing a conjugated sub-
stituent at the 4'-position.[31] Luminescence is readily detected
in deoxygenated acetonitrile at 20 8C and appears as a well-
resolved maximum at 698 nm (Figure 11). The emission


Figure 11. Absorption (solid curve) and emission (dotted curve) spectra
recorded for pyr ± Ru(terpy) in acetonitrile at room temperature. An
excitation wavelength of 514 nm was used for the emission spectrum while
extinction coefficients are expressed in units of mÿ1 cmÿ1.


maximum (Table 1) is similar to that recorded for the
reference compound terpy ± Ru but both the emission lifetime
and quantum yield greatly exceed those found for the model.
The increased FL, which is unusually high for a ªRu(terpy)º
fragment,[24] can be partly explained in terms of the higher
radiative probability associated with the improved optical
absorption properties of the chromophore (Figure 11). Al-
though the photophysical properties of ªRu(terpy)º-based
chromophores are particularly sensitive to the energy gap


between the emitting MLCT state and a higher-energy metal-
centered state,[32] it is not easy to attribute the prolonged tT


found for pyr ± Ru(terpy) simply to a lowering of the triplet
energy. In fact, the 10-fold increase in tT observed between
pyr ± Ru(terpy) and terpy ± Ru provides strong support for the
idea that the appended pyrene unit prolongs the triplet
lifetime of the ªRu(terpy)º fragment.


The triplet lifetime recorded by transient absorption
spectrometry (tT� 560 ns) agrees very well with that deter-
mined by time-resolved luminescence spectroscopy (tT�
580 ns). Furthermore, the differential absorption spectrum
recorded for the lowest energy triplet state exhibits pro-
nounced bleaching of the MLCT absorption band associated
with the ªRu(terpy)º fragment (Figure 12). This observation


Figure 12. Triplet ± triplet differential absorption spectrum recorded after
excitation of pyr ± Ru(terpy) in deoxygenated acetonitrile with a 20 ns laser
pulse at 532 nm. The spectrum was recorded 100 ns after excitation using
the point-by-point method. The insert shows a decay profile recorded at
500 nm following excitation with a low energy laser pulse.


provides clear evidence that the lowest energy triplet state
present in pyr ± Ru(terpy) must be localized on the metal
complex. Therefore, the triplet energy of the ªRu(terpy)º
fragment must be lower than that of the pyrene-like triplet
state in pyr ± Ru(terpy) (Figure 13). Examination of the


Figure 13. Simplified energy level diagrams for pyr ± Ru(terpy). The triplet
energy of the metal complex was established by fitting the emission
spectrum recorded at 20 8C while the triplet energy for the pyrene unit was
derived by kinetic spectrophotometry.
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system with improved temporal resolution (l� 565 nm;
FWHM� 0.35 ps) failed to detect any absorption spectral
changes occurring on the ps timescale that could be attributed
to triplet energy transfer between the subunits.


Analysis of the emission spectrum recorded for pyr ± Ru-
(terpy) in deoxygenated acetonitrile at 20 8C, in strict
accordance with the protocol outlined above, shows that the
triplet energy of the ªRu(terpy)º fragment is located at
15 000 cmÿ1 (Table 2). Notably, this luminescence spectrum is
better resolved than any bpy-based system and corresponds to
a particularly small re-organization energy. The derived
energy level places the ªRu(terpy)º triplet some 1320 cmÿ1


below that of the corresponding ªRu(bpy)º triplet and
approxiamtely 390 cmÿ1 below the pyrene-like triplet, assum-
ing the latter has the same energy as in pyr ± Ru. An energy
gap of 390 cmÿ1 corresponds to an equilibrium constant K of
0.15� 0.03 and implies that the equilibrium distribution
would consist of about 13 % of the pyrene-like triplet. As
such, the apparent 10-fold prolongation of the MLCT triplet
lifetime implied for pyr ± Ru(terpy) cannot be explained in
terms of reversible triplet energy transfer with the appended
pyrene unit. According to Equation (7), equilibration be-
tween the triplet levels would provide only a minor stabiliza-
tion of the ªRu(terpy)º triplet and it is clear that an additional
effect operates in this case. A proper understanding of this
system requires additional experimental study but, within the
context of the present investigation, it serves to show that the
triplet energy of the ethynylated pyrene unit must lie above
15 000 cmÿ1 so that our assignment of ET� 15 390 cmÿ1 seems
reasonable.


Comparison of the rates of intramolecular triplet energy
transfer : The rate constants for forward (kF) and reverse (kB)
energy transfer in the two ªRu(bpy)º-based dyads are
summarized in (Table 4, together with the relevant energy
gaps (DETT). The rates are very much faster for the
ethynylene-bridged system and it is somewhat surprising to
find that kB for pyr ± Ru exceeds kF for pyr ± Pt ± Ru consid-
ering the relative energy gaps for these processes. Each


energy-transfer step is assumed to involve through-bond
electron exchange in accordance with the Dexter mecha-
nism[33] and, as such, it is tempting to attribute differences in
rate to the degree of electronic coupling between the
terminals. According to current theoretical models, the rate
constant for intramolecular electron exchange (kET) can be
expressed in terms of the Fermi�s golden rule [Eq. (8)]:[10, 34, 35]


kET �
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V 2
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Here, VDA is the matrix element for electron exchange, lT is
the total re-organization energy accompanying electron
exchange, kB is the Boltzmann constant, and T is the absolute
temperature. The terms SD and SA, respectively, refer to the
electron-vibrational coupling constants for donor and accept-
or while �hwD and �hwA, respectively, are averaged medium
frequency vibronic modes coupled to the two triplet states.
The indices m and n are vibrational quantum numbers for
donor and acceptor species and, in carrying out the summa-
tion, we have restricted these values to m� n� 7 since higher
numbers had no effect on the calculated Franck ± Condon
factor (FC). The final term in the expression, DG8
(�ÿDETT), refers to the energy gap between triplets localized
on ªRu(bpy)º and pyrene fragments.


Each parameter needed to evaluate the Franck ± Condon
factor is available for the ªRu(bpy)º fragment (Table 2) while
the energy gap has been established accurately by kinetic
measurements. Estimates of both �hw (� 1210 cmÿ1) and the
room-temperature re-organization energy (lT� 410 cmÿ1) for
the pyrene-like triplet were made by fitting the phosphor-
escence spectra of pyr ± bpy and pyr ± Pt ± bpy recorded in
micellar media at room temperature. The average value of �hw


obtained by this analysis remains comparable to those derived
for the corresponding ªRu(bpy)º fragments while the small lT


is in keeping with the pyrene-like triplet being primarily p,p*
in character. This latter value is similar to that determined
recently (lT� 260 cmÿ1) for anthracene triplet by Meyer and
co-workers.[10] Finally, in order to estimate S for the pyrene
triplet we have used the relationship[28] in Equation (9), so
that an average value of S� 0.34 is available for use in the
calculations. Again, this latter value is reasonable for a
polycyclic aromatic hydrocarbon[28, 36] but it is much smaller
than that estimated recently for triplet anthracene (S� 0.9).[10]


S � lT


�hw
(9)


Using these various parameters in conjunction with Equa-
tion (8) allows calculation[37] of the Franck ± Condon factors
(FC) associated with each electron-exchange event (Table 4).
The derived values fall within a narrow range, with the factors
for the forward reactions exceeding those for the correspond-
ing reverse steps. In each case, energy transfer is expected to
fall well within the normal regime of a Marcus-type rate


Table 4. Comparison of properties related to the intramolecular electron-
exchange processes occurring in the ªRu(bpy)º-based dyads, as determined
in acetonitrile at 20 8C.


Property pyr ± Ru pyr ± Pt ± Ru


kF [108 sÿ1][a] 1400 3.0
kB [106 sÿ1][b] 2000 9.6
DETT [cmÿ1][c] 930 710
FC F [10ÿ4 cmÿ1][d] 2.00 1.00
FC R [10ÿ4 cmÿ1][e] 0.35 0.25
VF


DA [cmÿ1][f] 24.4 7.0
VR


DA [cmÿ1][g] 1.6 0.6


[a] Rate constant for energy transfer from triplet ªRu(bpy)º to pyrene,
�10 %. [b] Rate constant for energy transfer from triplet pyrene to
ªRu(bpy)º, �10%. [c] Energy gap between triplet states localized on
ªRu(bpy)º and pyrene fragments, �80 cmÿ1. [d] Franck ± Condon factor
calculated from Equation (8) for the forward energy-transfer step, �5%.
[e] Franck ± Condon factor calculated from Equation (8) for the reverse
energy-transfer step, �5%. [f] Electronic coupling matrix element calcu-
lated from Equation (8) for the forward energy-transfer step, �15%.
[g] Electronic coupling matrix element calculated from Equation (8) for
the reverse energy-transfer step, �20 %.
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versus energy-gap profile, since ÿDG8< lT, where the rate
should increase linearly with increasing FC. This is not the
case, however, and it is clear that the electronic coupling
matrix elements (VDA) for electron exchange must vary
throughout the series (Table 4). Indeed, the bridging Pt
bis(s-acetylide) moiety decreases electronic coupling along
the molecular axis, especially for the forward energy-transfer
process, so that slow rates of energy transfer are found for
pyr ± Pt ± Ru. This effect can be attributed to a combination of
the increased length of the connector and the imposition of a
high-energy barrier associated with tunnelling across the Pt
atom. A similar attenuation in the rate of electron exchange
was found for Ru ± Pt ± Os relative to Ru ± Os but a clear
interpretation was obscured by modification of the nature of
the lowest energy triplet states in these systems.[16] Electronic
coupling is more pronounced by a factor of about three-fold
for the forward reaction than for the analogous reverse
process. This might arise from changes in the degree of orbital
overlap between the reactants since the [nominally] MLCT
and [primarily] p,p* triplets localized on ªRu(bpy)º and
pyrene fragments, respectively, are of quite different character.


Conclusion


Four systems have now been described where an equilibrium
mixture of triplets is clearly established within the available
time frame. The flexibly linked pyrene-ªRu(bpy)º dyads
reported by Ford and Rodgers[3] and by Sasse et al.[4, 5] provide
for ªRu(bpy)º triplet lifetimes of 11.2 and 5.2 ms, respectively,
in deoxygenated solution at room temperature. Both pyr ±
Pt ± Ru (tT� 17 ms) and pyr ± Ru (tT� 42 ms) give much
longer-lived MLCT triplet states at room temperature with
the latter system being unique in that the equilibrium is
established very quickly after excitation. This fast formation
and slow decay of the equilibrium make pyr ± Ru an interest-
ing candidate for exploitation as a photosensitizer for those
processes that might benefit from the extended triplet lifetime
of the ªRu(bpy)º fragment. The lifetime of each triplet in the
equilibrium mixture, as measured independently by transient
absorption spectrometry and time-resolved emission spectro-
scopy, is affected equally by the presence of molecular oxygen
and in aerated acetonitrile the average triplet lifetime is
220 ns. With pyr ± Ru(terpy), the equilibrium favors the triplet
localized on the ªRu(terpy)º fragment so that, in terms of
Equation (7), only a slight prolongation of the triplet lifetime.
Even so, it is rare to obtain a ªRu(terpy)º derivative
possessing a triplet lifetime of 570 ns since this represents a
1000-fold increase relative to the parent complex
[Ru(terpy)2]2� in acetonitrile at 20 8C.[38]


An equally important observation made during this inves-
tigation is that pyr ± Ru acts as a molecular dyad with discrete
terminals, as opposed to being a giant supermolecule with a
highly delocalized LUMO, where intramolecular electron
exchange can be treated in terms of a nonadiabatic process.
There is no indication that the rate of triplet energy transfer is
controlled by solvation dynamics[39] or by vibronic process-
es,[40] despite the close proximity of the reactants. Electronic
coupling at the triplet level is modest (VDA � kBT) and


comparable to other closely spaced dyads.[41] In the present
molecules, however, the identity of the bridge is not obvious.
We have described pyr ± Ru as being a tripartite donor-
connector ± acceptor molecule of the type D ± C ± A where the
connector (C) is an ethynylene group. The molecule could be
described equally well as a donor ± acceptor D ± A system
where the ethynylene group is too intimately associated with
one or both of the reactants to be classified as a discrete
bridge. Certainly the bridge is not a simple acetylene group
since the triplet energies of such moieties are too high to
effectively mediate through-bond electron exchange in pyr ±
Ru by the superexchange mechanism.[42, 43] It is interesting to
note in this context that ab initio molecular orbital calcu-
lations made at the CIS/3 ± 21G level provide some indica-
tions for how the ethynylene group might affect the triplet
energy of pyrene. These calculations indicate that the triplet
energy drops from 16 500 cmÿ1 for pyrene to 16 000 cmÿ1 for
1-ethynylpyrene while room temperature phosphorescence
spectra confirm the validity of both values. The triplet energy
of this latter compound is too high to properly reflect that of
the pyrene-like triplet in pyr ± Ru but the calculated (ET�
15 600 cmÿ1) and measured (ET� 15 400 cmÿ1) triplet energies
found for pyr ± bpy are in much closer agreement with the
energy of the pyrene-like triplet in the dyad, as derived from
kinetic measurements. The implication drawn from these
calculations, therefore, is that there is direct communication
between the two triplet states and that triplet energy transfer
does not involve virtual population of a triplet localized on the
ethynylene connector.


Finally, some comparison can be made between ªRu(bpy)º
and ªRu(terpy)º terminals. At first glance, the results
obtained with pyr ± Ru(terpy) appear disappointing in that
the pyrene appendage provides little stabilization of the
ªRu(terpy)º triplet state[44] because of the energy spacing.
This is a false impression, however, since the triplet lifetime
(tT� 570 ns) observed for pyr ± Ru(terpy) greatly exceeds that
recorded for any other ethynylated mononuclear ªRu(terpy)º
fragment at room temperature, where tT values tend to be
about 50 ns.[11] Although a variety of strategies[45±50] has been
tried in an effort to prolong the triplet lifetime of mono-
nuclear ªRu(terpy)º-based compounds, the attachment of an
ethynylated-pyrene unit gives a triplet state of unsurpassed
longevity. In fact, the triplet lifetime found for pyr ± Ru(terpy)
is similar to those measured for certain alkyne-bridged
binuclear ªRu(terpy)º complexes where the lifetime is
prolonged because of extensive electron delocalization over
the ditopic ligand.[24, 51] Additional studies have confirmed
that the triplet lifetime increases when the energy of the
bridge approaches that of the terminals as a result of increased
electron delocalization.[50] This is unlikely to be the case with
pyr ± Ru(terpy), however, since the pyrene unit is much more
difficult to reduce than is the coordinated terpy ligand.
Instead, the extra stabilization of the MLCT triplet inferred
for pyr ± Ru(terpy) relative to other ethynylated mononuclear
ªRu(terpy)º complexes is attributed to mixing between the
MLCT triplet and the pyrene-like p,p* triplet. This same
effect, by introducing more p,p* character into the MLCT
triplet, could be responsible for the decreased re-organization
energy noted for pyr ± Ru(terpy).







FULL PAPER A. Harriman, R. Ziessel et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0511-3378 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 113378


Experimental Section


Materials : 1-Bromopyrene, tri-n-butylphosphane, 2,2'-bipyridine, and CuI
were obtained from commercial sources and used without further
purification. 5-Bromo-2,2'-bipyridine,[19] 5-ethynyl-2,2'-bipyridine,[21] 4'-
[{(trifluoromethyl)sulfonyl}oxy]-2,2':6',2''-terpyridine,[20] 4'-ethynyl-
2,2':6',2''-terpyridine,[21] [Pd(PPh3)4],[52] trans-[Pt(PnBu3)Cl2],[53] cis-[Ru-
(bpy)2Cl2] ´ 2H2O,[54] and cis-[Os(bpy)2Cl2][55] were prepared and purified
according to literature procedures. All reactions were carried out under dry
argon with the Schlenk-tube techniques. Solvents, including diisopropyl-
amine, were dried over suitable reagents and distilled under argon
immediately prior to use. The 200 (1H) and 50 (13C{1H}) MHz NMR
spectra were recorded at room temperature unless otherwise specified with
perdeuterated solvents with residual protiated solvent acting as internal
standard: for 1H spectra d� 7.26 for CDCl3, d� 5.32 for CD2Cl2; for 13C
spectra d� 77.0 for CDCl3 and d� 53.8 for CD2Cl2. All carbon signals were
detected as singlets. Fast-atom bombardement (FAB, positive mode) mass
spectra were recorded with a ZAB-HF-VB-analytical apparatus with m-
nitrobenzyl alcohol (m-NBA) as matrix. FT-IR spectra were recorded as
KBr pellets. Melting points were obtained with a capillary melting point
apparatus in open-ended capillaries and are uncorrected. Evidence for the
molecular formulation is based on 1H and 13C{1H} NMR spectra for both
structure and purity.


1-Trimethylsilylethynyl-pyrene (pyrC�CTMS): A Schlenk flask was charg-
ed with 1-bromopyrene (0.100 g, 0.25 mmol), trimethylsilylacetylene
(0.49 mL, 0.71 mmol), [Pd(PPh3)4] (0.024 g, 6 % mol) and Ar-purged
(nPr)NH2 (10 mL). The highly fluorescent solution was heated at 60 8C.
After complete consumption of the starting material (heating overnight),
the solvent was removed under vacuum. The crude product was purified by
flash chromatography on a column packed with silica gel and eluting with a
gradient of dichloromethane in hexane from 0 to 2%. The analytically pure
compound was obtained after recrystallization from hot hexane (0.097 g,
93%). Rf� 0.47 (silica gel, hexane/dichloromethane 4:1 v/v); m.p.: 102 ±
103 8C; 1H NMR (CD2Cl2): d� 8.59 (d, 1H, 3J� 9.13 Hz), 8.09 (m, 8H),
0.56 (s, 9H); 13C{1H} NMR (CDCl3): d� 132.5, 131.7, 131.5, 131.3, 130.2,
128.8, 128.6, 127.4, 126.6, 126.4, 125.7, 124.8, 124.6, 124.4, 117.9, 104.5
(CCethynyl), 100.7 (CCethynyl), 0.47 (Si-CH3); FT-IR (KBr pellets, cmÿ1): nÄ �
2977 (s), 2150 (C�C) (s), 1652 (m), 1598 (m), 1485 (m), 1450 (m), 1406 (m),
1251 (s), 1183 (m), 1090 (m), 1048 (s), 896 (s), 846 (s), 756 (s), 716 (s), 632
(m), 323 (m); FAB� (m-NBA): 298.1 [M�H]� , 283.1 [MÿCH3]� , 226.0
[Mÿ Si(CH3)3]� ; UV/Vis (hexane) lmax (e)� 377 (2100), 357 (62 200), 388
(40 900), 323 (17 100), 277 (53 500), 266 (31 200), 256 (14 500), 242 (39 200),
230 nm (36 100 mÿ1 cmÿ1); anal. calcd (%) for C21H18Si (Mr�
298.46 gmolÿ1): C 84.51; H 6.01; found: C 84.42; H 5.98.


1-Ethynyl-pyrene (pyrC�CH): Solid KF (0.060 g, 0.9 mmol) was added to a
stirred solution of 1-trimethylsilylethynyl-pyrene (0.090 g, 0.3 mmol) in
tetrahydrofuran/methanol (40 mL 1:1 v/v). After complete consumption of
the starting material (three days), the solution was concentrated by rotary
evaporation to give a crude product which was purified by flash
chromatography on a column packed with alumina and eluting with a
mixture of hexane/dichloromethane 99:1 to yield 1-ethynylpyrene (0.067 g,
99%). Rf� 0.38 (alumina, hexane/dichloromethane 4:1 v/v); m.p.: 102 ±
103 8C; 1H NMR (CDCl3): d� 8.57 (d, 1 H, 3J� 9.13 Hz), 8.04 (m, 8 H), 3.69
(s, 1H); 13C{1H} NMR (CDCl3): d� 132.3, 131.4, 131.0, 130.8, 129.9, 128.4,
128.2, 127.0, 126.1, 125.6, 125.5, 125.1, 124.2, 123.9, 116.3, 82.8 (CCethynyl),
82.6 (CCethynyl); FT-IR (KBr, cmÿ1): nÄ � 3295 (C�C-H) (s), 2977 (s), 2090
(C�C) (m), 1654 (m), 1414 (m), 1262 (m), 1088 (s), 1048 (s), 880 (s), 837 (s),
756 (s), 713 (s), 643 (m), 593 (m), 218 (s); FAB� (m-NBA): 226.1 [M]� ,
213.1 [MÿCH]� ; UV/Vis (CH2Cl2) lmax (e)� 383 (2100), 374 (1700), 358
(27 300), 342 (18 900), 272 (15 500), 262 (7400), 247 (28 600), 237 (22 100),
218 (12 500), 210 (11 400), 208 (11 100), 201 nm (10 700 mÿ1 cmÿ1); anal.
calcd (%) for C18H10 (Mr� 226.28 gmolÿ1): C 95.55; H 4.45; found: C 95.47;
H 4.39.


4''-(1-Ethyny-pyrene)-2,2'':6'',2''''-terpyridine (pyr ± terpy): A similar exper-
imental procedure was used as that described for preparation of 1-trime-
thylsilylethynyl-pyrene: 1-ethynyl-pyrene (0.13 mmol, 0.029 g), 4'-{[(tri-
fluoromethyl)sulfonyl]oxy}-2,2':6',2''-terpyridine (0.13 mmol, 0.050 g), ben-
zene (10 mL), diisopropylamine (1.5 mL). After the solution was stirred for
18 hours, the solvent was removed. The crude product was chromato-
graphed on alumina eluting with a gradient of dichloromethane in hexane


from 0 to 50%. Analytically pure compound was obtained (0.057 g, 95%).
1H NMR (CDCl3): d� 8.79 ± 8.63 (m, 7H), 8.27 ± 8.00 (m, 8H), 7.90 (td, 2H,
3J� 7.63 Hz, 4J� 1.83 Hz), 7.41 ± 7.35 (m, 2 H); 13C{1H} NMR (CDCl3): d�
155.7, 155.6, 149.2, 136.9, 133.6, 132.3, 131.8, 131.2, 131.0, 130.1, 128.7, 128.6,
127.2, 126.3, 125.9, 125.8, 125.5, 124.6, 124.1, 122.8, 121.3, 116.7 (CCethynyl),
93.1(CCethynyl) ; FT-IR (KBr, cmÿ1): nÄ � 3039 (m), 2977 (s), 2924 (m), 2197
(C�C) (m), 1653 (m), 1576 (s), 1462 (m), 1386 (s), 1262 (m), 1087 (s), 1048
(s), 883 (m), 835 (s), 786 (s), 712 (s), 611 (s), 227 (vs); FAB� (m-NBA): 458.2
[M�H]� ; anal. calcd (%) for C33H19N3 (Mr� 457.5 g molÿ1): C 86.63, H
4.19, N 9.18; found: C 86.54, H 4.09, N 9.10.


5-(1-Ethynyl-pyrene)-2,2''-bipyridine (pyr ± bpy): A similar experimental
procedure was used as that described above for preparation of 1-trime-
thylsilylethynyl-pyrene: 1-ethynyl-pyrene (0.22 mmol, 0.050 g), 5-bromo-
2,2'-bipyridine (0.22 mmol, 0.052 g), benzene (10 mL), diisopropylamine
(5 mL). After the solution was stirred for 15 hours, the solvent was removed
under vacuum. The crude product was first chromatographed on silica
eluting with a gradient of dichloromethane in hexane from 0 to 100 %,
followed by a second chromatography on alumina with the same gradient.
Analytically pure compound was obtained (0.076 g, 90 %). 1H NMR
(CDCl3): d� 9.00 (d, 1 H, 4J� 1.83 Hz), 8.72 (d, 1H, 4J� 3.67 Hz), 8.65 (d,
1H, 3J� 9.16 Hz), 8.48 (4 line multiplet, 2H), 8.16 (16 line multiplet, 9H),
7.85 (td, 1 H, 3J� 7.63 Hz, 4J� 1.83 Hz), 7.35 (qd, 1H, 3J� 4.89 Hz, 4J�
1.22 Hz); 13C{1H} NMR (CDCl3): d� 155.5, 154.8, 151.7, 148.3, 139.3,
137.0, 132.2, 132.0, 131.9, 131.6, 131.2, 131.0, 129.7, 128.6, 128.5, 128.4, 127.2,
126.3, 125.8, 125.3, 124.6, 123.9, 121.4, 120.6, 120.4, 116.9, 92.9 (CCethynyl),
92.0 (CCethynyl) ; FT-IR (KBr, cmÿ1): nÄ � 3030 (m), 2976 (s), 2925 (m), 2194
(C�C) (m), 1653 (m), 1574 (m), 1537 (w), 1452 (s), 1428 (s), 1262 (m), 1183
(m), 1088 (s), 1048 (s), 882 (m), 841 (s), 793 (s), 736 (s), 711 (s), 219 (s);
FAB� (m-NBA): 381.2 [M�H]� ; UV/Vis (CH2Cl2) lmax (e)� 394 (49 100),
371 (51 100), 308 (34 700), 279 (44 700), 235 (53 500), 215 (27 800), 213
(28 100), 203 nm (27 000 mÿ1 cmÿ1); anal. calcd (%) for C28H16N2 (Mr�
380.4 gmolÿ1): C 88.40; H 4.24; N 7.36; found: C 88.37; H 4.19; N 7.30.


[Ruthenium(iiii)bis(2,2''-bipyridine)(5-{1-ethynyl-pyrene}-2,2''-bipyridine)]-
(PF6)2 [pyr ± Ru]: A stirred solution of ethanol (10 mL) with cis-[Ru(bpy)2-


Cl2] ´ 2H2O (0.08 mmol, 0.041 g) and pyr ± bpy (0.08 mmol, 0.030 g) was
heated at 80 8C for 16 hours. After the solution cooled to room temper-
ature, potassium hexafluorophosphate (0.16 mmol, 0.029 g) in water
(5 mL) was added and the organic solvent was evaporated to give a red
solid. The crude precipitate was first chromatographed on alumina eluting
with a gradient of methanol in dichloromethane from 0 to 5%, followed by
a second chromatography on alumina eluting with CH3CN to give the
required product as an analytically pure red solid (0.040 g, 47%). 1H NMR
(CDCl3): d� 8.54 (m, 7 H), 8.18 (m, 14 H), 7.95 (d, 1 H, 4J� 1.52 Hz), 7.88
(4 line multiplet, 2 H), 7.83 (m, 3H), 7.47 (m, 5H); 13C{1H} NMR (CDCl3):
d� 158.0, 157.9, 157.4, 156.7, 154.3, 152.9, 152.7, 152.5, 140.2, 138.8, 133.2,
132.8, 131.9, 131.7, 130.7, 130.0, 129.9, 128.6, 128.5, 128.0, 127.7, 127.2, 125.7,
125.6, 125.4, 125.3, 125.2, 124.8, 116.1, 96.4 (CCethynyl), 90.7 (CCethynyl) ; FT-IR
(KBr, cmÿ1): nÄ � 3036 (m), 2975 (s), 2195 (C�C) (m), 1603 (m), 1465 (s),
1447 (s), 1242 (m), 1164 (m), 840 (s), 763 (s), 731 (s), 558 (s); FAB� (m-
NBA): 939.0 [MÿPF6]� , 794.0 [Mÿ 2PF6], 638.0 [Mÿ 2 PF6ÿ bpy]; UV/
Vis (CH3CN) lmax (e)� 416 (45 200), 380 (40 600), 358 (33 100), 353 (33 100),
339 (30 500), 280 (118 300), 237 nm (75 800 mÿ1 cmÿ1); anal. calcd (%) for
C48H32N6RuP2F12 (Mr� 1083.8 g molÿ1): C 53.19; H 2.98; N 7.75; found: C
52.83; H 2.63; N 7.59.


[Osmium(iiii)bis(2,2''-bipyridine)(5-{1-ethynyl-pyrene}-2,2''-bipyridine)]-
(PF6)2 [pyr ± Os]: A stirred solution of ethanol (10 mL) with cis-[Os(b-
py)2Cl2] (0.10 mmol, 0.060 g) and pyr ± bpy (0.10 mmol, 0.040 g) was heated
at 80 8C for 16 hours. After the solution cooled to room temperature,
potassium hexafluorophosphate (0.2 mmol, 0.038 g) in water (5 mL) was
added before the organic solvent was removed by evaporation, to give the
required product as a red solid. The crude precipitate was chromato-
graphed on alumina eluting with a gradient of dichloromethane in hexane
from 50 to 100 %. This was followed by a second chromatography on silica
eluting with a gradient of methanol in dichloromethane from 0 to 3 %. The
analytically pure compound was isolated as a dark green solid (0.029 g,
30%). FT-IR (KBr, cmÿ1): nÄ � 2923 (s), 2195 (C�C) (m), 1601 (m), 1460 (s),
1313 (m), 1243 (m), 1109 (m), 841 (s), 764 (m), 619 (m), 556 (m); FAB�


(tetraglyme): 1029.0 [MÿPF6�H]� , 884.0 [Mÿ 2PF6�H]� ; UV/Vis
(CH3CN) lmax (e)� 408 (23 900), 380 (23 800), 360 (20 100), 284 (72 600),
237 nm (46 900 mÿ1 cmÿ1); anal. calcd (%) for C48H32N6OsP2F12 (Mr�
1172.9 gmolÿ1): C 49.15; H 2.75; N 7.16; found: C 49.02; H 2.68; N 7.09.
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Pyr ± Pt ± pyr�pyr ± Pt ± Cl : A Schlenk flask was charged with 1-ethynyl-
pyrene (0.05 g, 0.22 mmol) and freshly distilled tetrahydrofuran (20 mL).
The flask was cooled to ÿ78 8C and n-BuLi (0.14 mL, 0.22 mmol) was
slowly added through a syringe. The solution was stirred for 30 min before
addition of SnMe3Cl (0.066 g, 0.33 mmol). The pale yellow solution was
warmed to ÿ20 8C and stirred for an additional two hours, after which was
added trans-[Pt(PnBu3)2Cl2] (0.148 g, 0.22 mmol) and CuI (0.006 g,
0.0031 mmol). The mixture was maintained overnight at 60 8C before
removal of the solvent under vaccum. The crude precipitate was first
chromatographed on silica gel eluting with a gradient of dichloromethane
in hexane from 50 to 100 %. The isolated product was dissolved in a mixture
of hexane/CH2Cl2 1:1 and filtered over alumina. The recovered precipitate
was a mixture of pyr ± Pt ± Cl (94 %) and pyr ± Pt ± pyr (6 %). For pyr ± Pt ±
pyr : 1H NMR (CDCl3): d� 8.85 (d, 2 H, 3J� 9.1 Hz), 8.07 (m, 16H), 2.31
(m, 12H, P-CH2-(CH2)2-CH3), 1.47 (m, 24 H, P-CH2-(CH2)2-CH3), 0.98 (t,
18H, 3J� 7.3 Hz, P-(CH2)3-CH3); 13C{1H} NMR (CDCl3): d� 131.6, 131.5,
131.1, 129.1, 128.6, 127.4, 126.9, 126.5, 126.2, 125.8, 124.8, 124.6, 124.5, 124.4,
116.3 (C�C), 108.5 (C�C), 26.6 ± 23.9 (P-(CH2)3-CH3), 13.9 (CH3); 31P{1H}
NMR (CDCl3): d��4.89 (pseudo t, JP,Pt� 2351 Hz); FT-IR (KBr pellet,
cmÿ1): nÄ � 3033 (m), 2926 (m), 2864 (s), 2077 (s, C�C-Pt), 1654 (m), 1591
(m), 1451 (m), 1276 (m), 1215 (m), 1180 (m), 1085 (m), 1050 (s), 966 (m),
886(m), 838 (s), 715 (s); FAB� (m-NBA) m/z : 1049.3 [M�H]� ; UV/Vis
(CH2Cl2) lmax (e)� 396 (91 500), 383 (74 600), 364 (53 500), 285 (61 600), 229
(81 800), 213 (34 200), 211 (33 900), 208 (33 600), 206 nm (33 100 mÿ1 cmÿ1);
anal. calcd (%) for C60H72P2Pt (Mr� 1050.28 gmolÿ1): C 68.92, H 6.91;
found: C 68.83, H 6.80. For pyr ± Pt ± Cl : 1H NMR (CDCl3): d� 8.70 (d, 1H,
3J� 9.1 Hz), 8.03 (m, 8H), 2.10 (m, 12H, P-CH2-(CH2)2-CH3), 1.47 (m,
24H, P-CH2-(CH2)2-CH3), 0.91 (t, 18 H, 3J� 7.3 Hz, P-(CH2)3-CH3); 31P{1H}
NMR (CDCl3): d��7.95 (pseudo t, JP,Pt� 2368 Hz). FT-IR (KBr pellet,
cmÿ1): nÄ � 2926 (s), 2098 (s, C�C-Pt), 1654 (m), 1596 (m), 1458 (m), 1262
(m), 1227 (m), 1088 (s), 1048 (s), 880 (m), 848 (m), 801 (m), 719 (m); FAB�


(m-NBA) m/z : 860.3 [M�H]� ; UV/Vis (CH2Cl2) lmax (nm) (e)� 390
(39 600), 379 (52 800), 360 (43 800), 284 (45 600), 226 (64 900), 212 (35 170),
203 nm (31 200 mÿ1 cmÿ1); anal. calcd (%) for C42H63P2PtCl (Mr�
860.46 gmolÿ1): C 58.63; H 7.38; found: C 58.56; H 7.49.


trans-(Pyrene-1-yl-ethynyl)-(2,2''-bipyridine-5-yl-ethynyl)-bis(tri-n-butyl-
phosphane)platinum(iiii) (pyr ± Pt ± bpy): The crude precipitate comprising
94% of pyr ± Pt ± Cl (0.028 g, 0.033 mmol) was added to a mixture of
5-ethynyl-2,2'-bipyridine (0.006 g, 0.033 mmol), diisopropylamine (5 mL),
CuI (0.001 g, 0.005 mmol), and tetrahydrofuran (10 mL). The solution was
stirred at room temperature for 10 days before removal of the solvent
under vacuum. The crude precipitate was chromatographed on silica
eluting first with a gradient of dichloromethane in hexane from 50 to 100 %
and then with a gradient methanol in dichloromethane from 0 to 5%. The
product was recrystallized from dichloromethane/hexane (76 %). 1H NMR
(CDCl3): d� 8.73 (d, 1H, 3J� 9.1 Hz), 8.67 (d, 1H, 3J� 3.9 Hz), 8.62 (s,
1H), 8.37 (1H, d, 3J� 7.9 Hz), 8.27 (d, 1 H, 3J� 7.9 Hz), 7.99 (m, 9H), 7.85 (t,
1H, 3J� 7.6 Hz), 7.69 (d, 1 H, 3J� 7.6 Hz), 2.20 (m, 12H, P-CH2-(CH2)2-
CH3), 1.49 (m, 24 H, P-CH2-(CH2)2-CH3), 0.94 (t, 18 H, 3J� 7.3 Hz,
P-(CH2)3-CH3); 13C{1H} NMR (CDCl3): d� 156.2, 151.5, 151.2, 149.1,
138.2, 136.8, 131.5, 131.4, 130.9, 128.9, 128.6, 127.4, 126.8, 126.5, 126.3, 125.7,
124.8, 124.5, 124.3, 123.1, 120.8, 120.2, 115.7 (C�C), 115.2 (C�C), 108.5
(C�C), 106.3 (C�C), 23.4 ± 26.7 (P-(CH2)3-CH3), 13.9 (CH3); 31P{1H} NMR
(CDCl3): d��4.24 (pseudo t, JP,Pt� 2341 Hz); FT-IR (KBr pellet, cmÿ1):
nÄ � 2957 (m), 2928 (m), 2864 (s), 2093 (s, C�C-Pt), 1713 (m), 1631 (m), 1592
(m), 1453 (m), 1262 (m), 1215 (m), 1103 (m), 906 (m), 850 (s), 803 (m), 721
(m), 618 (s); FAB� (m-NBA) m/z : 1004.4 [M�H]; UV/Vis (CH2Cl2) lmax


(e)� 392 (48 900), 380 (55 300), 362 (53 200), 344 (41 800), 285 (44 400), 227
(52 700), 201 nm (31 300 mÿ1 cmÿ1); anal. calcd (%) for C54H70P2N2Pt (Mr�
1004.2 gmolÿ1): C 64.59, H 7.03, N 2.79; found: C 64.94, H 7.04, N 2.75.


trans-(Pyrene-1-yl-ethynyl)-(2,2'':2,6''-terpyridine-4''-yl-ethynyl)-bis(tri-n-
butylphosphane)platinum(iiii) (pyr ± Pt ± terpy): A similar experimental
procedure was followed as that described for preparation of pyr ± Pt ±
bpy : 4'-ethynyl-2,2':2,6'-terpyridine (0.044 mmol, 0.011 g), a mixture of
pyr ± Pt ± Cl and pyr ± Pt ± pyr containing 0.038 g of pyr ± Pt ± Cl. Yield
0.029 g, 60 %; 1H NMR (CDCl3): d� 9.30 (m, 3 H), 8.56 (d, 2H, 3J�
10.4 Hz), 8.37 (s, 2H), 8.05 (m, 8H), 8.27 (td, 2H, 3J� 7.6 Hz, 4J�
1.8 Hz), 7.34 (dd, 1H, 3J� 4.9 Hz, 4J� 1.2 Hz), 7.30 (dd, 1 H, 3J� 4.9 Hz,
4J� 1.2 Hz), 2.20 (m, 12H, P-CH2-(CH2)2-CH3), 1.51 (m, 24 H, P-CH2-
(CH2)2-CH3), 0.96 (t, 18H, 3J� 7.3 Hz, P-(CH2)3-CH3); 31P{1H} NMR
(CDCl3): d��4.30 (pseudo t, JP,Pt� 2336 Hz); FT-IR (KBr pellet, cmÿ1):


nÄ � 2977 (m), 2926 (m), 2082 (s, C�C-Pt), 1654 (m), 1458 (m), 1262 (m),
1088 (m), 1047 (m), 880 (s), 803 (m); FAB� (m-NBA) m/z : 1081.5 [M�
H]� ; anal. calcd (%) for C59H73P2N3Pt (Mr� 1081.29 gmolÿ1): C 64.54; H
6.80; N 3.89; found: C 65.29; H 6.59; N 3.65.


[Ruthenium(iiii) bis(2,2''-bipyridine)(trans-{pyrene-1-yl-ethynyl}-{2,2''-bipy-
ridine-5-yl-ethynyl}bis{n-butylphosphane}platinum)](PF6)2 [pyr ± Pt ± Ru]:
Following the procedure described above for preparation of pyr ± Ru,
reaction of pyr ± Pt ± bpy (0.030 g, 0.029 mmol) and cis-[Ru(bpy)2Cl2] ´
2H2O (0.015 g, 0.029 mmol) afforded the red-orange pyr ± Pt ± Ru
(0.028 g, 55%). 1H NMR (CDCl3): d� 8.63 (d, 1H, 3J� 9.1 Hz), 7.87 (m,
31H), 2.04 (m, 12H, P-CH2-(CH2)2-CH3), 1.38 (m, 24H, P-CH2-(CH2)2-
CH3), 0.83 (t, 18 H, 3J� 7.0 Hz, P-(CH2)3-CH3); 31P{1H} NMR (CDCl3): d�
�6.63 (pseudo t, JP,Pt� 2321 Hz); FT-IR (KBr pellet, cmÿ1): nÄ � 2926 (m),
2885 (m) 2084 (m, C�C-Pt), 1593 (m), 1453 (m), 1387 (m), 1314 (m), 1110
(s), 846 (m), 769 (m), 725 (m); FAB� (m-NBA) m/z : 1453.5 [MÿCl], 1417.5
[Mÿ 2Cl]; UV/Vis (CH3CN) lmax (e)� 389 (47 800), 379 (49 700), 361
(39 900), 280 nm (133 200 mÿ1 cmÿ1); anal. calcd (%) for
C74H86N6RuPtP4F12�C7H8�CH3CN (Mr� 1707.58�92.14�41.05 gmolÿ1):
C 54.16; H 5.31; N 5.33; found: C 54.26; H 5.41; N 5.69.


[Osmium(iiii) bis(2,2''-bipyridine)(trans-{pyrene-1-yl-ethynyl}{2,2''-bipyri-
dine-5-yl-ethynyl} bis{n-butylphosphane}platinum)](PF6)2 [pyr ± Pt ± Os]:
Following the procedure described above for preparation of pyr ± Os,
reaction of pyr ± Pt ± bpy (0.030 g, 0.029 mmol) and cis-[Os(bpy)2Cl2]
(0.017 g, 0.029 mmol) afforded the red-orange pyr ± Pt ± Os (0.011 g,
21%); 1H NMR (CDCl3): d� 8.63 (d, 1H, 3J� 9.1 Hz), 7.87 (m, 31H),
2.05 (m, 12H, P-CH2-(CH2)2-CH3), 1.40 (m, 24H, P-CH2-(CH2)2-CH3), 0.86
(t, 18 H, 3J� 7.1 Hz, P-(CH2)3-CH3); 31P{1H} NMR (CDCl3): d��4.36
(pseudo t, JP,Pt� 2310 Hz); FT-IR (KBr pellet, cmÿ1): nÄ � 2927 (s), 2863 (m),
2083 (s, C�C-Pt), 1588 (m), 1459 (m), 1104 (m), 1088 (s), 842 (m), 764 (m);
FAB� (m-NBA) m/z : 1651.6 [MÿPF6], 1507.6, [M�Hÿ 2 PF6]; UV/Vis
(CH3CN) lmax (e)� 471 (12 900), 389 (43 900), 378 (46 800), 283 (73 300),
226 (46 400), 226 nm (48 600 mÿ1 cmÿ1); anal. calcd (%) for
C74H86N6OsPtP4F12�C7H8 (Mr� 1796.7� 92.14 gmolÿ1): C 51.51; H 5.02;
N 4.45; found: C 51.13; H 4.82; N 4.53.


[Ruthenium(iiii) (2,2'':6'',2''''-terpyridine)(4''-{1-ethynyl-pyrene}-2,2'':6'',2''''-ter-
pyridine] (PF6)2 [pyr ± Ru(terpy)]: A stirred solution of [Ru(terpy)(dm-
so)Cl2] (0.06 mmol, 0.032 g) and AgBF4 (0.13 mmol, 0.025 g) in Ar-purged
methanol (20 mL) was heated at 80 8C for eight hours. After the reaction
mixture was cooled to room temperature, the deep-red solution was
transferred through a cannula to a suspension of [4'-(1-ethylnyl-pyrene)-
terpy] (0.05 mmol, 0.025 g) in methanol (5 mL). After the reaction was
stirred for 16 hours, a solution of KPF6 (0.33 mmol, 0.060 g) in water
(10 mL) was added before removal of the solvent. The precipitate was
chromatographed on alumina, eluting with a gradient of methanol in
dichloromethane from 0 to 10% (0.040 g, 68%). 1H NMR ([D6]acetone):
d� 9.47 (br s, 3 H), 8.99 (4 line multiplet, 5H), 8.36 (16 line multiplet, 16H),
7.93 (d, 3H, 3J� 5.14 Hz), 7.42 (m, 3H); 13C{1H} NMR (CD3CN): d� 158.6,
156.3, 153.8, 139.4, 139.2, 133.5, 131.9, 131.4, 130.5, 130.3, 128.8, 128.2, 127.9,
127.5, 126.4, 126.0, 125.8, 125.2, 124.8, 116.3, 97.2 (CCethynyl), 93.1 (CCethynyl) ;
FT-IR (KBr pellet, cmÿ1): nÄ � 3423 (m), 2927 (m), 2192 (m, C�C), 1605 (s),
1470 (s), 1415 (m), 1241 (m), 1111 (s), 1029 (m), 843 (s);. FAB� (m-NBA)
m/z : 937.2 [MÿPF6]� , 792.0 [Mÿ 2PF6]� , 591.0 [Mÿ 2PF6ÿ pyr]� , 567.0
[Mÿ 2PF6ÿ pyrC�C]� ; UV/Vis (CH3CN) lmax (e)� 511 (44 800), 411
(22 200), 385 (31 100), 365 (28 200), 309 (47 000), 281 (53 200), 277 nm
(49 100 mÿ1 cmÿ1); anal. calcd (%) for C48H30N6RuP2F12�CH3CN (Mr�
1081.8�41.1 g molÿ1): C 53.48; H 2.96; N 8.73; found: C 53.26; H 3.02; N
8.59.


Methods : Absorption spectra were recorded at ambient temperature with a
Kontron Instruments Uvikon 930 spectrophotometer. Luminescence
spectra were recorded in deoxygenated acetonitrile at 20 8C with a
Perkin-Elmer LS50 spectrofluorimeter equipped with a red-sensitive
photomultiplier tube. The emission spectra were corrected for imperfec-
tions of the instrument by reference to a standard lamp. Only a small
correction factor was required for wavelengths between 550 and 800 nm
but this factor became progressively more important between 800 and
900 nm. Emission maxima were reproducible to within �5 nm. Quantum
yields were calculated relative to ruthenium(ii) and osmium(ii) tris(2,2'-
bipyridyl) complexes in acetonitrile[29, 56] with dilute solutions after
deoxygenation by purging with argon. Luminescence quantum yields were
taken as the average of three separate determinations and were reprodu-
cible to within �8% but, because of the low emission probability for the
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osmium(ii)-based chromophores, these derived quantum yields should be
regarded as being approximate (i.e., �25%). Luminescence spectra used
for curve-fitting analysis were recorded with a mode-locked argon-ion laser
emitting at 514 nm as the excitation source so that a narrow slit could be
used for the emission monochromator.


Emission lifetimes were measured following excitation of the sample with a
25 ps laser pulse at 532 nm as delivered by a frequency-doubled, mode-
locked Nd-YAG laser. For some studies, the excitation pulse was Raman
shifted with perdeuterated cyclohexane to produce excitation wavelengths
of 598 and 465 nm. The laser intensity was attenuated to 5 mJ per pulse and
incident pulses were defocussed onto an adjustable pinhole positioned in
front of the sample cuvette. Luminescence was collected with a microscope
objective lens at 908 to excitation and isolated from any scattered laser light
with non-emissive glass cut-off filters. The emergent luminescence was
focussed onto the entrance slit of a Spex high-radiance monochromator and
thereby passed to a fast-response photodiode. The output signal was
transferred to a Tektronix SCD1000 transient recorder and subsequently to
a microcomputer for storage and analysis. Approximately 500 individual
laser shots, collected at 10 Hz, were averaged for kinetic measurements.
The temporal resolution of this instrument was about 200 ps but could be
improved to about 50 ps when needed by replacing the photodiode with a
cooled microchannel plate phototube. Emission lifetimes measured with
this setup were reproducible to within �10 %. All kinetic measurements
were made with samples previously deoxygenated by purging with argon
and the absorbance of each solution was adjusted to be about 0.08 at
532 nm. Data analysis was made by a nonlinear, least squares iterative
fitting routine that utilized a modified Levenberg-Marquardt global
minimization procedure, after deconvolution of the instrument response
function.[57] Certain studies were made following excitation with a 20 ns
laser pulse at 532 nm using the facilities available at the Paterson Institute
for Cancer Research, Manchester (England). The signal was detected with
a red-sensitive PMT and analyzed by computer iteration.


Transient differential absorption spectra were recorded after excitation of
the sample in deoxygenated acetonitrile with a 25 ps laser pulse at 532 nm.
Where appropriate the excitation pulse was Raman shifted with perdeu-
terated cyclohexane to produce excitation wavelengths of 598 and 465 nm
or frequency-doubled to 355 nm. The monitoring beam was provided by a
pulsed, high-intensity Xe arc lamp passed through the sample at 908 to the
excitation pulse. Spectra were compiled point-by-point, with five individual
records being collected at each wavelength, with a Spex high-radiance
monochromator operated with 2 nm slits. Kinetic measurements were
made at fixed wavelength, with 300 individual laser shots being averaged
for each decay profile. The time resolution of this setup was restricted to
about 3 ns by the risetime of the PMT but was improved to about 50 ps by
replacing the Xe monitoring beam with a pulse of white light generated by
focussing residual laser light into a mixture of D2O/H2O. The excitation
pulse was delayed with respect to that of the continuum with a computer-
controlled optical delay stage and the two pulses were directed almost
collinearly through the sample cell. The continuum pulse was split 50:50
before the sample cell so as to provide sample and reference beams. After
passing through the sample, these beams were collected by fiber optics and
analyzed with an image-intensified, Princeton dual-diode array spectro-
graph. The spectrometer was operated at 10 Hz, with 100 individual laser
shots being averaged at each delay time. Baseline corrections were applied
and emission was subtracted from the resultant spectra by recording
control signals without the excitation or continuum pulses. Differential
absorption spectra were corrected for distortions by reference to the optical
Kerr effect obtained from CS2.


Improved time resolution was achieved using a frequency-doubled, mode-
locked Antares 76S pumped dual-jet dye laser operated with pyromethene
dye. The 565 nm output beam was split into two parts with approximately
80% and 20% of the total intensity, respectively. The most intense beam
was used as the excitation source (FHWM� 350 fs) while the weaker beam
was depolarized and focussed into a 1 cm cuvette filled with water to
produce a white light continuum for use as the analyzing pulse. The
continuum was split into two equal beams before reaching the delay stage
so as to provide a reference beam by which to normalize the transient
absorption spectrum. This reference beam arrived at the sample cell about
1 ns before the excitation and analyzing beams; with the latter two pulses
passing almost collinearly through the sample. Detection and data analysis
was made as mentioned above. Certain flash photolysis studies were made


with a frequency-doubled, Q-switched Nd-YAG laser (FWHM� 20 ns)
using the facilities available at the Paterson Institute for Cancer Research,
Manchester (England).


Curve fitting of corrected emission spectra followed the procedure
introduced by Meyer and co-workers.[10] Briefly, luminescence spectra
recorded for the various reference compounds were corrected for spectral
distortions of the instrument, reduced so as to display L/n3 versus n where L
is the luminescence intensity at wavenumber n and normalized. Each
spectrum was deconvoluted into the minimum number of Gaussian-shaped
bands needed to give a good representation of the complete spectrum with
the commercially available PEAKFIT program. From the indiviual
Gaussian components it was possible to identify i) the energy difference
between 0,0 vibronic levels in the triplet and ground states (E0), ii) the
average half-width at half maximum (Dn1/2) for the series of bands, and iii)
the average energy spacing between individual vibronic bands (�hw).
Subsequently, the entire emission spectrum was constructed with MATH-
CAD V6 and compared to the experimental spectrum using SCIENTIST in
order to refine the parameters and to estimate the size of the electron-
vibrational coupling constant S.


PM3 RHF-SCF MO calculations for the S0 and T1 levels of the pyrene
derivatives were made with the MOPAC93 program package. For the
configuration interaction calculations of the T1 state, the two highest
occupied (HOMO and HOMO-1) and two lowest unoccupied (LUMO and
LUMO� 1) orbitals were taken into consideration. Ab initio MO
calculations were made at the CIS/3 ± 21G level after energy-minimization
of the structure using the AMBER force field. Reduction potentials were
measured by cyclic voltammetry carried out in deoxygenated acetonitrile
containing tetra-N-butylammonium hexafluorophosphate (0.1m) as back-
ground electrolyte using a BAS CV-50W voltammetric analyzer. Pt wires
were used as both working and counter electrodes while a saturated
calomel electrode was used as reference. The system was calibrated against
a SCE separated from the solution by a presoaked glass frit and with
ferrocene as an internal reference. Reduction potentials were reproducible
to within 15 mV.
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Syntheses and 31P NMR Studies of Cyclic Oxothiomolybdate(v) Molecular
Rings: Exchange Properties and Crystal Structures of the Monophosphate
Decamer [(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ and the Diphosphate
Dodecamer [(HPO4)2Mo12S12O12(OH)12(H2O)2]4ÿ


Emmanuel Cadot, Bernadette Salignac, Thierry Loiseau, Anne Dolbecq,
and Francis SeÂcheresse*[a]


Abstract: Solutions containing variable
amounts of phosphate (noted P) and of
[Mov


12S12O12(OH)12(H2O)6] (noted
Mo12) were studied by 31P NMR spec-
troscopy. For 2� [P]/[Mo12]� 4, Na4-
[(HPO4)2Mo12S12O12(OH)12(H2O)2] ´ 27 -
H2O (2) was isolated in the solid state
and fully characterized by X-ray diffrac-
tion study. Compound 2 crystallizes
in the orthorhombic space group
Pnn2 [a� 17.712(3), b� 19.092(3), c�
11.135(1) �]. The original Mo12 ring
appears strongly deformed from circular
to elliptical which illustrates the flexi-
bility of the Mo skeleton under the
phosphate addition. Such a result is
explained by the pincer effect of the
HPO4


2ÿ chelating groups supported by
the mutual electrostatic repulsion be-


tween the two inner phosphato groups.
Compound 2 exhibits a remarkable
three-dimensional array resulting from
connections between Na� and Mo12


polyanions forming 20-membered cav-
ities stacked along pillars of sodium
atoms. A complete 31P NMR study
of 2 in aqueous solution revealed that
other species exist in solution, in
equilibrium with 2. For [P]/[Mo12]� 1,
orange crystals of [N(CH3)4]4Cl0.5-
[Mo10S10O10(OH)11(H2O)4]0.5 [(H2PO4)-
Mo10S10O10(OH)11(H2O)2]1.5 ´ 16 H2O (3)
were isolated. Compound 3 crystallizes


in the triclinic P1Å space group
[a� 15.8972(2), b� 18.0788(1), c�
22.4694(2) �, a� 94.71(1), b� 90.26(1),
g� 109.56(1)8]. The structure solu-
tion revealed two unexpected
decameric rings, a monophosphato one
[(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ


and a phosphate-free one [Mo10S10O10-
(OH)11(H2O)4]ÿ . The effects of pH,
temperature and concentrations ([P]
and [Mo12]) on the phosphate exchange
properties of 2 were studied by 31P
NMR. The exchanges revealed to be
slow enough on the NMR time scale to
observe distinct resonances related to
the presence of mono- and di-phosphato
species.


Keywords: molybdenum ´ ´ NMR ´
spectroscopy ´ polyoxometalates ´ ´
sulfur ´ ´ thiometalates


Introduction


Various aspects of the chemistry of the oxothiocation
[MV


2S2O2]2� M�Mo or W are currently under examination
and numerous structures based on the {M2S2O2} core have
been characterized, which differ in terms of the nature of the
associated anionic ligand.[1] Fully sulfurated dianionic clusters
containing terminal S2


2ÿ or S4
2ÿ ligands were used as starting


materials for reactions involving ligand substitution.[2±6] For
instance, Coucouvanis and Shibahara reported that terminal
Sx


2ÿ ligands could be substituted by various ligands such as
sulfate, oxalate groups, and other organic ligands.[7±10] Re-
cently, a one-dimensional (1D) polymeric compound was


isolated resulting from the successive linear association of
{Mo2S2O2} with As2S5 ligands.[11] However, most of these
derivatives are dinuclear complexes and unlike the rich and
varied chemistry of polyoxotungstates or -molybdates,[12] thio
compounds are so far limited to small architectures containing
reduced metal atoms. In previous work, we succeeded in
introducing sulfur atoms in derived Keggin anions through the
reaction between the preformed acid thio cation [Mo2S2O2]2�


and basic polyvacant anions such as g-[XW10O36]nÿ.[13] The
resulting compounds have a very low sulfur content and
exhibit molecular structures close to that of the polyoxome-
talate precursor. In a recent work, we reported a new strategy
for the synthesis of such compounds based on the self-
condensation of the thio precursor [Mo2O2S2]2� by an acido-
basic process. The first compound we described, a neutral
molecular cluster [Mo12S12O12(OH)12(H2O)6] (1) (Figure 1),
results from the cyclic polymerization of the thio fragment at
pH about 1.[14] The six {Mo2S2O2} building blocks are
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Figure 1. Molecular representation of [Mo12S12O12(OH)12(H2O)6] (1). MoV


centers are in black, S atoms are enlarged white spheres.


linked to each other through twelve hydroxo groups. A
noteworthy feature of this neutral complex is the evidence of
a central open cavity of about 11 � in diameter lined with six


water molecules, each MoV octahedron sharing alternatively
edges (intra-building-block connections) and faces (inter-
building-block connections). The condensation of
[Mo2S2O2]2� can be monitored in the presence of anionic
structuring agent. With MoO4


2ÿ, the condensation gives the
[Mo9S8O11(OH)10(H2O)]2ÿ ion, a mixed-valence octameric
ring which encapsulates a MoVI octahedron.[15] Based on the
same idea, we studied the influence of phosphate or arsenate
ions on the polymerization of the thio precursor. For
concentrated solutions of H2XO4


ÿ ions, the polycondensa-
tion quantitatively leads to the hexameric compounds
[(HXO4)4Mo6S6O6(OH)3]5ÿ, X�As or P.[16] In those mole-
cular anions, the connections between the three building
blocks are exclusively edge-sharing. In solutions with a lower
phosphate concentration, the neutral [Mo12S12O12(OH)12-
(H2O)6] led to mono- and diphosphato anions. The diphos-
phato [(HPO4)2Mo12S12O12(OH)12(H2O)2]4ÿ ion retains the
original dodecameric structure and can be viewed as
the first example illustrating the reactivity of the neutral
[Mo12S12O12(OH)12(H2O)6] wheel. The inner water
molecules were labile enough to be substituted by phos-
phate ions which suggests that the cavity exhibits a real
cationic character induced by the twelve MoV centers.
For [P]/[Mo12]� 1, the obtained monophosphato anion
[(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ exhibits an unexpected
decameric skeleton. We report here the 31P NMR character-
izations of those compounds in solution and propose an NMR
assignment for the phosphato species.


Results and Discussion


Molecular structure of Na4[(HPO4)2Mo12S12O12(OH)12-
(OH2)2] ´ 27 H2O (2): The structure of [(HPO4)2Mo12S12O12-
(OH)12(H2O)2]4ÿ (Figure 2) shows the {Mo12S12O12(OH)12}
cyclic skeleton of the precursor has been retained. Six
{Mo2O2S2} units are doubly bridged through hydroxo groups.
Two types of MoÿMo distances are observed: short MoÿMo
distances (2.8002(6) ± 2.8153(6) �) within the {Mo2O2S2}
building blocks characteristic of a metal ± metal bond and
long interblock MoÿMo distances (3.226 ± 3.299 �). Two
equivalent phosphate ions are symmetrically located in the
central cavity. Each phosphate group is bonded to four
adjacent Mo atoms through two equivalent P-O-Mo bridges.
The two terminal PÿO bonds of the phosphate groups are
significantly different, the short value (1.423(9) �) is charac-
teristic of a P�O bond, while the longest one (1.576(8) �) is
consistent with a protonated oxygen atom.[17] The phosphorus
tetrahedra are slightly displaced out of the Mo plane. The
oxygen atom O5 of the P�O bond is located in the Mo plane,
while the oxygen atom O15 of the PÿOH bond occupies an
out-of-plane position. As a consequence of the coordination
of the two phosphates, the ring is distorted from circular to
elliptical. This deformation is attributed to the electrostatic
repulsion between the two diametrically opposite phosphate
groups and is supported by the pincer effect of the two
HPO4


2ÿ chelating groups. The Mo4-Mo5-Mo6 angle reflects
this deformation, decreasing from 1508 in the original wheel
(1)[14] to 1328, while the Mo1-Mo2-Mo3 angle is increased to


Abstract in French: Une Øtude par RMN de 31P a ØtØ effectuØe
sur des solutions contenant des quantitØs variables d'ion
phosphate (notØ P) et de polyanion [Mov


12S12O12(OH)12-
(H2O)6] (notØ Mo12). Pour des rapports [P]/[Mo12] compris
entre 2 et 4, le composØ Na4[(HPO4)2Mo12S12O12(OH)12-
(H2O)2] ´ 27 H2O (2) a ØtØ isolØ à l'Øtat solide et caractØrisØ
par diffraction des rayons X sur monocristal. 2 cristallise dans
le groupe d'espace orthorhombique Pnn2 [a� 17.712(3), b�
19.092(3), c� 11.1353(3) �]. L'addition de phosphate se
traduit par une dØformation de la roue à 12 atomes de
molybd�ne initiale, d'une gØomØtrie circulaire à une gØomØtrie
elliptique, ce qui illustre la flexibilitØ du squelette mØtallique.
La prØsence de deux groupements phosphate chØlatants jouant
le roÃle de pinces, conjuguØe à la rØpulsion Ølectrostatique entre
ces deux groupements, expliquent la dØformation de la roue. La
structure tridimensionnelle de 2 est remarquable : la connexion
entre les ions sodium et les polyanions permet de dØgager des
cavitØs à 20 poly�dres, qui s'empilent le long des colonnes de
sodium. Une Øtude compl�te par RMN d'une solution aqueuse
de 2 a montrØ qu'il existait en solution d'autres esp�ces, en
Øquilibre avec l'anion diphosphatØ. Lorsque le rapport [P]/
[Mo12] est Øgal à 1, le composØ [N(CH3)4]4Cl0.5[Mo10S10O10-
(OH)11(H2O)4]0.5[(H2PO4)Mo10S10O10(OH)11(H2O)2]1.5 ´ 16H2O
(3) est isolØ sous forme de cristaux oranges. 3 cristallise dans le
groupe d'espace triclinique P1Å [a� 15.8972(2), b� 18.0788(1),
c� 22.4694(2) �, a� 94.71(1), b� 90.26(1), g� 109.56(1)8].
L'analyse structurale a rØvØlØ la prØsence de roues diphos-
phatØes à 10 atomes de molybd�ne, de formule
[(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ ainsi que de roues sans
phosphate [Mo10S10O10(OH)11(H2O)4]ÿ . L'effet du pH, de la
tempØrature et des concentrations initiales ([P] et [Mo12]) sur
les propriØtØs d'Øchange de 2 ont Øgalement ØtØ ØtudiØs par
RMN. Les Øchanges entre les groupements phosphate et
arsØnate à l'intØrieur de la roue sont suffisamment lents, à
l'Øchelle de temps de la RMN, pour que l'on puisse observer les
rØsonances correspondant aux diffØrentes esp�ces.
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Figure 2. a) Molecular representation of [(HPO4)2Mo12S12O12(OH)12-
(H2O)2]4ÿ (2). The patterns of the relevant atoms are identical to those in
Figure 1. b) Polyhedral representation of the molecular structure of 2 with
the hydrogen-bonding interactions between the P�O groups and the water
molecules of the ring; the O ´´´ O distances [�] are indicated next to the
corresponding hydrogen bonds.


1778. Because of the opening of the Mo1-Mo2-Mo3 angle
coupled with the steric constraint induced by the two
phosphate groups of the cavity, a water molecule is displaced
from Mo3 to Mo2 giving an octahedron at Mo2 and a pyramid
at Mo3. The cohesion of the distorted dodecameric ring is
supported by the existence of hydrogen bonds between the
oxygen atom O5 of the deprotonated P�O bond and the
oxygen atoms O12 of the inner water molecules (Figure 2b).


Three-dimensional structure of Na4[(HPO4)2Mo12S12O12-
(OH)12(OH2)2] ´ 27 H2O (2): Na4[(HPO4)2Mo12S12O12


(OH)12(OH2)2] ´ 27 H2O exhibits a three-dimensional array in
which cations and anions are mutually connected. Two views
of the structure are given along the c axis and along the b axis
in Figure 3a and 3b, respectively. All the Na� ions have
octahedral environments formed by oxo ligands of the
polyanion and by aqua ligands. Anions and Na1 cations form
planes perpendicular to the crystallographic c axis. Each Na1
atom connects two anions through the terminal oxygen atom
linked to Mo1, while the Na2 and Na3 atoms located on both
sides of the plane are mutually edge-linked through the
terminal oxygen atom of Mo4. The polyanion connections
through Na� ions delimit large cavities of about 15 �� 9 �
forming a 20-membered ring. Each plane is generated by a
diagonal glide mirror, leading to the three-dimensional
framework with a c/2 interplane distance. A nice feature of
the structure is the presence of infinite sodium ± oxygen chains
running along the c axis. Edge-sharing Na� octahedra are
linked by aqua and oxo ligands arranged in the following
sequence: Na1(m-OH2)2Na2(m-O)2Na3(m-OH2)2Na1. The cor-
responding NaÿNa distances are 3.62 �, 4.00 �, and 3.51 �,
respectively. The polyanions are distributed along the linear
Na� pillars ensuring the cohesion of the array.


Figure 3. a) Polyhedral view of Na4[(HPO4)2Mo12O12S12(OH)12(H2O)2] ´
27H2O (2) along the c axis. b) polyhedral view of 2 along the b axis,
illustrating the pillared sodium atoms.


Molecular structure of [N(CH3)4]4Cl0.5[Mo10S10O10(OH)11-
(H2O)4]0.5[(H2PO4)Mo10S10O10(OH)11(H2O)2]1.5 ´ 16 H2O (3):
The structural analysis of 3 revealed the presence of four
tetramethylammonium cations and two crystallographically
independent anionic units, labeled A and B; an overall ÿ2
charge was attributed to each anionic unit. The molecular
structure of A is depicted in Figure 4a. Five {Mo2O2S2}
building units, instead of six in the case of 1 and 2, are
connected to each other by hydroxo double bridges and form
a decameric ring. A single phosphate group is present in the
open cavity, slightly distorting it. The four MoÿO bonds
between the Mo atoms of the ring and the oxygen atom of the
phosphate group are not equivalent, three distances
(2.281(9) ± 2.358(7) �) are in the same range as those
observed in the structure of 2 (2.323(3) ± 2.419(3) �) but the
Mo4AÿO23A bond (3.009(8) �) is significantly longer, so
that O23A could be considered as a doubly bridging oxygen
atom. The two terminal PÿO bonds (1.56(1), 1.57(2) �) are in
the range of those observed for bridging dihydrogenophos-
phate groups.[18] The protonation of the two terminal PÿO
bonds is in agreement with the acidobasic properties of the
monophosphato anion (as discussed below) and the pH of the
synthesis solution of 3. Among the three bridging oxygen
atoms inside the cavity, two are assumed to be from water
molecules and the other one from an hydroxo ligand in
agreement with the ÿ2 charge of anion A. Bond valence
analysis[19] indicates that O22A is most likely the oxygen atom
of this hydroxo ligand. On the basis of structural analysis, the
detailed formula of anion A has thus been stated as
[(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ. At first sight, anion B
has a molecular structure similar to that of anion A, however,
unexpectedly, the occupancy factor of the phosphorus atom
and of the two terminal oxygen atoms converged to 0.5, which
means that a disorder can be postulated in the structure of
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anion B. We have chosen to describe it as the superposition of
two anions; the first one [(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ


is identical to A (Figure 4a). The other one is a phosphate-free
decamer in which the inner dihydrogenophosphate ligand has
been replaced by two water molecules; a chlorine atom, with
an occupancy factor of 0.5, balances the missing negative
charge (Figure 4b). O22B can still be attributed to an hydroxo
group so that the formula of the empty anionic ring is
[Mo10S10O10(OH)11(H2O)4]ÿ . The chlorine atom is located at a
distance of about 2.4 � below the plane defined by the ten
molybdenum atoms and is slightly off-center, a consequence
of the electrostatic repulsion between the two electronegative
entities Cl1 and O22B. In the phosphate containing anionic
units A and B, the two terminal PÿOH groups are hydrogen-
bonded to two water molecules, located above and below the
molecular plane, respectively, and to the oxygen atom O25 of
the water molecule bridging Mo8 and Mo9. The resulting
hydrogen-bonding pattern is shown in Figure 4c.


Infrared spectra : The IR spectrum of 2 exhibits two sets of
intense absorptions at 953 and 919 cmÿ1 and at 553 and
497 cmÿ1. The higher frequencies are attributed to n(Mo�O)
vibrations, the other set to the n(Mo-OH-Mo) and n(Mo-S-
Mo) vibrations. These absorptions are characteristic of the
oxo-thio metallic architecture and are located close to those of
the free-phosphate wheel [Mo12S12O12(OH)12(H2O)6] (1).[14]


Additional medium absorptions are observed in the 1100 ±
1000 cmÿ1 range, corresponding to the PÿO stretching vibra-
tions. Two bands and one shoulder are observed at 1152, 1034,
and 1080 cmÿ1, corresponding to the three expected asym-


metric stretching modes for a PO4 tetrahedron in low
symmetry.


31P MAS NMR spectroscopy : The 31P MAS NMR spectrum of
2 exhibits a single isotropic line of resonance at d�ÿ4.0. The
symmetric pattern of the broad band (Dn1/2� 420 Hz) con-
firms the presence of a unique site of phosphate in the solid
state.


Synthesis : The diphosphato complex [(HPO4)2Mo12S12O12-
(OH)12(H2O)2]4ÿ was obtained in the solid state as the sodium
salt 2 by crystallization of solutions containing a suspension of
the preformed wheel [Mo12S12O12(OH)12(H2O)6],[14] to which
H2PO4


ÿ ions were added (with 2� [P]/[Mo12]� 4). Howeever,
they can also be obtained by direct condensation of the
[Mo2S2O2]2� precursor by sodium hydroxide, in the presence
of phosphate ions. Both resulting solutions exhibit at pH� 5
the same 31P NMR spectrum and lead to the crystallization of
2 in comparable yield. For [P]/[Mo12]� 1 and pH� 5.2,
[(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ and [Mo10S10O10(OH)11-
(H2O)4]ÿ ions co-crystallized in single crystals of
[N(CH3)4]4Cl0.5[Mo10S10O10(OH)11(H2O)4]0.5 [(H2PO4)Mo10-
S10O10(OH)11(H2O)2]1.5 ´ 16 H2O (3). As the tetramethylam-
monium cations come from the crude precursor
K2.6(NMe4)0.4I3[Mo12S12O12(OH)12(H2O)6] ´ 30 H2O,[14] the
yield of the synthesis is very low. So far, our attempts to
obtain these decameric anions as a pure crystalline salt, in a
good yield, failed. Therefore, these results demonstrate that at
least three compounds exist in solution, the free phosphate
ions, the mono-, and diphosphate wheels, and their respective
distribution depends on the [P]/[Mo12] ratio and the pH. The


Figure 4. a) Molecular representation of [(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ present in A (occupancy factor 1.0) and in B (occupancy factor 0.5) in the
structure of 3. b) Molecular representation of [Mo10S10O10(OH)11(H2O)2]ÿ , present in B (occupancy factor 0.5) with the adjacent chlorine atom Cl1.
c) Polyhedral representation of [(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ with the hydrogen-bonding pattern; the O ´´´ O distances [�] are indicated next to the
corresponding hydrogen bonds.
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number of protons on the phosphato species is obviously
dependent on the pH value, and so, for clarity, except when
necessary, protons attached to the polyanions and their charge
will be omitted: thus, [(HPO4)2Mo12S12O12(OH)12(H2O)2]4ÿ is
noted P2Mo12, [(H2PO4)Mo10S10O10(OH)11(H2O)2]2ÿ, PMo10,
and [Mo10S10O10(OH)11(H2O)4]ÿ , Mo10.


31P NMR characterization of 2 in solution


Variable concentration : The effect of the concentration of 2
on the 31P NMR spectra was studied at pH� 5.8 and T�
278 K. A set of spectra is given in Figure 5, revealing three
main resonances noted d1, d2, and d3 , located at d��1.05,
d�ÿ2.7, and d�ÿ3.4, respectively. A supplementary reso-
nance is observed at about d�ÿ4. Whatever the conditions,


Figure 5. 31P NMR spectra of aqueous P2Mo12 solutions, with variable
initial concentrations in P2Mo12, at 278 K.


its relative intensity is not higher than 2 % and can be
neglected with respect to the other three. When the concen-
tration of 2 is increased, the relative intensity of d2 increases
compared to the other two peaks, in agreement with the
presence in solution of three phosphato species involved in
the same equilibrium. By reference to H2PO4


ÿ solutions, the
d1 peak is assigned to uncoordinated phosphate ions, while the
two other lines, d2 and d3 , correspond to linked phosphate
groups. The relative intensity of the d2 resonance varies in the
same way as the initial concentration and was assigned to the
most condensed phosphato species, namely the diphosphato
dodecamer P2Mo12. On this basis, the remaining d3 line is
attributed to the monophosphato decamer PMo10. The
concentrations of each species were deduced from the relative
intensities and the initial concentration of P2Mo12 (Table 1).
For all experiments, the free-phosphate wheel concentration
remains close to zero and the [PMo10]/[P] ratios are in the
1.43 ± 1.48 sharp range which corresponds to the theoretical
value fixed by equilibrium (1). These results confirm that the
system is well described by the preponderant equilibrium (1).


P2Mo12 > 1.2 PMo10� 0.8P (1)


The related apparent constant is given by Equation (2) and
the mean value K� 0.1 was deduced from the data collected
at pH� 5.8 and T� 278 K.


K� �PMo10�1:2�P�0:8
�P2Mo12�


(2)


We also studied the effect of the phosphate concentration
on the relative intensities of the d1, d2, and d3 resonances. The
variation of the [P2Mo12]/[PMo10] ratio with the initial [P]0/
[Mo12]0 ratio is shown in Figure 6. When the phosphate
concentration increases the concentration of P2Mo12 increases
compared to that of PMo10, in agreement with the previous
assignment. The apparent constant K has been calculated
from these data and has the same value K� 0.1.


Figure 6. Dependence of the [P2Mo12]/[PMo10] ratio on the initial [P]0/
[Mo12]0 ratio, T� 278 K, [P2Mo12]0� 0.04m.


Variable temperature : Selected 31P NMR spectra of P2Mo12,
recorded between 278 and 323 K are given in Figure 7. The 31P
NMR spectrum of P2Mo12 in solution exhibits a strong
temperature dependence, which is illustrated by the broad-
ening of the three resonances. At 298 K, the d2 and d3 lines
collapse to give a two broad-line spectrum, with Dn1/2�
120 Hz (at d� 1.2) for the uncoordinated phosphate and
Dn1/2� 45 Hz (at dÿ 2.4) for the mono- and diphosphato
species. At 318 K, the d1 line disappears, while the width of the
remaining resonance is enlarged to reach 200 Hz. Finally, at
323 K, a single broad line (Dn1/2� 420 Hz) is observed at d�
ÿ1.7, resulting from the complete coalescence of the three
initial resonances. These results agree with the existence of
two independent dynamic exchanges in solution, one involv-
ing the phosphato groups linked to P2Mo12 and uncoordinated


Table 1. Data from 31P NMR spectra with variable initial concentration in
P2Mo12, at pH� 5.8 and T� 278 K.


[P2Mo12]0 [mol Lÿ1] 0.040 0.030 0.020 0.015 0.010


relative intensity
d1 0.31 0.33 0.35 0.36 0.37
d2 0.24 0.195 0.15 0.11 0.09
d3 0.45 0.475 0.50 0.53 0.54
concentration [m]
[P] 0.025 0.020 0.014 0.011 0.007
[P2Mo12] 0.0096 0.0060 0.0030 0.0016 0.0009
[PMo10] 0.036 0.028 0.020 0.016 0.011
apparent equilibrium constant 0.100 0.100 0.100 0.112 0.095
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Figure 7. Variable-temperature 31P NMR spectra of P2Mo12 solutions,
initial concentration [P2Mo12]0� 0.04m.


phosphate ions, while the other one is related to PMo10 and
uncoordinated phosphate ions. The overlapping of the d2 and
d3 resonances is only due to the broadening of these two lines,
through the two independent exchange processes.


31P NMR characterization of mixtures of
[(HXO4)2Mo12S12O12(OH)12(H2O)2]4ÿ, X�P or As : Selected
31P NMR spectra of mixtures containing variable
ratios of [(HPO4)2Mo12S12O12(OH)12(H2O)2]4ÿ (P2Mo12) and
[(HAsO4)2Mo12S12O12(OH)12(H2O)2]4ÿ (As2Mo12) are shown
in Figure 8. The diarsenato compound 4 is synthesized under


Figure 8. Phosphate ± arsenate exchanges: 31P NMR spectra of solutions
with variable [As2Mo12]0/[P2Mo12]0 ratios; [As2Mo12]0/[P2Mo12]0� 4 (a),
[As2Mo12]0/[P2Mo12]0� 1 (b), [As2Mo12]0/[P2Mo12]0� 0 (c), for
([As2Mo12]0� [P2Mo12]0)� 0.01m.


similar conditions to those used for the diphosphato com-
pound 2. The spectra of the mixtures are characterized by an
additional resonance at d�ÿ3.6 with an intensity ratio
increasing with the amount of diarsenato polyanion (Fig-
ure 8). Such a result is explained by the formation of a new
phosphato species, PAsMo12, resulting from the phosphate ±
arsenate ion exchanges in the {Mo12O12S12(OH)12} ring; this
corresponds to equilibrium (3).


P2Mo12�As2Mo12 >2 PAsMo12 (3)


The resonance at d�ÿ3.6, which is related to the mixed
complex PAsMo12, confirms the existence in solution of the
X2Mo12 anion (X�P, As). A second set of experiments was
carried out consisting in the characterization of equimolar


mixtures of P2Mo12 and As2Mo12 in variable concentrations
ranging from 0.01 to 0.06m. Selected spectra are reported in
Figure 9. At low concentration (0.01m), the line attributed to
PAsMo12, at d�ÿ3.6, has a low intensity corresponding to
about 15 % of that of the monophosphato anion PMo10, at d�
ÿ2.82. At this concentration, the line of the diphosphato


Figure 9. Phosphate ± arsenate exchanges: 31P NMR spectra of solutions
with [As2Mo12]0/[P2Mo12]0� 1 and variable ([As2Mo12]0� [P2Mo12]0) (noted
[X2Mo12]0) concentrations; [X2Mo12]0� 0.01m (a), [X2Mo12]0� 0.02 m (b),
[X2Mo12]0� 0.04m (c), [X2Mo12]0� 0.06m (d).


anion P2Mo12 is observed as a very weak and broad shoulder at
d�ÿ2.5. The intensities of the lines corresponding to
PAsMo12 and P2Mo12 increase together with the concentration
of the mixture and are approximately equal, leading to the
ratio [PAsMo12]/[P2Mo12]� 2. Such a value means that the
arsenate and phosphate groups are statistically distributed in
the {Mo12O12S12(OH)12} wheel, which can be related to the
very close chemical behavior of arsenate and phosphate ions.


pH dependence of the chemical shifts : The variation of d1, d2 ,
and d3 chemical shifts with pH was studied at T� 278 K and is
shown in Figure 10. The variation of d1 agrees with a
monoprotonic exchange with a pKa value of 6.3 corresponding
to Equation (4). The variation of the d2 chemical shift
indicates that one proton can be exchanged from the
diphosphato ring P2Mo12 (pKa� 6.5) according to equilibri-
um (5). The curve representing the variation of d3 with pH is


Figure 10. pH dependence of the experimental (points) and calculated
(solid line) chemical shifts of the three phosphato species, P(d1), PMo10(d3),
and P2Mo12(d2).
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in good agreement with that calculated for two successive
proton exchanges with pKa values of about 5.8 and 7.0. On the
basis of our NMR attribution, the d3 resonance is due to the
monophosphato anion PMo10. Then, the two pKa values
correspond to the successive proton exchanges involved in
equilibria (6) and (7).


H2PO4
ÿ>HPO4


2ÿ�H� (4)


[H2P2Mo12]4ÿ> [HP2Mo12]5ÿ�H� (5)


[H2PMo10]2ÿ> [HPMo10]3ÿ�H� (6)


[HPMo10]3ÿ> [PMo10]4ÿ�H� (7)


Conclusion


The condensation of the oxothio fragment can be monitored
by using an anionic structuring agent such as phosphate or
arsenate ions. Depending on the concentration of the
tetrahedral group, the assembling of the {Mo2S2O2} fragment
leads to two sets of compounds. For solutions containing high
concentrations of XO4, X�As, P, the hexameric compounds
[(HXO4)4Mo6S6O6(OH)3]5ÿ resulting from edge-shared con-
nections are obtained. For solutions with lower concentra-
tions, the polymerization of the thio fragment leads to cyclic
molecular rings based on face-shared connections. The
presence of one or two phosphate chelating groups highlights
the cationic character of the open cavity of the Mo10 or Mo12


rings, respectively. Due to their accessibility, the phoshate or
arsenate groups can be easily exchanged through dynamic
equilibria in solution. The deformation of the Mo skeleton
from circular to elliptical under phosphate addition illustrates
the flexibility of the molecular architecture favored by the
versatility of the MoV atoms, which can adopt octahedral and
pyramidal coordinations. 31P NMR data and their interpreta-
tions lead one assign the observed resonances to the three
phosphate species involved in the dynamic equilibria. This
work can be extended to other assembling groups such as
linear alkyl diphosphonates and dicarboxylates. Indeed the
two independent tetrahedral groups in X2Mo12 can be
substituted by such bifunctional ligands. Preliminary experi-
ments have shown that the length of the alkyl chain
determines the nuclearity of the molecular ring.


Experimental Section


Na4[(HPO4)2Mo12S12O12(OH)12(H2O)2] ´ 27H2O (2): K2,6[NMe4]0.4[Mo12-
S12O12(OH)12(H2O)6] ´ 30H2O[14] (1 g, 0.33 mmol) was hydrolyzed in HCl
solution (10 mL, 4m). Then NaH2PO4 ´ 2H2O (0.27 g, 1.73 mmol) was
added and the pH was adjusted to 5 with NaOH (4m). The solution was
filtered and allowed to stand at room temperature for several days to give
yellow-orange crystals (0.4 g, yield 44.3 %, based on Mo) suitable for X-ray
determination. Na4[(HPO4)2Mo12O12S12(OH)12(H2O)2] ´ 27 H2O: calcd: Na
3.37, P 2.27, Mo 42.32, S 14.10; found: Na 3.39, P 2.18, Mo 40.24, S 14.07.
Crystallization water was determined by thermogravimetric analysis
(TGA) (up to 300 8C).


[N(CH3)4]4Cl0.5[Mo10S10O10(OH)11(H2O)4]0.5[(H2PO4)Mo10S10O10(OH)11-
(H2O)2]1.5 ´ 16 H2O (3): K2,6[NMe4]0.4[Mo12S12O12(OH)12(H2O)6] ´ 30H2O
(2 g, 0.66 mmol), Na2HPO4 ´ 12H2O (0.23 g, 0.66 mmol) and NaCl (0.25 g,
4.27 mmol) were dissolved in water (50 mL). The solution was allowed to
stand at 5 8C for crystallization. After two weeks, well-shaped orange
crystals of 3 were collected for single-crystal X-ray diffraction analysis.


Na4[(HAsO4)2Mo12S12O12(OH)12(H2O)2] ´ 27H2O (4): The synthetic proce-
dure is similar to that of 2 except that Na2HAsO4 ´ 6 H2O (0.5 g, 1.7 mmol)
was used instead of NaH2PO4. Na4[(HAsO4)2Mo12O12S12(OH)12(H2O)2] ´
27H2O (4): calcd: Na 3.25, As 5.30, Mo 40.76, S 13.59; found: Na 2.90, As
4.81, Mo 40.38, S 13.20. Crystallization water was determined by TGA (up
to 300 8C). IR (cmÿ1): nÄ � 958, 919 n(Mo�O); 881, 827 n(AsÿO); 494 n(Mo-
OH-Mo), n(Mo-S-Mo); Compound 4 was characterized by the measure-
ment of its cell parameters: monoclinic system, a� 17.9153(3), b�
19.3158(3), c� 11.2060(3) �, and is isostructural to 2.


Infrared spectra : IR spectra were recorded on a IRFT Magna 550 Nicolet
spectrophotometer at 0.5 cmÿ1 resolution, using the technique of pressed
KBr pellets.


NMR measurements : 31P NMR spectra were recorded on a Bruker AC-300
spectrometer operating at 121.5 MHz in 5 mm tubes. 31P chemical shifts are
referenced to the external usual standard 85% H3PO4. The pH dependence
of the chemical shifts was studied by 31P NMR at 278 K on solutions of 2
([P2Mo12]� 3.0� 10ÿ2m) with an ionic strength adjusted to I� 0.5m by
NaCl. The pH was adjusted by addition of NaOH or HCl (0.1m).


Structure determination : Suitable parallelepiped-shaped orange crystals of
2 and 3 were selected for the crystal structure determination. Intensity data
were recorded at room temperature on a Siemens SMART three-circle
diffractometer equipped with a CCD bidimensional detector using the
monochromated wavelength l(MoKa)� 0.71073 �. An empirical correc-
tion was applied using the SADABS program[20] based on the method of
Blessing.[21] The structure was solved by direct methods and refined by full-
matrix least-squares using the SHELX-TL package.[22] The molybdenum,
sulfur, and phosphorus atoms were located by direct methods and all the


Table 2. Crystallographic data for 2 and 3.


2 3


formula H72Mo12Na4O61P2S6 C16H108Mo20N4O66.5P3S20


Mr [gmolÿ1] 2546.4 4037.2
color orange orange
crystal dimension [mm] 0.38� 0.20� 0.18 0.48� 0.18� 0.10
crystal system orthorombic triclinic
space group Pnn2 (no. 34) P1Å (no. 2)
T [K] 296 296
a [�] 17.712(3) 15.8972(2)
b [�] 19.092(3) 18.0788(1)
c [�] 11.135(1) 22.4694(2)
a [8] 90 94.71(1)
b [8] 90 90.26(1)
g [8] 90 109.56(1)
V [�3] 3765.5(9) 6060.9(1)
Z 2 2
1calcd [gcmÿ3] 2.273 2.217
m [mmÿ1] 2.410 2.445
q range [8] 3.40 ± 32.50 0.91 ± 29.62
reflections measured 30346 41181
unique reflections (Rint) 12498 (0.0247) 29316 (0.0418)
observed (I> 2s(I)) 9827 13152
refined parameters 330 1075
R1(F)[a] 0.0373 0.0628
wR2(F 2)[b] 0.1146 0.1449
D1(max/min) [e �ÿ3] 2.63 and ÿ1.14 3.66[c] and ÿ1.16


[a] R1�
P jFoj ÿ jFcjP jFcj


. [b] wR2�
��������������������������������P


w�F 2
o ÿ F 2


c�2P
w�F 2


o�2


s
, 1/w� s2F 2


o � (aP)2�


bP, P�F 2
o � 2 F 2


c


3
, and a� 0.0747, b� 7.2699 for 2 ; a� 0.0891, b�


31.4862 for 3. [c] The residual density was found near the disordered
phosphate group of anion B.
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non-hydrogen atoms were placed from subsequent Fourier difference map
calculations. In the structure of 2, among the four expected sodium cations
obtained by elemental analysis, only three were located. Among the 27
water molecules of crystallization determined from the thermogravimetric
analysis, 21 were located. The missing sodium and water molecules are
assumed to be delocalized in the structure and were not placed in the
refinement. In the structure of 3, the asymmetric unit contains two anionic
rings labeled A and B which encapsulate a single phosphate group. In ring
A the phosphorus atom has a full occupancy, while in ring B the refinement
of the occupancy factor of the phosphorus atom converged to 0.47 and was
subsequently set to 0.5. A chlorine atom with an occupancy factor of 0.5
was found in the Fourier difference map and compensates the missing 0.5
negative charge. The oxygen atom O23 in ring B is also disordered over two
positions (O23B and O28B). All the atoms of the polyanions, the sodium
atoms in 2, as well as the atoms of the tetramethylammonium cations in 3
were refined anisotropically, while the disordered atoms in 3 and the
oxygen atoms of the water molecules were refined by using isotropic
temperature factors. Crystal data and details of the data collection are
summarized in Table 2. Selected bond lengths are reported in Table 3.
Further details on the crystal structure investigation(s) may be obtained
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-
poldshafen, Germany (fax: (�49) 7247-808-666); e-mail : crysdata@fiz-
karlsruhe.de), on quoting the depository numbers CSD-410038 for 2 and
CSD-410756 for 3.
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Table 3. Selected bond lengths [�] in 2 and 3.


2
Mo1ÿO11 1.683(4) Mo1ÿO3 2.120(7) Mo1ÿO16 2.142(8) Mo1ÿS5 2.320(3) Mo1ÿO6 2.323(3)
Mo1ÿS3 2.324(3) Mo1ÿMo2 2.8002(6) Mo2ÿO7 1.693(4) Mo2ÿO2 2.072(7) Mo2ÿO17 2.109(8)
Mo2ÿS3 2.297(3) Mo2ÿO12 2.310(4) Mo2ÿS5 2.321(3) Mo3ÿO9 1.685(4) Mo3ÿO17 2.018(8)
Mo3ÿO2 2.083(7) Mo3ÿS4 2.296(3) Mo3ÿS1 2.297(3) Mo3ÿMo4 2.8153(6) Mo4ÿO14 1.693(4)
Mo4ÿO4 2.067(7) Mo4ÿO1 2.140(8) Mo4ÿS1 2.314(3) Mo4ÿS4 2.320(3) Mo4ÿO8 2.365(3)
Mo5ÿO13 1.687(4) Mo5ÿO4 2.075(8) Mo5ÿO1 2.123(8) Mo5ÿS6 2.301(4) Mo5ÿS2 2.333(3)
Mo5ÿO8 2.362(3) Mo5ÿMo6 2.8105(6) Mo6ÿO10 1.685(4) Mo6ÿO16 2.085(9) Mo6ÿO3 2.108(7)
Mo6ÿS2 2.322(4) Mo6ÿS6 2.324(4) Mo6ÿO6 2.419(3) P1ÿO5 1.423(9) P1ÿO8 1.535(4)
P1ÿO6 1.538(4) P1ÿO15 1.576(8)
3
Anion A
Mo1AÿO1A 1.699(8) Mo1AÿO16A 2.104(8) Mo1AÿO11A 2.115(8) Mo1AÿS1A 2.329(3) Mo1AÿS6A 2.333(3)
Mo1AÿO21A 2.600(8) Mo1AÿMo2A 2.855(2) Mo2AÿO2A 1.695(8) Mo2AÿO17A 2.123(8) Mo2AÿO12A 2.123(9)
Mo2AÿS6A 2.334(3) Mo2AÿS1A 2.328(3) Mo2AÿO22A 2.442(10) Mo3AÿO3A 1.701(10) Mo3AÿO12A 2.129(8)
Mo3AÿO17A 2.126(9) Mo3AÿS2A 2.341(4) Mo3AÿO22A 2.345(10) Mo3AÿS7A 2.348(3) Mo3AÿMo4A 2.853(2)
Mo4AÿO4A 1.667(10) Mo4AÿO13A 2.071(8) Mo4AÿO18A 2.087(9) Mo4AÿS7A 2.331(3) Mo4AÿS2A 2.333(4)
Mo4AÿO23A 3.009(11) Mo5AÿO5A 1.710(9) Mo5AÿO13A 2.112(8) Mo5AÿO18A 2.124(9) Mo5AÿO23A 2.281(9)
Mo5AÿS3A 2.330(4) Mo5AÿS8A 2.337(3) Mo5AÿMo6A 2.854(2) Mo6AÿO6A 1.693(8) Mo6AÿO19A 2.106(9)
Mo6AÿO14A 2.128(9) Mo6AÿS3A 2.335(4) Mo6AÿS8A 2.349(3) Mo6AÿO24A 2.358(7) Mo7AÿO7A 1.701(10)
Mo7AÿO19A 2.131(8) Mo7AÿO14A 2.129(8) Mo7AÿO24A 2.336(8) Mo7AÿS4A 2.336(3) Mo7AÿS9A 2.348(3)
Mo7AÿMo8A 2.852(2) Mo8AÿO8A 1.684(9) Mo8AÿO20A 2.114(8) Mo8AÿO15A 2.132(8) Mo8AÿS4A 2.327(4)
Mo8AÿS9A 2.337(3) Mo8AÿO25A 2.475(10) Mo9AÿO9A 1.680(9) Mo9AÿO15A 2.111(7) Mo9AÿO20A 2.124(8)
Mo9AÿS5A 2.331(3) Mo9AÿS10A 2.334(3) Mo9AÿO25A 2.510(9) Mo9AÿMo10A 2.8492(14) Mo10AÿO10A 1.672(9)
Mo10AÿO11A 2.108(8) Mo10AÿO16A 2.123(8) Mo10AÿS5A 2.341(3) Mo10AÿS10A 2.339(3) Mo10AÿO21A 2.442(8)
P1AÿO24A 1.502(8) P1AÿO27A 1.558(14) P1AÿO26A 1.57(2) P1AÿO23A 1.549(12)


Anion B
Mo1BÿO1B 1.675(9) Mo1BÿO16B 2.112(7) Mo1BÿO11B 2.131(8) Mo1BÿS1B 2.327(3) Mo1BÿS6B 2.340(3)
Mo1BÿO21B 2.462(9) Mo1BÿMo2B 2.8475(14) Mo2BÿO2B 1.695(8) Mo2BÿO17B 2.122(7) Mo2BÿO12B 2.131(8)
Mo2BÿO22B 2.337(8) Mo2BÿS6B 2.338(3) Mo2BÿS1B 2.343(3) Mo3BÿO3B 1.687(8) Mo3BÿO17B 2.133(8)
Mo3BÿO12B 2.137(8) Mo3BÿO22B 2.278(8) Mo3BÿS2B 2.339(3) Mo3BÿS7B 2.340(3) Mo3BÿMo4B 2.8388(14)
Mo4BÿO4B 1.701(8) Mo4BÿO18B 2.100(7) Mo4BÿO13B 2.109(8) Mo4BÿS2B 2.335(3) Mo4BÿS7B 2.347(3)
Mo4BÿO28B 2.56(2) Mo5BÿO5B 1.691(9) Mo5BÿO13B 2.114(8) Mo5BÿO18B 2.129(7) Mo5BÿO23B 2.31(2)
Mo5BÿS8B 2.337(3) Mo5BÿS3B 2.341(3) Mo5BÿMo6B 2.8589(13) Mo6BÿO6B 1.691(9) Mo6BÿO14B 2.107(7)
Mo6BÿO19B 2.127(7) Mo6BÿS3B 2.336(3) Mo6BÿS8B 2.348(3) Mo6BÿO24B 2.371(8) Mo7BÿO7B 1.693(8)
Mo7BÿO14B 2.132(7) Mo7BÿO19B 2.125(7) Mo7BÿS9B 2.341(3) Mo7BÿO24B 2.339(8) Mo7BÿS4B 2.341(3)
Mo7BÿMo8B 2.8423(14) Mo8BÿO8B 1.686(7) Mo8BÿO15B 2.100(8) Mo8BÿO20B 2.110(8) Mo8BÿS4B 2.324(3)
Mo8BÿS9B 2.332(3) Mo8BÿO25B 2.597(8) Mo9BÿO9B 1.687(8) Mo9BÿO15B 2.112(8) Mo9BÿO20B 2.111(8)
Mo9BÿS5B 2.336(3) Mo9BÿS10B 2.353(3) Mo9BÿO25B 2.553(9) Mo9BÿMo10B 2.8594(14) Mo10BÿO10B 1.695(9)
Mo10BÿO16B 2.112(7) Mo10BÿO11B 2.132(7) Mo10BÿS5B 2.339(3) Mo10BÿS10B 2.350(3) Mo10BÿO21B 2.391(8)
P1BÿO26B 1.56(2) P1BÿO24B 1.560(10) P1BÿO23B 1.57(2) P1BÿO27B 1.657(12)
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On the Nature of Nonplanarity in the [N]Phenylenes


Daniel Holmes, Sriram Kumaraswamy, Adam J. Matzger, and K. Peter C. Vollhardt*[a]


Abstract: The [N]phenylenes display
marked deformation from planarity in
the crystalline state. In order to probe
the generality of this phenomenon, sev-
eral derivatives were synthesized and
their single-crystal X-ray structures were
obtained. All new compounds displayed
some degree of nonplanarity. Thus, for
example, the parent triangular [4]phen-
ylene (4 b) has a median bend angle at
the ring junction of 1.58 and a range of
0.38 to 3.58, whereas hexakis[triisopro-
pylsilyl(ethynyl)] triangular [4]phenyl-
ene (4 c) possesses the bulkiest appen-
dages and the largest median bend angle


and range (3.88 and 1.78 ± 5.68, respec-
tively). A detailed analysis of the bend-
ing and twisting angles at the ring
junctions, however, revealed that the
magnitude of deformations were inde-
pendent of topology, molecular size, and
substituent type. In contrast to the
phenylenes, a Cambridge Structural Da-
tabase (CSD) search of unsubstituted
and non-peri-substituted naphthalenes


and anthracenes shows these molecules
to be virtually planar in the solid state. A
comparison of the single-point energies
(HF/6-31G*) of the phenylenes with the
acenes calculated for molecules possess-
ing a fixed bend angle at the ring fusion
of 38, 68, 98, and 128 reveals the former
to be 26 % to 45 % easier to deform than
the latter. Based on these results, the
nonplanarity seen for the phenylenes is
most likely a consequence of crystal-
packing forces deforming particularly
flexible molecules.


Keywords: ab initio calculations ´
acenes ´ nonplanarity ´ phenylenes
´ polycycles ´ solid-state structures


Introduction


The [N]phenylenes, where N denotes the number of benzene
rings, are a new class of [4n]annuleno[4n�2]annulenes[1] in
which the arrangement of opposing aromatic and antiaro-
matic p circuits and s strain leads to decidedly nonaromatic
character, which includes bond localization in the central
benzenoid ring of the branched phenylenes with N� 3 and the
corresponding olefinic reactivity as demonstrated by their
facile hydrogenation,[2] cyclopropanation, and epoxidation.[3]


They have also been the subject of many theoretical analyses
over the last several years, which have generally focused on
the determination of the relative geometric and energetic
properties of the various isomers of the [N]phenylenes.[4] All
such treatments have yielded planar lowest energy structures,
although both our calculations[5b, d] and those of Schulman
et al.[4i, k] have shown these molecules to be quite flexible with
respect to deplanarization. This finding is noteworthy in
connection with the intriguing experimental observation that
hexakis(trimethylsilyl) triangular [7]phenylene (1) adopts a
bowl-shaped structure in the absence of any intramolecular


restrictions to planarity.[5b] This result prompted us to revisit
previous X-ray structural determinations of phenylenes. In-
deed, while angular [3]phenylene (2 a) is essentially planar,[6a]


the molecules biphenylene (3),[7] hexakis(trimethylsilyl) tri-
angular [4]phenylene (4 a),[5a] and tetrakis(trimethylsilyl)
linear [3]phenylene (5 a)[5c] displayed curvature in the crys-
talline state (Figure 1). Consequently, the questions presented
themselves as to the origin of this deformability and whether
such deplanarization persisted in solution.


The ease of deformation may be a consequence of s and/or
p effects, both of which feature prominently in this class of
hydrocarbons.[1±6] Thus, for example, the s strain may be
relieved by adoption of a nonplanar structure. Calculations
and experiment have shown that olefins which possess
bonding angles of less than 1008, as in bicyclobutene-D1,3,
prefer a puckered structure.[8] Such pyramidalization of
alkenes can also result from steric interactions,[9] as typified
by the sesquinorbornenes.[10] Pyramidalization occurs as a
consequence of rehybridization in strained olefins as a means
of regaining some stabilization lost due to reduction of p


bonding.[11, 12] For the phenylenes, reduction of p-antiaromatic
overlap, which has been implicated as dominating the
electronic interactions within the molecules,[4j] may be an
additional driving force for deplanarization. The deviation
from planarity of tetrafluorocyclobutadiene[13] and the cyclo-
butadiene dication[14] is noteworthy in this regard.


The preference of the benzene nuclei in the phenylenes to
adopt a planar configuration might, on first sight, be expected
to oppose the deplanarizing influence of the fused cyclo-
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butadienes. However, it should be noted that benzene itself
has been shown to be quite flexible.[15] In fact, Herndon
pointed out that the majority of polycyclic benzenoids capable
of existence will exhibit highly nonplanar structures due to
nonbonded interactions.[16] Sterically induced deformations
from planarity can be seen in many polycyclic aromatic
hydrocarbons,[17, 18] including peri-substituted acenes[19] and,
most notably, the helicenes.[20] Also, there exists a plethora of
stable nonplanar geometrically constrained aromatic mole-
cules; this class is exemplified by the cyclophanes,[21] buck-
minsterfullerene, the semibuckminsterfullerenes, and coran-
nulene.[22] In a recent review on the subject, Herndon
examined 38 examples of crystal structures of unsubstituted
acenes.[17] He found that 12 were planar, 9 nearly planar, and
17 highly nonplanar. Deplanarization was ascribed to either
special geometric constraints or steric interactions, the only
exceptions were perylene[23] and quaterrylene.[24]


In this paper, we address the following questions by use of
theory and experiment: Are the phenylenes intrinsically
nonplanar? Is there a relationship between molecular top-
ology, size, degree of substitution, and the extent of depla-
narization? How do the deformations seen in the phenylenes
compare with those of the appropriate acene models? To this
end, we present the synthesis of two new [N]phenylenes, an
improved route to 2,3-bis(trimethylsilyl) linear [3]phenylene


(5 b), six new crystal structures of [N]phenylene derivatives, a
Cambridge Structural Database (CSD) search of substituted
and unsubstituted acenes possessing no intramolecular inter-
actions, a redetermination of the X-ray crystal structures of
tetracene and pentacene, a quantitative analysis of deforma-
tion at the ring junctions for both the acenes and the
phenylenes, and high-level ab initio calculations on the
energetics of deformation in these compounds.


Results


Synthesis : Triangular [4]phenylene (4 b)[5a] and hexakis-
2,3,6,7,10,11-[(triisopropylsilyl)ethynyl] triangular [4]phenyl-
ene (4 c)[5b] were prepared according to our literature
procedure. Dimethyl triangular [4]phenylene-2,3-dicarbox-
ylate (4 d) was prepared in a manner analogous to the
synthesis of the butyl carboxylate derivative.[25]


Synthesis of dimethyl angular [3]phenylene-5,6-dicarboxylate
(2b): Originally, angular [3]phenylene was synthesized by
intramolecular CpCo-mediated cyclization of bis(2-ethynyl-
phenyl)ethyne.[6] The present strategy allows a more efficient
access to the substituted angular [3]phenylene framework and
involves an intermolecular Co-mediated [2�2�2] cyclization


Figure 1. List of [N]phenylene derivatives used in this study.







[N]Phenylenes 3399 ± 3412
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of 1,2,3,4-tetraethynylarenes with bis(trimethylsilyl)acet-
ylene. Scheme 1 depicts an application to the synthesis of 2 b.


Thus, fourfold coupling of (trimethylsilyl)acetylene to
dimethyltetrabromophthalate (10)[26] with standard Pd0/CuI


conditions[27] gave tetrayne 11 in 75 % yield. Compound 11
was desilylated by the use of KF ´ 2 H2O and [18]crown-6 to
furnish the free tetrayne, which was cyclized with bis(tri-
methylsilyl)acetylene using [CpCo(CO)2] to afford 12 in 30 %
yield. Final desilylation with trifluoroacetic acid gave 2 b in
81 % yield.


Synthesis of 2,3-bis(trimethylsilyl) linear [3]phenylene (5b):
Scheme 2 outlines the synthetic strategy for the formation of
5 b, improved over that employed previously,[5c] by exploiting
the utility of 1,6-bis(triisopropylsilyl)-1,3,5-hexatriyne in the
Co-mediated [2�2�2] cyclization to directly access o-dieth-
ynyl arenes.[5b, 28]


Scheme 2. a) KF ´ 2 H2O, [18]crown-6, DME, 23 8C; b) 1,6-bis(triisopropyl-
silyl)-1,3,5-hexatriyne (3 equiv), [CpCo(CO)2], xylenes, D, hn, 16 h;
c) Bu4N�Fÿ, THF, 23 8C; d) [(CH3)3Si]2C2 (solvent), [CpCo(CO)2], D, hn,
13 h.


Thus, 1,2-bis[(trimethylsilyl)-
ethynyl]benzene (6)[5c] was de-
silylated by the use of KF ´
2 H2O and [18]crown-6 and
then subjected to cyclization
with 1,6-bis(triisopropylsilyl)-
1,3,5-hexatriyne[28, 29] in the
presence of [CpCo(CO)2] to
afford 2,3-bis[(triisopropylsilyl)-
ethynyl] biphenylene (7) in
74 % yield. Subsequent desily-
lation with [Bu4N]�Fÿ, followed
by [CpCo(CO)2]-catalyzed
cyclization with bis(trimethyl-
silyl)acetylene as solvent and
cyclization partner provided 5 b
in 60 % yield.


Synthesis of tris(2,2,5,5-tetra-
methyldihydrofurano) triangu-
lar [4]phenylene (8): Com-
pound 8 was obtained by the
route shown in Scheme 3, mod-
eled on the synthesis of hexa-
kis(trimethylsilyl) triangular
[4]phenylene (4 a); this route


has as its cornerstone a remarkable threefold CpCo-mediated
alkyne trimerization to provide six rings in one step in a yield
of 53 %.[5a] Thus, hexakis[(trimethylsilyl)ethynyl]benzene[30]


was desilylated by the use of KF ´ 2 H2O and [18]crown-6 to


Scheme 3. a) KF ´ 2 H2O, [18]crown-6, DME, 23 8C; b) 2,5-dimethyl-3-
hexyne-2,5-diol (6 equiv), [CpCo(CO)2], xylenes, D, hn, 16 h; c) p-
CH3C6H4SO3H, benzene, 4 � sieves, 12 h.


Scheme 1. a) (CH3)3SiC2H, [Pd(PPh3)2Cl2], CuI, NEt3, 20 h; b) KF ´ 2H2O, [18]crown-6, DME, 23 8C;
c) [(CH3)3Si]2C2 (solvent), [CpCo(CO)2], D, hn, 14 h; d) CF3COOH, CHCl3, 23 8C, 18 h.
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afford the free hexayne, which
was cyclized with 2,5-dimethyl-3-
hexyne-2,5-diol in the presence of
[CpCo(CO)2]. The crude hexaol 9
was then subjected to acid-cata-
lyzed ether formation by treat-
ment with p-toluenesulfonic acid
in benzene at reflux to furnish 8 in
31 % yield.


X-ray crystallography : In all cas-
es, X-ray quality crystals were
grown by slow evaporation of
solutions at room temperature
with the exception of 5 b, which
required slow cooling. Bond
length and bond angle values for
2 b, 4 b ± d, 5 b, and 8 are very
similar to those of 2 a, 4 a, and 5 a,
respectively, reported and dis-
cussed in some detail previously.
Significantly, all the new struc-
tures exhibited nonplanarity in
the solid state. Crystal data and
data collection parameters are
presented in Tables 1 and 2.


Crystal structure of dimethyl an-
gular [3]phenylene-5,6-dicarbox-
ylate (2b): Unlike the crystal
structure of 2 a, which is excep-
tional among those of the other
phenylenes in exhibiting a virtu-
ally planar molecule,[6a] the X-ray
structure of 2 b revealed a non-
planar frame. As shown in Fig-
ure 2, there are two inequivalent
molecules of 2 b in the unit cell.
One displays a bow-shaped struc-
ture, the other a sinusoidal struc-
ture. There are 32 intermolecular
contacts within the sum of the
van der Waals radii between
neighboring molecules in the unit
cell.


Crystal structure of triangular
[4]phenylene (4b): This structure
is significant, because 4 b is the
parent triangular [4]phenylene,
and the structure exhibits a com-
pletely localized central cyclohex-
atriene. As can be seen in Fig-
ure 3, the crystal structure of 4 b
revealed a hydrocarbon with a
slightly bowl-shaped topology ac-
companied by some twisting. The
molecules pack as sheets of inter-


Table 1. Details of the crystal structure analyses for 2b and 4b ± d.


2b 4b 4c 4 d


formula C22H14O4 C24H12 C90H132Si6 ´ 1.5C4H8O2 C28H16O4


Mr 342.35 300.36 1514.70 416.43
crystal system triclinic orthorhombic triclinic monoclinic
space group P1Å (no. 2) Pna21(no. 33) P1Å (no. 2) P21/c (no. 14)
a [�] 10.2837(2) 14.562(1) 14.0766(2) 12.7620(4)
b [�] 11.4673(4) 18.398(2) 19.6157(2) 7.4295(2)
c [�] 14.8844(5) 5.5274(4) 20.4719(3) 21.3289(7)
a [8] 98.906(1) 118.372(1)
b [8] 99.567(1) 96.750(1) 99.686(1)
g [8] 106.521(1) 90.182(1)
V [�3] 1621.03(13) 1480.9(2) 4927.96(15) 1993.48(9)
Z 4 4 2 4
1calcd [gcmÿ1] 1.403 1.347 1.021 1.387
F(000) 712.00 624.00 1656.00 864.00
m [cmÿ1] 0.96 0.76 1.28 0.93
T [8C] ÿ 131 ÿ 118.0 ÿ 96 ÿ 145
crystal size [mm3] 0.34� 0.09� 0.08 0.40� 0.15� 0.04 0.28� 0.20� 0.15 0.21� 0.20� 0.15
2q range [8] 3 ± 528 4 ± 458 4 ± 428 3 ± 458
total no. reflns 7684 6670 20484 9377
independent reflns 5341 (Rint� 0.025) 2608 (Rint� 0.062) 13696 (Rint� 0.051) 3791 (Rint� 0.027)
observed reflns [I> 3 s(I)] 3161 1606 6983 2701
parameters 470 216 946 353
abs. correction ellipsoidal ellipsoidal
min./max. trans. ratio 0.844/1.000 0.840/0.990
min./max. residual


elec. density [e �ÿ3]
ÿ 0.26/0.25 ÿ 0.29/0.25 ÿ 0.40/0.52 ÿ 0.20/0.21


extinction coefficient 0.000000679 0.00000105
GOF 1.60 1.93 2.74 1.71
R[a] 0.047 0.052 0.077 0.033
Rw


[b] 0.048 0.054 0.090 0.043


[a] refined against Fo. [b] w� 1/s2(Fo).


Table 2. Details of the crystal structure analyses for 5 b, 8, 13, and 14.


5 b 8 13 14


formula C24H26Si2 C42H42O3 ´ 2 C7D8 C18H12 C22H14


Mr 370.64 795.07 228.29 278.35
crystal system monoclinic orthorhombic triclinic triclinic
space group Cc (no. 9) Pna21 (no. 33) P1Å (no. 2) P1Å (no. 2)
a [�] 15.8100(1) 15.3797(8) 6.0565(9) 6.2753(8)
b [�] 15.7992(2) 34.083(2) 7.8376(11) 7.7138(10)
c [�] 34.5802(6) 8.7252(4) 13.0104(18) 14.4424(19)
a [8] 77.127(2) 76.752(2)
b [8] 96.277(1) 72.118(2) 88.011(2)
g [8] 85.792(2) 84.524(2)
V [�3] 8585.87(26) 4573.6(3) 572.97(24) 677.32(26)
Z 16 4 2 2
1calcd [g cmÿ1] 1.15 1.153 1.323 1.365
F(000) 3168.00 1672.00 240.00 292.00
m [cmÿ1] 1.70 0.68 0.75 0.77
T [8C] ÿ 96 ÿ 117 ÿ 98 ÿ 93
crystal size [mm3] 0.35� 0.30� 0.02 0.36� 0.31� 0.19 0.43� 0.40� 0.01 0.35� 0.25� 0.01
2q range [8] 3 ± 458 4 ± 458 3 ± 528 3 ± 528
total no. reflns 18160 18951 2721 3186
independent reflns 6439 (Rint� 0.055) 5465 (Rint� 0.033) 1899 2235
observed reflns [I> 3 s(I)] 3320 4129 985 1199
parameters 453 531 163 199
abs. correction ellipsoidal ellipsoidal ellipsoidal
min./max. trans. ratio 0.792/0.978 0.721/0.986 0.826/0.987
min./max. residual


elec. density [e �ÿ3]
ÿ 0.36/0.49 ÿ 0.19/0.42 ÿ 0.22/0.17 ÿ 0.23/0.20


extinction coefficient 0.000000732
GOF 2.05 2.04 2.66 2.68
R[a] 0.067 0.045 0.057 0.054
Rw


[b] 0.070 0.053 0.070 0.066


[a] refined against Fo. [b] w� 1/s2(Fo).
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Figure 2. Structure of 2 b in the crystal: views of one of the two molecules
in the unit cell from above (top) and both of them from the side, methyl
ester groups omitted for clarity (bottom).


Figure 3. Structure of 4b in the crystal: views from above (top) and the
side (bottom).


locking units with an acute angle between them of approx-
imately 708. There appear to be no p-stacking or edge-p
interactions. Twelve intermolecular contacts exist between
carbon atoms below the sum of their van der Waals radii.
Except for the local perturbations that originate from the
trimethylsilyl substituents in 4 a, the structural features of 4 a
and 4 b are quite similar, especially the extent of bond


alternation: the difference between the average long and
short bonds of the central rings of 4 a and 4 b are 0.159 and
0.154 �, respectively.


Crystal structure of hexakis[(triisopropylsilyl)ethynyl] trian-
gular [4]phenylene (4c): As revealed in Figure 4, compound
4 c exhibits a marked bowl shape. In the unit cell, two
molecules stack in a staggered cofacial manner with their


Figure 4. Structure of 4c in the crystal: views of one molecule in the unit
cell from above (top) and two of them from the side, triisopropylsilyl
groups omitted for clarity (bottom).


centers offset, which is also seen in the structure of hexakis-
(trimethylsilyl) triangular [7]phenylene (1).[5b] Interestingly, as
with 1, there are close contacts (�3.3 �) between the convex
faces of the phenylene cores. There are two highly disordered
ethyl acetate molecules in the unit cell. Each of these has
contacts of less than 3.50 � with the phenylene core. One
molecule of ethyl acetate is held between the concave faces of
two 4 c molecules.


Crystal structure of dimethyl triangular [4]phenylene-2,3-
dicarboxylate (4d): As Figure 5 demonstrates, 4 d has adopted
a slightly nonplanar structure in which two benzocyclobuta-
diene ªarmsº bend in the same direction, while the last arm
containing the ester groups remains basically flat. The
molecules are stacked in columns with an inversion center
between neighboring units. There are close-contacts (3.22,
3.27, and 3.29 �) between the carbons of the phenylene cores
of adjacent molecules.
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Figure 5. Structure of 4d in the crystal: views from above (top) and the
side (bottom).


Crystal structure of 2,3-bis(trimethylsilyl) linear [3]phenylene
(5b): Compound 5 b exhibits a slightly bowed topology
(Figure 6). There are four inequivalent molecules in the unit


Figure 6. Structure of 5 b in the crystal: views of one of the four
inequivalent molecules in the unit cell from above (top) and the packing
of all four from the side (bottom).


cell, which necessitated the use of isotropic refinement. They
pack in staggered pairs in which the trimethylsilyl groups are
kept distant. The two pairs are related by a pseudoinversion
center. There are no nonbonded contacts of less than 3.40 �,
the closest contact of 3.43 � occuring between carbons of the
phenylene core.


Crystal structure of tris(2,2,5,5-tetramethyldihydrofurano) tri-
angular [4]phenylene (8): As seen in Figure 7, compound 8 is
nonplanar with the three ªarmsº showing varying amounts of
twisting and bending. Inspection of the displacements of the


Figure 7. Structure of 8 in the crystal: views from above (top) and the side
(bottom).


atoms from the mean plane of the central ring shows that one
arm bends in the opposite direction to the other two. There
are two toluene molecules per unit cell. Packing occurs
without p-stacking or edge-p interactions. The closest contact
is between a furano oxygen and a carbon of the toluene
solvate (3.35 �).


Redetermination of the crystal structure of tetracene (13): The
original structural determination of tetracene was found to be
of insufficient quality to pinpoint subtle deformations.[31] Our
redetermined unit cell data were in accord with the previous
study and a more recent powder diffraction study.[32] How-
ever, although the average bond lengths agreed well with the
earlier data, the individual bond lengths differed significantly
in the unit cell. This discrepancy is probably owing to the older
data collection technique, in which two-dimensional film data
were used. The increased quality of the new structure also
manifested itself in reduced uncertainty in atomic positions.
As shown in Figure 8, 13 exhibits a virtually planar structure.
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Figure 8. Structure of 13 in the crystal: views from above (top) and the side
(bottom).


Redetermination of the crystal structure of pentacene (14):
Although the crystallization solvent was the same as that used
in the previous study, the unit cell parameters were in
disagreement with those previously determined.[33] However,
this factor did not affect the gross structural features and good
agreement was found for the average bond lengths of the two
inequivalent molecules in the unit cell. As seen in Figure 9,
the X-ray structure revealed an essentially planar molecule.


Figure 9. Structure of 14 in the crystal: views from above (top) and the side
(bottom).


Cambridge Structural Database (CSD) search of naphtha-
lenes and anthracenes : The CSD search was conducted
according to the parameters defined in the Experimental
Section. Initially, it was directed towards unsubstituted
naphthalenes and anthracenes (the effect of substitution was
investigated separately). The search retrieved 24 unsubstitut-
ed naphthalenes and 25 unsubstituted anthracenes, typically
solvates or charge-transfer complexes. From the torsion
angles so obtained, the bend and twist angles at the ring
junctions were calculated as described in the Data Analysis
section. The distribution of the bend and twist angles is
displayed in Figure 10.


The effect of non-peri-substitution was investigated in the
same manner. In order to conform with the substitution
pattern of the available [N]phenylene structures, only di- and
tetrasubstituted acenes were included. The CSD search
retrieved 139 inequivalent 2,3-di- and 2,3,6,7-tetrasubstituted
naphthalene molecules and four inequivalent 2,3-di- and
2,3,7,8-tetrasubstituted anthracenes. The distribution of the
twist and bend values is displayed in Figure 11.


Figure 10. Distribution of deformation angles at the ring junction in
unsubstituted acenes with bin sizes of 0.28 increments: twist angles (top)
and bend angles (bottom).


Figure 11. Distribution of deformation angles at the ring junction in
substituted acenes with bin sizes of 0.28 increments: twist angles (top) and
bend angles (bottom).


Discussion


Nonplanarity in naphthalene and anthracene in the absence of
intramolecular interactions : Naphthalene and anthracene
represent ideal compounds on which to investigate the effects
of crystal packing on traditionally planar molecules. As can be
seen in Figure 10, intramolecular interactions induce slight
deviations from planarity in naphthalene and anthracene. A
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mean bend angle of 0.248 was found for these unsubstituted
acenes. The median value was slightly lower at 0.098. The
search gave eleven structures with bend values of 0.08. These
data indicate the presence of an inversion center within or a
mirror plane containing the molecule. The effect of imposing
one of these symmetry elements on a molecule is to reduce the
computed deformation angle to 08. With these values
eliminated from the data set, the average becomes 0.308 and
the median becomes 0.178. The mean twist for the set is 0.568
with a median value of 0.488. The anomalously high value of
3.568 belongs to an anthracene molecule in a complex with
3,3',5,5'-tetrachlorodiphenoxinone.[34] Apparently, the pres-
ence of a torsion angle of 4.068 between the six-membered
rings in this molecule induces an artificially high twist in the
anthracene.


The redetermined structures of tetracene and pentacene
reveal that larger molecular size and hence, the extent of
conjugation, does not lead to increased nonplanarity for the
acenes. For tetracene, the angles between least-squares planes
of adjacent benzene rings are 0.28 and 0.918 ; for pentacene,
they are 0.18, 0.30, 0.54, and 0.698. It is clear from the data that
crystal-packing forces induce very small deformations on the
parent acenes, most of them within instrumental error.


As shown in Figure 11, substitution in the non-peri-posi-
tions of naphthalene and anthracene leads to increased
distortions. The mean bend value for this set was 0.848 with
a range of 4.48. Its median is 0.678, indicating the presence of a
few relatively highly deformed molecules. The mean twist for
the set is somewhat larger, 1.18, and the range slightly
narrower, 4.28. The median twist is 0.978, again due to the
presence of some ªabnormalº molecules in the set. Careful
examination of the original experimental data for these
ªabnormalº molecules did not reveal any potential flaws.[35]


There does not appear to be any correlation between
substituent size or electron donating/withdrawing ability of
the substituent on the degree of nonplanarity. As in the case of
the parent acenes, the data suggest that the minimal defor-
mations that occur are the result of crystal-packing forces;
however, the overall extent of deformation is increased
with substitution and the range of values is significantly
larger.


Specific examples of nonplanarity in the [N]phenylenes :
Figure 1 displays the molecules used in this analysis. Bend and
twist angles were extracted from these structures using the
method described in the Data Analysis section.


The already available and herein reported X-ray structures
of [N]phenylene molecules represent all the currently acces-
sible topologies; namely, linear, angular, zigzag, and triangu-
lar, and possess a variety of substituents ranging from the
relatively small alkyl to the bulky triisopropylsilyl group.
Table 3 lists the median values and range for the twist (T) and
bend (B) angles in each compound.


The average degree of deformation in the parent com-
pounds 2 a, 3, and 4 b is minimal relative to their substituted
counterparts. Compound 4 b is the most nonplanar in this
group, with a large range of deformation values (0.3 ± 3.58),
whereas 2 a remains virtually planar (0.0 ± 1.08). Substitution
leads to increased deplanarization; however, there is no


obvious correlation between its extent and the size of the
substituent. For example, compound 4 c possesses the most
bulky appendages, triisopropylsilyl, and does indeed show the
largest median bend value of 3.88, yet both the trimethylsilyl
substituted 5 a and methyl ester 2 b exhibit equally large
deformations (Bm� 3.5 and 3.08, respectively). One could
have expected that extended conjugation and decrease in the
HOMO ± LUMO gap could have lead to (roughly) increased
nonplanarity.[36] However, this does not seem to be the case
for the phenylenes, as can be seen for 4 a and its tris(benzo-
cyclobutadieno) homologue 1 (Table 3), which show a similar
degree of deformation.


The extent and direction of the deplanarization appear to
be random and independent of molecular topology, perhaps
with the exception of the triangular phenylenes, in which the
sense of curvature of the inner and outer junctions is generally
the same (see, however, 8), thereby contributing to their bowl-
shaped structures, as exemplified by compound 4 c (Figure 3),
which has bend angles of 5.6, 3.9, and 3.78 around the central
ring and 4.2, 2.4, and 1.78 for the outer junctions. Interestingly,
the least deplanarized benzocyclobutadiene unit of 4 c exhib-
its the largest degree of six-membered ring twist in the
molecule (4.5 and 3.68). The extent of deformation may be
attributed to the numerous intermolecular close contacts. For
1, two of the arms bend in the same direction. The bend values
from the center outward are 2.30, 0.65, 2.20, and 1.78 for one
arm, and 4.30, 1.35, 5.10, and 3.608 for the other. For the third,
the inner ring fusions are distorted in the same direction as the
other arms (0.10, 2.308), while the two outermost junctions are
bent slightly in the opposite direction (ÿ0.48 each). Also, the
latter exhibit the largest degree of twisting in the four- (1.58)
and six-membered ring (5.38). Compound 8 does not exhibit
the typical bowl-shaped structure, rather the molecule has one
arm slightly bent in the opposite direction to the rest of the
molecule (0.78, 1.38 compared with ÿ1.88, ÿ3.18 and ÿ1.28,
ÿ0.48 for the other arms).


The so far only published crystal structure of a linear
phenylene, tetrakis(trimethylsilyl) linear [3]phenylene
(5 a),[5c] shows a molecule that adopts a sinusoidal shape. In


Table 3. Deformation angles [8] for the [N]phenylenes.[a]


Bm Br Tfour
m Tfour


r Tsix
m Tsix


r


1 2.0 0.1 ± 5.1 0.7 0.1 ± 1.5 1.4 0.2 ± 5.3
2a(m1) 0.5 0.4 ± 0.9 0.4 0.2 ± 0.5 0.4 0.1 ± 1.1
2a(m2) 0.2 0.0 ± 0.8 0.2 0.1 ± 1.0 0.2 0.1 ± 0.4
2a(m3) 0.6 0.3 ± 1.0 0.2 0.1 ± 0.6 0.2 0.1 ± 1.4
2b(m1) 3.1 2.3 ± 3.7 1.2 0.9 ± 1.4 0.8 0.3 ± 2.1
2b(m2) 2.9 1.0 ± 6.0 0.3 0.2 ± 0.3 0.4 0.2 ± 0.5
3(m1) 0.1 0.1 0.0 0.0 1.1 1.1
3(m2) 0.8 0.0 ± 1.6 0.6 0.6 1.0 1.0
4a 2.5 0.3 ± 3.28 0.6 0.1 ± 2.6 1.5 0.3 ± 7.0
4b 1.5 0.3 ± 3.5 0.5 0.3 ± 1.3 1.2 0.2 ± 3.8
4c 3.8 1.7 ± 5.6 1.4 0.6 ± 1.6 1.8 0.1 ± 4.5
4d 1.9 0.6 ± 3.9 0.8 0.6 ± 3.1 1.8 0.3 ± 4.8
5a 3.5 3.2 ± 3.8 1.3 1.3 0.9 0.7 ± 1.1
8 1.2 0.4 ± 3.1 0.6 0.1 ± 1.2 2.6 0.1 ± 4.8
15 2.8 0.2 ± 5.3 0.7 0.6 ± 1.0 1.2 0.8 ± 2.6
16a 1.2 0.2 ± 1.5 1.2 0.4 ± 2.1 1.4 0.6 ± 4.0
16b 0.5 0.1 ± 1.8 1.0 0.0 ± 1.9 2.0 0.5 ± 4.1
17 1.0 0.0 ± 4.1 0.6 0.4 ± 1.8 1.7 0.1 ± 3.2


[a] The subscripts m and r refer to the median and the range respectively.
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contrast, the crystal structure of the bis(trimethylsilyl) deriv-
ative 5 b reveals a curved structure. In both cases the packing
diagrams indicate that the trimethylsilyl groups play a
significant role in enforcing the shape of the molecule in the
solid state (Figure 6). Indeed, another molecule possessing
identical substitution, namely bis(trimethylsilyl) zigzag
[4]phenylene (15),[37] exhibits a similar packing pattern and,
most notably, 15 has a similar, albeit much greater, degree of
curvature (bend angles of 2.8, 2.9, 5.1, and 5.38 are present in
the molecule).


Compound 2 a is the only phenylene structure obtained thus
far that is planar. In light of the results presented here, the
flatness of 2 a may be fortuitous. Indeed, disruption of the
packing efficiency by the introduction of substitution as in 2 b
leads to significant deviation from planarity. Here, one of the
inequivalent molecules adopts a bow shape with bend values
from the center outward of ÿ5.95 and ÿ2.958 for one arm,
and 0.95 and ÿ2.858 for the other. The remaining molecule
exhibits a sinusoidal shape with bend values (from the central
ring) of 3.70 and 3.358 for one arm, and ÿ2.85 and ÿ2.258 for
the other. There are several intermolecular interactions below
3.40 � and these close contacts may contribute (but not in a
readily explainable manner) to deplanarization in this mole-
cule. The fact that 2 b displays two modes of deformation
within the same crystalline environment is also suggestive of
the influence of crystal-packing forces.


In the [5]phenylene series, there are crystal structures of
three compounds; the dipropyl and diphenyl zigzag [5]phen-
ylene (16 a and 16 b, respectively),[37] and the dipropyl angular
[5]phenylene (17).[38] For 16 a and 16 b, there is only minor
bending (the largest value being 1.88); however, there does
exist significant twisting, a maximum of 4.08 for each,
presumably due to steric interactions of the substituents.
Compound 17 possesses a helical structure in which most of
the deplanarization originates from the central portion of the
molecule (central bend values of 2.3 and 4.18 versus 1.08 for
the outer junctions).


Comparison of the nonplanarity in the phenylenes and the
acenes : Figure 12 displays the distribution of deformation
values for the entire set of [N]phenylene molecules. The
pattern of bend angles is indicative of a random distribution.
The range of values is 5.958 and the median is 1.38. The
distribution of twist values in the four-membered rings is
centered at 0.608 with a few surprisingly large angles (>2.48).
The distribution of twist values in the six-membered rings is
centered at 1.18 and has a greater range than the four-
membered rings (a range of 6.98 compared with 3.18,
respectively), demonstrating the greater flexibility of the six-
membered rings. If one removes the unsubstituted phenylenes
from the distribution, there is no appreciable increase in the
median twist angles (Tfour� 0.7 and Tsix� 1.48 for substituted
phenylenes). There is, however, an increase in the median
bend angle from 1.3 to 1.88 for substituted phenylenes. A
possible explanation for the last observation is that substitu-
ents disrupt packing efficiency and that the phenylene frames
are curving to accommodate them.


A comparison of the distribution of deformation angles for
the acenes and the phenylenes reveals that the overall


Figure 12. Distribution of deformation angles in the [N]phenylenes with
bin sizes of 0.28 increments: twist angles in the four-membered rings (top),
in the six-membered rings (middle), and bend angles at the ring junctions
(bottom).


bending in the latter is greater than in the former, as evident in
the larger median and range of values for the phenylenes.
Whereas the acenes show a relatively peaked distribution of
bend angles (kurtosis� 3.4), the phenylenes show an even
distribution over the entire range (kurtosis�ÿ0.2). The
twisting in the six-membered rings is essentially the same
for both classes of molecules with a few high values (>4.28)
for the phenylenes. Interestingly, while there is a slight
preference for twisting over bending for the substituted
acenes (1.18 to 0.778, respectively), the phenylenes display
basically no preference for bending over twisting (1.3 to 1.48,
respectively). This finding may be due to restriction of
torsional deformation in the phenylenes by the four-mem-
bered ring annulation. If one assumes that, on average, the
crystal-packing forces are of similar magnitudes for the acenes
and the phenylenes, then the data suggest that the phenylenes
are more flexible.


Compound 8 was synthesized in order to probe the issue of
deplanarization in solution. However, a variable temperature
1H NMR experiment showed no change in the singlet
resonance for the methyl groups on cooling to ÿ93 8C; this
is consistent with a barrier to bowl-to-bowl interconversion
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too low to measure experimentally or with the presence of a
planar molecule. Our attention, therefore, turned to computa-
tional techniques to elucidate the (unencumbered) ground
state geometry of these molecules.


Energetics of deformation : Initial efforts utilized molecular
mechanics and semiempirical approaches, since these have
been shown by Herndon to effectively predict the geometry of
the acenes.[17] When applied to linear [3]phenylene (18),
biphenylene (3), and triangular [4]phenylene (4 b), all these
systems emerged with a planar most stable structure. This
result was also obtained with ab initio methods on 4 b at the
HF/6-31G* level. The addition of electron correlation, HF/6-
31G(2d), and the use of both density functional (Becke3LYP/
6-31G*) and MP2/6-31G* optimizations of 4 b did not change
this feature.


In light of these calculational results, it seems likely that
crystal-packing forces are responsible for the deplanarization
observed in the solid state. Here, close packing often goes in
tandem with the adoption of higher energy conformations
than would be observed in the absence of close neighbors.[39]


An example of this phenomenon is seen in the crystal
structure of biphenyl (and some derivatives), which reveals
preference for a relatively more coplanar arrangement that is
more energetic (ca. 1.4 kcal molÿ1) than the minimum energy
conformation.[40] Molecules can also crystallize in various
polymorphic modifications which exhibit significantly differ-
ing molecular conformations that possess energy differences
of several kcal molÿ1. Bernstein has referred to this phenom-
enon as ªconformational polymorphismº.[41] While such
polymorphs are not encountered with the [N]phenylenes,
two or three molecular conformations within a single unit cell
can be found, as described above. To obtain an estimate of the
energy of the observed deplanarizations in the solid state,
calculations (HF/6-31G*) were carried out by employing the
X-ray structural parameters found for 4 b. For carbon, these
were kept fixed, while the hydrogens were allowed to
optimize. The resulting energy of this structure was
3.55 kcal molÿ1 above the planar form. To place this number
in perspective, when packing is dominated by van der Waals
forces, the difference in energy between the observed (solid
state) and calculated lowest energy conformation is typically
in the range of 1 ± 2 kcal molÿ1.[42] The higher value obtained
for 4 b might be attributed to the lack of electron correlation
in the calculation (vide infra).


Since the experimental results suggest that, on average, the
[N]phenylenes exhibit a greater deformability relative to
naphthalene and anthracene, ab initio calculations were
performed to determine the relative energetic cost of
incremental deformation. The potential that results from
bending can be fit to a quadratic function (Figure 13).


Thus, the energetics of a given deformation can be
estimated given the coefficient. The calculations show that
while not much energy is required to deform naphthalene and
anthracene, even less is required for the phenylenes. The
potential wells of 3, 4 b, and 18 are more shallow than those of
the acenes (Figure 13). Thus, 3 and 18 are 26 % and 4 b 45 %
more readily deplanarized than the acenes. The effect of
electron correlation on the bending potentials was also


Figure 13. Normalized deformation energies for naphthalene, anthracene
and the phenylenes, 3, 4b, and 18.


explored. Optimization of 4 b at a fixed angle (38) at the
Becke3LYP/6-31G* level showed a shallowing of the poten-
tial well by 19 % relative to the Hartree-Fock result. The
corresponding change for naphthalene (68) was only 9 %,
which suggests a greater ªsofteningº of the phenylenes
relative to the acenes on addition of electron correlation.
An alternative approach to the inclusion of electron correla-
tion based on second-order Mùller ± Plesset perturbation
theory resulted in the corresponding values of 28 % for 4 b
and 26 % for naphthalene. It remains to be seen whether
higher level calculations will lead to a further reduction in the
energy of deformation. However, the use of very high-level
correlation methods which were required to reproduce the
conformations of other hydrocarbon systems may be prohib-
ited by size.[43]


Conclusion


Based on calculations and experiment, the [N]phenylenes
appear to prefer planar most stable structures in the absence
of intermolecular interactions. The nonplanarity observed in
the solid state is generally independent of molecular topology,
size, and nature of substitution, and is presumably a result of
crystal-packing forces. Furthermore, calculations show that
the phenylenes are more readily deformable than naphtha-
lene and anthracene. While the [N]phenylenes are apparently
not intrinsically nonplanar, the increased flexibility of this
class of molecules over the acenes is encouraging for the
stability and hence synthetic accessibility of cyclobutadienoid
fullerenes, in particular the spherical phenylenes described by
a truncated cuboctahedron, C48,[44] and a truncated icosido-
decahedron, C120 (ªarchimedeneº).[4b, i, l]


Experimental Section


General details : All commercially available reagents and solvents were
used without further purification unless otherwise noted. Dimethoxy-
ethane (DME) and tetrahydrofuran (THF) were distilled from sodium/
benzophenone, and triethylamine was distilled from calcium hydride just
prior to use. All reactions involving air-sensitive materials were carried out
under an inert atmosphere. Thin-layer chromatography (TLC) was carried
out on Merck silica gel 60 F254. Flash column chromatography was
performed on ICN silica gel (32 ± 63 mm, 60 �). IR spectra (KBr method)
were recorded on a Perkin ± Elmer System 2000 FT-IR. UV/Vis spectra
were measured on a Hewlett ± Packard Model 8450A UV/Vis diode array
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system. NMR spectra were obtained on Bruker AM and AMX spectrom-
eters; the operating frequencies are given with the data. Mass spectral data
were provided by the UCB Mass Spectrometry Laboratory. Elemental
analyses were carried out by the UCB Microanalytical Laboratory. Melting
points were observed in sealed glass capillaries on a Thomas Hoover
Melting-Point Apparatus and are uncorrected.


Dimethyl 1,2,3,4-tetrakis[(trimethylsilyl)ethynyl]phthalate (11): Dimethyl
1,2,3,4-tetrabromophthalate (10) (6.466 g, 12.68 mmol), [PdCl2(PPh3)2]
(0.688 g, 0.979 mmol), CuI (0.185 g, 0.969 mmol), and NEt3 (100 mL) were
added to a Fischer ± Porter bottle. This solution was degassed and
(trimethylsilyl)acetylene (22.0 mL, 0.156 mol) was added. The bottle was
sealed and heated for three days at 125 8C. Salts were filtered off and the
solvents removed by evaporation. The residue was dissolved in ether
(250 mL) and washed with water (250 mL), HCl (1m ; 250 mL), and
aqueous saturated NaCl solution (250 mL), and dried over Na2SO4. The
solvent was removed by evaporation, and purification by column chroma-
tography (14 % ethyl acetate/hexanes) gave 11 as a brown solid. Recrystal-
lization from methanol/water afforded 11 (2.427 g, 33%) as off-white
needles. M.p. 141.5 ± 142.5 8C; IR (KBr): nÄ � 2961, 2900, 2159, 1752, 1726,
1439, 1403, 1322, 1249, 1227, 1181, 980, 968, 885, 903, 844, 760 cmÿ1; UV/Vis
(hexanes): lmax (loge)� 283 (4.77), 314 (4.25) nm; MS (70 eV): m/z (%): 579
(12) [M�], 563 (100), 459 (33), 309 (39), 73 (74); 1H NMR (500 MHz,
CDCl3): d� 3.85 (s, 6 H), 0.26 (s, 9H), 0.23 (s, 9 H); 13C{1H} NMR
(125 MHz, CDCl3): d� 166.2, 134.4, 130.7, 124.0, 106.5, 106.3, 100.4, 99.5,
52.6,ÿ0.1,ÿ0.2; C30H42O4Si4 (579.00): calcd C 62.23, H 7.31; found C 61.83,
H 7.26.


Dimethyl 2,3,8,9-tetrakis(trimethylsilyl) angular [3]phenylene-5,6-dicarb-
oxylate (12): KF ´ 2 H2O (5.4 g, 63 mmol) was added to a solution of 11
(0.500 g, 0.864 mmol) and [18]crown-6 (0.14 g, 0.52 mmol) in DME
(100 mL). The mixture was stirred for 30 min, and the solution was
decanted from solids and subsequently degassed with N2. [CpCo(CO)2]
(217 mL, 1.70 mmol) was added, and the resulting solution was added
through a syringe to a boiling solution of degassed bis(trimethylsilyl)ace-
tylene (100 mL) over a period of 6 h with magnetic stirring. During the
reaction, the flask was irradiated with a slide projector lamp. Heating to
reflux and irradiation was continued for 8 h after addition was complete.
The reaction mixture was then cooled and the solvent evaporated via
vacuum transfer. Purification by column chromatography (10 % CH2Cl2/
hexanes) afforded 12 as a yellow powder (0.100 g, 18%). M.p. 178 ± 180 8C;
IR (KBr): nÄ � 3002, 2951, 2926, 1725, 1717, 1629, 1440, 1365, 1295, 1251,
1199, 1136, 1071, 852, 755 cmÿ1; UV/Vis (hexanes): lmax (loge)� 241 (4.96),
248 (4.96), 293 (5.11), 303 (5.21), 337 (5.15), 389 (4.08), 414 (4.06), 440
(3.89) nm; MS (70 eV): m/z (%): 630 (100) [M�], 615 (7), 599 (5), 511 (10),
73 (10); 1H NMR (300 MHz, CDCl3): d� 7.41 (d, J� 1.1 Hz, 2 H), 7.37 (d,
J� 1.1 Hz, 2H), 3.90 (s, 6H), 0.38 (s, 18H), 0.36 (s, 18H); 13C{1H} NMR
(125 MHz, CDCl3): d� 165.4, 154.0, 150.9, 150.0, 147.4, 147.3, 136.5, 126.4,
125.6, 116.5, 52.02, 2.16, 2.09; C34H46O4Si4 (631.08): C 64.70, H 7.30; found C
64.31, H 7.47.


Dimethyl angular [3]phenylene-5,6-dicarboxylate (2 b): CF3CO2H
(3.0 mL) was added to a solution of 12 (0.150 g, 0.238 mmol) in CHCl3


(15 mL), and the mixture was stirred for 18 h. The solution was diluted with
Et2O, washed successively with H2O and aqueous saturated NaHCO3,
dried over MgSO4, and the solvents evaporated. Purification by column
chromatography (10 % ethyl acetate/hexanes) afforded 2 b as a yellow
powder (0.066 g, 81%). M.p. 170 ± 172 8C; IR (KBr): nÄ � 3070, 2993, 2948,
1722, 1709, 1455, 1437, 1375, 1292, 1271, 1199, 1148, 1115, 1037, 748 cmÿ1;
UV/Vis (hexanes): lmax (loge)� 231 (4.47), 240 (4.46), 274 (4.49), 287 (4.64),
325 (4.53), 380 (3.46), 404 (3.46), 431 (3.41) nm; MS (70 eV): m/z (%): 342
(100) [M�], 311 (32), 237 (8), 224 (70), 212 (28), 198 (8), 59 (18); 1H NMR
(500 MHz, CDCl3): d� 7.09 ± 7.05 (m, 3H), 7.01 ± 6.99 (m, 1H), 3.87 (s, 3 H);
13C{1H} NMR (100 MHz, CDCl3): d� 165.5, 153.0, 148.4, 148.3, 135.2,
130.5, 130.1, 121.1, 120.0, 116.5, 52.1; high-resolution MS for C22H14O4:
calcd 342.0892; found 342.0895.


Dimethyl triangular [4]phenylene-2,3-dicarboxylate (4d): A solution of
5,6-bis[(trimethylsilyl)ethynyl] angular [3]phenylene[5b] (0.200 g,
0.478 mmol) and Bu4N�Fÿ(1.0 mL of a 1.0m solution, 1.0 mmol) in toluene
(50 mL) was stirred at room temperature for 2 h. The reaction mixture was
washed with H2O, dried over MgSO4, filtered, and flushed with argon.
Dimethylacetylene dicarboxylate (DMAD) (800 mL, 7.50 mmol) and
[CpCo(CO)2] (130 mL, 1.02 mmol) was added to this solution, and the total
was injected over an 8 h period into boiling degassed toluene (100 mL) that


contained additional DMAD (200 mL, 1.63 mmol). During addition, and
for an additional 8 h, the reaction mixture was irradiated with a slide
projector lamp, while boiling. After cooling, the solvents were removed by
evaporation. Purification by chromatography on silica (solvent gradient
20% CH2Cl2/hexanes to CH2Cl2) gave crude 4 d. Crystallization from
pentane gave pure 4d as a yellow powder (0.036 g, 18 %). M.p. 205 ± 208 8C
(decomp); IR (KBr): nÄ � 2944, 2892, 1729, 1712, 1591, 1438, 1273, 1252,
1101, 765, 739 cmÿ1; UV/Vis (CH2Cl2): lmax (loge)� 230 sh (4.64), 239
(4.77), 246 (4.83), 276 sh (4.75), 290 (4.90), 305 (5.05), 329 sh (4.57), 340
(4.51), 359 sh (4.36), 396 (3.91) nm; MS (70 eV): m/z (%): 416 (16) [M�],
385 (8), 370 (8), 298 (14), 277 (10), 262 (26), 221 (10), 183 (40), 133 (34), 111
(48), 97 (70), 83 (66), 71 (100); 1H NMR (200 MHz, CDCl3): d� 7.39 (s,
2H), 7.14 (ABCDm, 8H), 3.90 (s, 6H); 13C{1H} NMR (50 MHz, CDCl3):
d� 167.9, 150.5, 148.6, 147.7, 132.8, 132.2, 130.8, 129.3, 128.9, 127.9, 120.1,
120.0, 119.2, 52.7; high-resolution MS for C28H16O4: calcd 416.1048; found
416.1039.


2,3-Bis[(triisopropylsilyl)ethynyl]biphenylene (7): KF ´ 2 H2O (5.00 g,
53.1 mmol) was added to a solution of 1,2-bis[(trimethylsilyl)ethynyl]ben-
zene[5c] (0.289 g, 1.07 mmol) and [18]crown-6 (0.142 g, 0.535 mmol) in DME
(50 mL). The mixture was stirred for 30 min, decanted from solids, and
subsequently degassed with N2. [CpCo(CO)2] (164 mL, 1.28 mmol) was
added, and the resulting solution added through a syringe to 1,6-
bis(triisopropylsilyl)-1,3,5-hexatriyne[29] (1.24 g, 3.21 mmol) in boiling,
degassed xylenes (100 mL) over a period of 8 h with magnetic stirring.
During the reaction, the flask was irradiated with a slide-projector lamp.
Heating to reflux and irradiation was continued for 5 h after addition was
complete. The reaction mixture was then cooled and the solvent
evaporated. Purification by column chromatography (hexanes) gave 7 as
a yellow solid (0.405 g, 74%). M.p. 105 ± 106 8C; IR (KBr): nÄ � 2943, 2892,
2865, 2143, 1463, 1425, 1272, 996, 882, 805, 739, 712, 677, 660, 628 cmÿ1; UV/
Vis (CH2Cl2): lmax (loge)� 215 (4.15), 273 (4.84), 283 (4.85), 288 (4.81), 347
(3.65), 367 (3.89), 384 (4.09), 418 (3.16) nm; MS (70 eV): m/z (%): 512 (100)
[M�], 427 (19), 385 (10), 343 (8), 315 (6), 301 (8), 73 (9); 1H NMR
(400 MHz): d� 6.81 (BB' m, 2H), 6.69 (s, 1 H), 6.68 (AA' m, 2 H), 1.11 (s,
21H); 13C{1H} NMR (100 MHz): d� 150.1, 150.0, 129.1, 125.8, 121.0, 118.3,
106.4, 96.1, 18.8, 11.4; high-resolution MS for C34H48Si2: calcd 512.3295;
found 512.3293.


2,3-Bis(trimethylsilyl) linear [3]phenylene (5 b):[5c] TBAF (1.56 mL,
1.56 mmol, 1m in THF) was added to a solution of 7 (0.400 g, 0.780 mmol)
in THF (20 mL). The mixture was stirred for 30 min, passed through a silica
plug, diluted additional THF (10 mL), and degassed with N2. [CpCo(CO)2]
(100 mL, 0.783 mmol) was added, and the resulting solution added through
a syringe to boiling bis(trimethylsilyl)acetylene (45 mL) over a period of
8 h with magnetic stirring. During the reaction, the flask was irradiated with
a slide-projector lamp. Heating to reflux and irradiation was continued for
5 h after addition was complete. The reaction mixture was then cooled, and
the solvent removed by vacuum transfer. The resulting residue was
dissolved in Et2O and adsorbed on alumina (activity III). Column
chromatography (pentane) with alumina (III) gave 5b as deep red needles
( 0.172 g, 60%). M.p. 171 ± 173 8C; 1H NMR (400 MHz, C6D6): d� 6.84 (s,
2H), 6.19 (BB' m, 2 H), 6.45 (AA' m, 2 H), 6.07 (s, 2 H), 0.30 (s, 18H).


Tris(2,2,5,5-tetramethyldihydrofurano) triangular [4]phenylene (8): KF ´
2H2O (1.92 g, 20.4 mmol) was added to a solution of hexakis(trimethylsi-
lylethynyl)benzene[30] (0.303 g, 0.462 mmol) and [18]crown-6 (0.063 g,
0.237 mmol) in DME (50 mL). The mixture was stirred for 30 min,
decanted from solids, and subsequently degassed with N2. [CpCo(CO)2]
(207 mL, 1.62 mmol) was added, and the resulting solution added through a
syringe to 2,5-dimethyl-3-hexyne-2,5-diol (0.406 g, 2.86 mmol) in boiling
degassed m-xylene (100 mL) over a period of 8 h with magnetic stirring.
During the reaction, the flask was irradiated with a slide-projector lamp.
Heating to reflux and irradiation was continued for 8 h after addition was
complete. The reaction mixture was then cooled, and the solvent
evaporated. The dark residue was passed through a short silica plug
(10 % CH3OH /CH2Cl2). Solvents were evaporated, the residue dissolved in
benzene (250 mL), and p-toluenesulfonic acid (1 mg) was added. The
mixture was heated to reflux over 4 � molecular sieves for 16 h. After
cooling, the solvents were evaporated, and the product purified by column
chromatography (25 % ethyl acetate/hexanes) to yield 8 as a yellow solid
(0.086 g, 31 %). M.p. >315 8C; IR (KBr): nÄ � 2970, 2924, 1437, 1361, 1291,
1256, 1175, 1122, 1077, 989, 871, 545 cmÿ1; UV/Vis (hexanes): lmax (loge)�
238 (4.96), 248 (5.12), 277 (4.95), 289 (5.17), 304 (5.35), 345 (4.91), 362
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(4.90), 397 (4.42) nm; MS (70 eV): m/z (%): 594 (44) [M�], 579 (100), 549
(8), 282 (31), 267 (7); 1H NMR (400 MHz, CDCl3): d� 6.93 (s, 6 H), 1.53 (s,
36H); 13C{1H} NMR (100 MHz, CDCl3): d� 147.9, 146.4, 128.5, 112.9, 84.3,
30.8; high-resolution MS for C42H42O3: calcd 594.3134; found 594.3128.


X-ray crystal structure analyses : All data were obtained on a Siemens
SMART diffractometer using graphite monochromated MoKa radiation
(l� 0.71069 �). Area detector frames were collected from w scans of 0.38.
The structures were solved by direct methods,[45] expanded with Fourier
techniques,[46] and subjected to full-matrix least-squares refinement by
means of the teXsan crystallographic software package.[47] The data were
corrected for Lorentz and polarization effects.


Dimethyl angular [3]phenylene-5,6-dicarboxylate (2b): Crystals were
obtained as yellow needles by slow evaporation from hexanes.


Triangular [4]phenylene (4b): Very thin yellow blades resulted on slow
evaporation from CH2Cl2.


Hexakis[triisopropylsilyl(ethynyl)] triangular [4]phenylene (4c): Suitable
crystals precipitated as yellow blades by slow evaporation from ethyl
acetate.


Dimethyl triangular [4]phenylene-2,3-dicarboxylate (4d): Orange blades
were formed on slow evaporation of ethyl acetate.


2,3-Bis(trimethylsilyl) linear [3]phenylene (5b): Crystals were obtained as
red plates by slow cooling of a diethyl ether/methanol solution.


Tris(2,2,5,5-tetramethyldihydrofurano) triangular [4]phenylene (8): Crys-
tals were collected as yellow blades by slow evaporation from [D8]toluene.


Tetracene (13): Crystals in the form of extremely thin orange plates formed
on evaporation of 1,2,4-trichlorobenzene.


Pentacene (14): Crystals suitable for X-ray crystallography were obtained
as large, thin blue plates from 1,2,4-trichlorobenzene in a sealed tube under
vacuum.
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-114444 (2b),
114440 (4 b), 114442 (4c), 114443 (4d), 114445 (5 b), 114441 (8), 114446
(13), 114447 (14). 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).


Database search : The 1996 version of the Cambridge Structural Database
was used to search for unsubstituted and 2,3-di- and 2,3,6,7-tetrasubstituted
naphthalene and 2,3-di- and 2,3,7,8-tetrasubstituted anthracene molecules.
Peri-substituted derivatives were avoided because of the large deforma-
tions induced by sterics.[19] Angularly fused acenes were not used in this
search, since nonbonded interactions in the bay region are known to induce
nonplanarity.[17] Structures with the following characteristics were also
excluded: crystallographic agreement factor R greater than 0.10, fragments
with metal coordination, charged fragments, and geometrically constrained
molecules (i.e. cyclophanes). The four dihedral angles around the CÿC
bond at the site of ring fusion were extracted with the CSD programs
QUEST and VISTA.


Data analysis : The analyses of the CSD data and the X-ray crystal
structures are based primarily on the structure-correlation method.[48]


Inspection of the deformation at the ring junction is a size consistent
procedure for examining the nonplanarity in the acenes and [N]phenylenes.
There are four torsion angles that fully describe a ring fusion and these are
denoted as DD(f1,2,3,4), DC(f5,2,3,6), DS(f4,3,2,5), and DZ(f1,2,3,6), in which
the second letter refers to the shape described by the angle, see Figure 14.
As a reference frame, the z axis is chosen as pointing along the C2,3 bond.
Any displacement in the xy frame represents a deformation. For present
purposes, all torsion angles were appropriately adjusted so that they were
less than 908, while still maintaining their sign. Two parameters were


defined to represent the possible modes of deformation: a twist T and a
bend B. In the simplest case, the twist would arise from a rotation about the
C2,3 bond. The bend can be achieved by holding C2,3 in place and pulling on
C1, C4, C5, and C6 (Figure 14). For the acenes, which have adjacent six-
membered rings, T� (jDD j�jDC j )/2. For the phenylenes, which have
adjacent four- and six-membered rings, there are two twist values (Tfour and
Tsix), which are simply the dihedrals within the respective rings. The bend
value for both classes is defined as B� [(DS�DC)� (DS�DD)]/2. For
example, from a single ring junction in triangular [4]phenylene one obtains
the torsion angles DS�ÿ175.48, DZ� 177.88, DD� 1.908, DC� 0.408. DS
and DZ are adjusted to be relative to 0.08, which gives DS�ÿ4.68 and
DZ� 2.208. Applying the equation for B, one obtains a bend angle of
ÿ3.458 (the negative sign denotes the relative directionality of the
deformation; a positive value indicates a bend in the opposite direction).
The twist values, Tsix and Tfour, are simply the torsion angles 1.98 and 0.48,
respectively. Absolute values were used for generation of the histograms.
An approach similar to this one was used to delineate the out-of-plane
deviation in the methoxyphenyl group.[49]


Computation : All geometry optimizations were performed with the
GAUSSIAN 92[50] or GAUSSIAN 94[51] packages. Constrained geometry
optimizations were carried out at the HF/6-31G* level of theory by use of
dihedral angles between planes fixed in the Z-matrix and allowing full
relaxation of the hydrocarbon frame at each point. Some calculations
included electron correlation through a Mùller ± Plesset correlation energy
correction, truncated at the second order (MP2), and employing the frozen-
core approximation.[52] To compare varying treatments of these molecules,
some calculations were carried out at the 6 ± 31G* level with a density
functional model based on Becke�s three-parameter hybrid method, which
uses the correlation functional of Lee, Yang, and Parr (Becke3LYP).[53] For
naphthalene, anthracene, biphenylene (3), and linear [3]phenylene (18),
D2h symmetry was assumed for the planar and C2v symmetry for the bent
structures. Triangular [4]phenylene (4 b) was constrained to either D3h or
C3v symmetry.
In order to compare the energetic cost of deforming the [N]phenylenes
relative to the acenes, it was necessary to make some approximations to
simplify modeling the phenomenon. First, bending was induced only at the
junctions between rings and, second, its magnitude was made equal at all
junctions. Thus, the calculations were carried out by keeping the four- and
six-membered rings completely planar and fixing the angles between planes
at 0, 3, 6, 9, and 128. Symmetric bending was employed to raise the
symmetry of the systems and thus decrease computational cost. Finally, to
normalize the calculated energy changes for molecular size, the total
deformation energy was divided by the number of junctions present to give
a ªnormalized deformation energyº, an index independent of molecular
size.
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Topological Analysis of the Experimental Electron Densities of Small
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Topological Analysis of the Experimental Electron Density
of Diisocyanomethane at 115 K


Tibor KoritsaÂnszky,[b] Jürgen Buschmann,[a] Dieter Lentz,[c] Peter Luger,*[a]


Genivaldo Perpetuo,[a] and Matthias Röttger[c]


Abstract: The structure and charge
density of diisocyanomethane, derived
from low-temperature X-ray diffraction
data and by ab initio calculations are
reported. Different refinement models
are tested to judge the physical signifi-
cance of the density parametrization.
The experimental distances of the for-
mal triple bonds are significantly shorter
than those obtained by energy optimi-


zation. In terms of topological indices
the former method gives a higher bond
order than the latter one, even if the
calculation is performed at the exper-


imental geometry, indicating that crystal
field effects may not be negligible when
the results are compared. These effects,
although caused by weak close contacts,
can directly be revealed by comparing
the electrostatic potential extracted
from the diffraction data with that
derived from the wave function of the
isolated molecule.


Keywords: ab initio calculations ´
bond-topological indices ´ electronic
structure ´ electrostatic potential ´
multipole refinement


Introduction


The first isocyanides, ethyl isocyanide and phenyl isocyanide,
were prepared more than a hundred years ago by Gautier[1]


and Hofmann.[2] Due to their extremely bad odor and limited
synthetic routes the chemistry of the less stable isomers of the
nitriles remained unexplored for a long time. Since Ugi�s
discovery of an efficient synthesis from the corresponding
formamides, isocyanides have been used more and more as
building blocks in organic syntheses.[3] The coordination
chemistry of the isocyanide ligands was strongly influenced
by the work of Malatesta, Bonati, and others,[4±10] and it was
recognized that the ligand properties of the isocyanide group


can easily be tuned by the electronic properties of the
substituent; the ligands range from good s-donor ligands to
extremely strong p-accepting ligands such as trifluoromethyl
isocyanide.[11]


During recent years a number of small isocyanides such as
CNÿCN,[12±14] CNÿNC,[15] NCÿCCÿNC,[16, 17] HÿCCÿNC,[18±21]


H2C(CN)(NC),[22±25] and H2C(NC)2
[26, 27] have been prepared


and characterized by various methods. Nevertheless, the
number of structurally characterized small isocyanides is still
limited (Table 1), and the number of those investigated by
X-ray crystallography is even smaller. Since the bonding
situation in this type of compounds is peculiar due to the
presence of a formally divalent carbon atom with a coordi-
nation number of only one, an experimental charge density
determination of an isocyanide is of interest.


Apart from the experimental difficulties arising from the
thermal instability of diisocyanomethane, which violently
decomposes on warming above 0 8C, the compound is an ideal
candidate for an experimental charge density study, as it is a
rather small structure, crystallizing in a centrosymmetric
space group (P21/n) with one molecule in the asymmetric unit.


Experimental electron density studies are becoming in-
creasingly important.[37] Recent advances of X-ray diffraction
techniques make it possible to obtain high-resolution diffrac-
tion patterns and thus a detailed mapping of the charge
distribution within the time interval needed for the corre-
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sponding quantum-chemical calculations.[38] Routine applica-
tions of the method can lead to ambiguous results on account
of the relatively complicated nature of the modeling proce-
dure involved. In the analysis of the adequacy of the density
models applied chemical preconceptions and physical restric-
tions play an important role. Recent studies that studied the
total, rather than the deformation density,[39-41] emphasize the
importance of the finding that the experimentally determined
density, characteristic of the crystalline state, has basically the
same topology as that calculated from the ground-state wave
function of the corresponding isolated molecule. These results
suggest that one should analyze deviations in fine topological
details of the densities obtained by the two methods in order
to learn about the nature of the intermolecular interactions
that stabilize the crystal and/or to resolve model indetermin-
acies, if the deviations considered cannot be attributed
directly to crystal field effects. To explore these aspects
topological analyses of the experimental charge density of
small molecules[41, 42] are reported.


Density models and multipole refinements


The atomic positions and displacement amplitudes from
reference [27] were used as starting parameters in the
multipole refinements based on the Hansen ± Coppens for-
malism[43] and carried out with the full-matrix least-squares
program (XDLSM) of the XD program package.[44] The
quantity SHwH (jFobs(H) jÿ k jFcal(H) j )2 was minimized by
using the statistical weight wH� [s(Fobs(H))]ÿ2 and only those
structure factors which met the criterion of Fobs(H)
>3s(Fobs(H)). The following conditions were common to all
refinement models applied. The core and the spherical
valence densities were composed of Hartree ± Fock wave
functions expanded over Slater type basis functions.[45] For the
deformation terms single-zeta orbitals with energy-optimized
Slater exponents were taken and kept fixed.[45] The scattering
factor curve of the hydrogen atoms was calculated from
contracted radial density functions (k� 1.2), which provide a
simple analytical approximation to the scattering factor
introduced by Stewart et al.[46] The level of the expansion


was hexadecapolar and dipolar for the heavy and for the
hydrogen atoms, respectively. A bond-directed quadrupole
(l� 2, m� 0) was also introduced for the hydrogen atoms. The
molecule was kept neutral during all refinements.


The atomic numbering used is shown in Figure 1, while the
definition of the atomic site coordinate systems is contained in
the Supporting Information. Several refinement models were


Figure 1. ORTEP [47] representation of the diisocyanomethane molecule at
50% probability level.


tested, differing in the extent to which symmetry was imposed
on the static density. In the first model m1, beside the
conventional parameters, all density parameters described
above, including different radial screening parameters (k
values) for the carbon and nitrogen atoms, were fitted against
the data. The thermal motion of the hydrogen atoms was
described at the isotropic level. In model m2 the local C2v


symmetry of the atom C1 was implemented; the same
symmetry (C2v) was applied to the whole molecule and
introduced by application of chemical constraints between the
two hydrogen atoms and the two NC groups. In addition, the
deformation density of the NC group was forced to possess
rotational symmetry, that is only Pl,m�0 population parameters
were allowed for the C2 and N2 (C3 and N1) atoms. To reduce
indeterminacies due to vibrational smearing, the procedure
applied in the charge density study of aspartic acid[42] was
followed in refinement m3 by using the mean-square displace-
ment amplitudes (MSDAs) calculated from the ab initio (HF/
6-311��G(d,p)) harmonic force field of the isolated, optimized
molecule as starting parameters. The MSDA tensors corre-
sponding to the internal vibrational modes (Uint) were trans-
formed from the inertial system of the optimized molecule to
the crystal system. In the course of subsequent refinements
the shifts in the displacement parameters were restricted by
rigid-link type constraints[48] to fulfill the rigid-body motion
requirement. This was achieved by invoking 6Nÿ 20 (N� 7 is
the number of atoms) independent rigid-link constraints, that
is by keeping the MSDAs along links equal for a necessary
number of atom pairs (DMSDA� 0).[49] The full set of
independent rigid-link constraints corresponds to a fit of the
T, L, and S tensors of the rigid-body motion model[50] to the
structure factors, giving rise to MSDAs for which U�UTLS�
Uint . During this step the CÿH distances were kept at values
obtained by the geometry optimization. The statistical figures
of merit of the different refinements are given in Table 2. The
multipole parameters based on model m3 and the related
atomic fractional coordinates and displacement parameters
are in the Supporting Information.


Table 1. CÿNC and CNÿC bond lengths in isocyanides [�].


Isocyanide r(CÿNC) r(CNÿC) Phase
Reference


H3CÿNC 1.428(2) 1.166(1) gaseous [28]
F3CÿNC 1.407 1.171(3) gaseous [29]
F3CÿCH2ÿNC 1.424(2) 1.145(2) solid [30]
HÿNC 1.172 gaseous [31]
H2C(CN)(NC) 1.43(2) 1.16(2) solid [25]


1.40(2) 1.18(2)
H2C(NC)2 1.427(1) 1.155(1) solid [27]


1.425(1) 1.151(1)
H5C6ÿNC 1.410 1.142 gaseous [32]
F5C6ÿNC 1.380(2) 1.159(3) solid [33]
F2C�CFÿNC 1.372(1) 1.168(2) solid [34]
H2C�CHÿNC 1.379(6) 1.174(6) gaseous [35]
NCÿNC 1.316(3) 1.175(2) gaseous [36]
HCCÿNC 1.317(1) 1.175(1) gaseous [21]
NCÿCCÿNC 1.306(1) 1.178(1) gaseous [17]
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Theoretical calculations


Ab initio calculations were performed with the Gaussian94
program package[51] at the Hartree-Fock (HF) and MP2 levels
of theory. Full optimizations with the C2v symmetry of the
molecule were carried out with the 6-311��G(3d,3p) basis sets
starting from the X-ray structural data. As convergence
criteria the default threshold limits of 0.00045 and 0.0018 au
were applied for the maximum force and displacement,
respectively. The optimizations were followed by the evalua-
tion of the harmonic vibration frequencies (HF) and ampli-
tudes. The topological analyses (AIMPACK[52]) were based
on the wave functions obtained by single point calculations
using the experimental geometry to allow direct comparison
with the topological indices obtained experimentally. The
theoretical deformation electron density and the Laplacian
map, however, were calculated with the optimized geometry.


Results and Discussion


From the statistical figures (Table 2) of different refinements
it is evident that the most restricted model (m3) fits the data as
well as model m2. Although the unconstrained model (m1)
has the lowest residuals, its performance is doubtful consid-
ering the 106 and 117 additional variables compared to
models m2 and m3, respectively. The ratio of observations-to-
variables increases by a factor of three for the most con-
strained model relative to the unrestricted one. Based on the
final shift-to-error ratios of refined parameters, the conver-
gence achieved is the best for model m3. This is accompanied
by a decreasing correlation among the parameter estimates as
going from the less to the more constrained model. The
usefulness of the different constraints applied is also justified
by comparative analyses of the residual densities. In Table 3
the experimental internuclear distances are compared to
those obtained by optimization. The theoretical values,
especially for the formal triple bonds, are higher than the


experimental ones except for the CÿN single bonds given by
the spherical-atom model. It is to be noted that there are
differences in the internuclear distances in the range of three
times their standard uncertainties, obtained by refinements
m1 and m2. The symmetry imposed on the density inverts the
order of the distances obtained by the unconstrained refine-
ment. The C1ÿN1/C1ÿN2 bond lengths become slightly
longer/shorter, while for the triple bond the opposite trend
is observed. This can be interpreted as shifts of the N1/N2
nitrogen atoms toward the C3/C1 carbon atoms. No signifi-
cant changes in the geometry are observed in connection with
the rigid-link constraints. The C-N-C moiety is almost linear
with bond angles of 176.1(1) and 177.8(1)8 ; the N-C-N bond
angle is 110.6(1)8. The analysis of the D MSDA values shows
that the displacement amplitudes are considerably biased by
model m1, especially those assigned to the atoms forming the
isocyanide bond (Table 4). This is also seen, although to a


lesser extent, in the anisotropic displacement amplitudes of
model m2. The deviations from the physically acceptable
values are also pronounced for the nonbonded links. The
corresponding values for the CÿN bonds obtained by models
m1 and m2 show a similar trend as that found for the
internuclear distances.


Figure 2 compares the experimental (m1, m3) and the
theoretical deformation electron density in the molecular
plane. The striking difference is that the interatomic regions
are richer in electron density in the former map than in the
latter. The experimentally found extra charge accumulation in
the terminal NÿC bond appears to be at the expense of charge
in the nonbonded region of the carbon atom. This is
accompanied by a shift of the bond peak towards the terminal
carbon atom. In the theoretical map this peak is localized
midway between the atoms. The deformation density corre-
sponding to refinement m1 shows minor asymmetry in terms
of the chemically equivalent bonds as well as of the lone-pair


Table 2. Figures of merit of the different refinement models.


Spherical Aspherical models
model


m1 m2 m3
NREF 1635 1635 1635 1635
NVAR 48 177 71 60
NREF/NVAR 34 9 23 27
R(F) 0.0577 0.0340 0.0344 0.0353
Rw(F) 0.0504 0.0239 0.0289 0.0295
GOF 5.44 2.70 3.15 3.19
(D/s)max 3.1� 10ÿ3 4.3� 10ÿ2 7.9� 10ÿ4 7.7� 10ÿ5


Table 3. Experimental and optimized bond lengths [�].


Experimental Theoretical
Bond spherical m1 m2 m3 MP2/6 ± 311�� G(3d,3p)


C1ÿN1 1.4326(11) 1.4116(13) 1.4148(13) 1.4161(11) 1.4205
C1ÿN2 1.4223(15) 1.4177(15) 1.4137(13) 1.4146(12)
N1ÿC3 1.1432(12) 1.1624(11) 1.1588(11) 1.1585(11) 1.1870
N2ÿC2 1.1541(15) 1.1572(15) 1.1640(13) 1.1641(13)
C1ÿH fixed at theoretical value 1.092


Table 4. Difference mean-square displacement amplitudes Dik[104 �2].


Bonds Spherical m1 m2 m3 HF/6 ± 311��G(3d,3p)


C1ÿN1 ÿ 35 ÿ 1 11 4 4
C1ÿN2 ÿ 38 13 1 4 4
N1ÿC3 38 5 11 3 3
N2ÿC2 4 11 5 3 3
C1ÿH1 48 48 48 48 49
C1ÿH2 48 48 48 48 49


Links
N1 ´´´ N2 8 ÿ 12 ÿ 2 0 0
N1 ´´´ C2 19 3 3 2 3
N1 ´´´ H1 80 80 80 80 79
N1 ´´´ H2 78 78 78 78 79
N2 ´´´ C3 43 15 14 2 3
N2 ´´´ H1 78 78 78 78 79
N2 ´´´ H2 80 80 80 80 79
C1 ´´´ C2 44 ÿ 3 4 ÿ 1 ÿ 1
C1 ´´´ C3 73 7 0 ÿ 1 ÿ 1
C2 ´´´ C3 29 2 8 ÿ 1 0
C2 ´´´ H1 93 93 93 93 93
C2 ´´´ H2 94 94 94 94 93
C3 ´´´ H1 95 95 95 95 93
C3 ´´´ H2 95 95 95 95 93
H1 ´´´ H2 0 0 0 0 0
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Figure 2. Deformation electron density of diisocyanomethane in the
molecular plane, top: from experimental data, model m1; middle: from
experimental data, model m3; bottom: theoretical model calculated at HF/
6 ± 311��G(d,p) level. Contour intervals 0.1 e �ÿ3.


peaks. The comparison of the Laplacian functions obtained by
the two different methods (Figure 3) also reveals significant
differences in line with the findings described above. The
bonded valence shell charge concentrations (VSCCs) appear
to be more pronounced in the experimental relief maps than


Figure 3. Relief representation of the negative Laplacian function in the
main plane of the diisocyanomethane molecule, cut-off value �80 e �ÿ5 ;
top: experimental, model m3; bottom: theoretical model calculated at
MP2/6 ± 311��G(d,p) level.


those exhibited by the calculated function. The theory does
not reproduce the experimentally found bonded VSCC of the
terminal carbon atom. This VSCC is the sharpest peak on the
experimental map. On the other hand, the nonbonded VSCCs
are almost equally developed.


The result of the quantitative analysis of the densities is
shown in Table 5 in terms of bond topological parameters,[53]


such as the locations of the bond critical points (CP, located at
rb where r1(rb)� 0), the values of 1(rb) and its Laplacian
(r21(rb), and the bond ellipticities es (a measure of the
deviation of the negative principal curvatures at the bond
CP). The comparison of the 1(rb) values, regardless of the
refinement model considered, also reveals the experimentally
found extra charge accumulations in the CÿN bonds. The
other topological indices derived from the experimental
density show considerable model dependence. In terms of
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the r21(rb) values, model m1 gives higher charge accumu-
lations in the C1ÿN2 than in the C1ÿN1 bond. This is most
likely due to the different locations of the bond CPs. In the
former bond the CP is located 0.13 � closer to the C1 atom
than in the latter one. Similarly, the Laplacian is more
negative in the C2ÿN2 than in the C3ÿN1 bond. In the latter
case an unrealistically high value for the ellipticity is obtained.
An important observation is that the r21(rb) values for the
triple bonds obtained by model m3 are markedly higher than
the corresponding values by model m2. Table 6 contains bond


topological indices for the strongest nonbonded interactions.
(3,ÿ 1) CPs were found between the terminal carbon and the
hydrogen atoms of the neighboring molecules. For all of these
close contacts the density is low and the Laplacian is positive
at the bond CP, indicating closed-shell interactions.


Figure 4 compares the experimental with the theoretical
electrostatic potential by three-dimensional iso-poten-
tial surfaces. The former function which was derived from
multipole parameters according to the method of Su and


Figure 4. Three-dimensional color view of the electrostatic potential of the
diisocyanomethane molecule; three isopotential surfaces, blue 0.5, red
ÿ0.3, net 0.0 e�ÿ1; top: experimental, molecule in crystal; bottom:
theoretical, isolated molecule, calculated at HF/6 ± 311��G(3df,3pd) level.


Coppens[54].and which corresponds to the density extracted
from the crystal, exhibits more extended negative (red)
surfaces for the chosen potential value than that calculated
from the wave function of the isolated molecule. The polar-
ization shown along the H-C-N-C framework can be inter-
preted as the effect of intermolecular electrostatic interac-
tions manifested in short C ´´ ´ H contacts.


Conclusion


This study demonstrates the importance of the careful
interpretation of X-ray data, if precise estimates of positional,
thermal, and density parameters are to be extracted. The
estimates of internuclear distances and displacement ampli-
tudes are evidently biased by the spherical atom model. One
should be able to check this by comparing the results with
those obtained with more sophisticated density models.
Indeed, the ªasphericityº shift of the N1 atom, that is its
migration toward the C3 atom to account for a part of the
density in the triple bond, is in line with the expectation. The
C1ÿN2 and N2ÿC2 bond lengths obtained by the spherical
atom model are, however, statistically equal to those given by


Table 5. Bond topological parameters of diisocyanomethane, e : ellipticity
of the density peak at the bond critical point, d: distance of the bond critical
point from atom 1.


Bond 1 r21 e d Method
atom1 ± [�ÿ3] [�-5] [�]
atom2


C1ÿN1 1.83 ÿ 17.9 0.14 0.634 MP2/6 ± 311��G(3d,3p)
C1ÿN1 2.13(4) ÿ 21.4(2) 0.14 0.659 m1
C1ÿN1 2.07(4) ÿ 22.2(2) 0.05 0.630 m2
C1ÿN1 2.03(3) ÿ 20.6(2) 0.08 0.629 m3
C1ÿN2 1.82 ÿ 17.9 0.14 0.635 MP2/6 ± 311��G(3d,3p)
C1ÿN2 1.97(7) ÿ 31.4(4) 0.13 0.527 m1
C1ÿN2 2.07(6) ÿ 22.3(2) 0.05 0.629 m2
C1ÿN2 2.04(3) ÿ 20.7(2) 0.08 0.628 m3
C3ÿN1 3.00 ÿ 11.3 0.02 0.484 MP2/6 ± 311��G(3d,3p)
C3ÿN1 3.52(14) ÿ 40.1(9) 0.39 0.415 m1
C3ÿN1 3.39(7) ÿ 39.8(1) 0.0 0.417 m2
C3ÿN1 3.47(5) ÿ 48.8(1) 0.0 0.428 m3
C2ÿN2 3.00 ÿ 11.3 0.02 0.484 MP2/6 ± 311��G(3d,3p)
C2ÿN2 3.43(14) ÿ 47.0(9) 0.11 0.429 m1
C2ÿN2 3.37(7) ÿ 41.0(1) 0.0 0.420 m2
C2ÿN2 3.44(5) ÿ 49.9(1) 0.0 0.433 m3
C1ÿH1 1.97 ÿ 26.0 0.02 0.755 MP2/6 ± 311��G(3d,3p)
C1ÿH1 1.84(6) ÿ 20.7(3) 0.07 0.795 m1
C1ÿH1 1.82(6) ÿ 20.3(2) 0.15 0.756 m2
C1ÿH1 1.83(4) ÿ 20.9(1) 0.11 0.759 m3
C1ÿH2 1.97 ÿ 26.0 0.02 0.755 MP2/6 ± 311��G(3d,3p)
C1ÿH2 1.79(5) ÿ 21.4(1) 0.21 0.771 m1
C1ÿH2 1.82(4) ÿ 20.4(1) 0.15 0.755 m2
C1ÿH2 1.83(4) ÿ 21.0(1) 0.11 0.758 m3


Table 6. Experimental bond topological parameters for C ´´´ H close
contacts.[a]


C ´´ ´ H Symmetry R(C ´´´ H) 1 r21 R(CÿCP)
operation [�] [�ÿ3] [�ÿ5] [�]


C2 ´´´ H1 1/2� x, 3/2ÿ y, 1/2� z 2.7668(7) 0.04(1) 0.44(2) 1.6841
C2 ´´´ H2 1/2ÿ x, 1/2� y, 3/2ÿ z 2.6708(9) 0.05(1) 0.6(2) 1.5969
C3 ´´´ H1 3/2� x, 3/2ÿ y, ÿ1/2� z 2.5878(9) 0.05(1) 0.7(2) 1.6107
C3 ´´´ H2 1/2ÿ x, 1/2� y, 1/2ÿ z 2.7271(10) 0.05(1) 0.6(2) 1.6315


[a] R(C ´´´ H) and R(CÿCP) are the distances of the carbon atom from the
hydrogen atom and from the CP of the C ´´´ H interaction.
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the unrestricted multipole refinement. The latter bond even
passes Hirshfeld�s rigid-bond test. To this geometrical asym-
metry, although it can be considered as highly significant in
terms of standard uncertanties, no chemical relevance should
be attributed.


The multipole model m1 shifts the atoms toward a ªmore
symmetricº molecule. This geometrical change can formally
be described by displacements of both nitrogen atoms toward
the C1 atom, which make the triple and single bond lengths
longer and shorter, respectively. The chemically equivalent
bonds remain significantly different, but the order of the
distances established by the conventional model is not
preserved. Whether this is a genuine improvement in the
parameter estimates or not, remains a question, although the
lengthening of the triple bonds can be interpreted as the effect
of the C ´´´ H interactions. The C3ÿN1 bond length is longer
than the C2ÿN2 one, which is also in line with the C ´´´ H
contacts being stronger (shorter) at the former than at the
latter site. The corresponding density shows departures from
the symmetry characteristic of the isolated molecule, espe-
cially if it is interpreted in terms of the deformation density
map. The topological indices also show considerable asym-
metry, mainly in the single bonds where the CP locations are
markedly different.


The symmetry-constrained density model (m2), although it
results in a structure that is even closer to the symmetric one,
preserves the order of the formal triple bonds given by model
m1. An important observation is that the geometrical
equivalence of the single bonds is now accompanied by the
topological equivalence of their densities. This self-consis-
tency suggests the restricted model to be superior to the
unrestricted one. The latter, being overparametrized, is more
likely to absorb noise or systematic errors in the data than the
former one.


The results obtained by the two aspherical atom refine-
ments appear to be precise, but the comparison reveals
inaccuracy. In other words, the most accurate structure one
can extract from the given data set at the given level of
sophistication of the density model seems to be somewhere
between those obtained in refinements m1 and m2, that is a
symmetric one. The same argument applies with respect to the
displacement amplitudes. Both aspherical atom models re-
duce the difference in the bond projected MSDAs, compared
to those of the spherical atom model, but the comparison of
the individual MSDA values may not bear physical relevance.
Nevertheless, the introduction of the rigid-link constraints
(m3) which imposes changes in the displacement amplitudes
(changes which are not significant in statistical terms but do
possess physical significance), leads to changes in fine details
of the topology of the static density without any shift in atomic
positions. The reduced bias in the displacement amplitudes
resulted in considerable changes in the Laplacian and in an
overall enhancement of the VSCCs. This demonstrates that
the deconvolution of the vibrational motion has limited
success, even if an aspherical model is applied in the
interpretation of the data. The well-established physical
evidence embedded in the rigid-bond constraints certainly
helps evaluate the adequacy of the density model and the
accuracy of the parameter estimates.


With respect to the chemical relevance of this study the
following can be stated. Normally the bonding in isocyanides
is described by the two resonance forms A and B (Scheme 1).
As the N�C bond length in isocyanides is much shorter than
an N�C bond length and only slightly longer than the C�N
bond length in nitriles, one expects the resonance form B to
possess a greater weight, suggesting a charge flow from the


Scheme 1.


nitrogen to the carbon atom. The topology of the experimen-
tal density supports this argument in terms of the sharp
bonded VSCCs of the terminal carbon atoms. In all CÿN
bonds the Laplacian based on the X-ray data, independent of
the restrictions applied in the different refinement models,
indicates more charge concentrations than that based on the
wave function. The same tendency is shown in the values of
the density at the bond critical points.


Last but not least, quite strong indications were found for
the effect of the crystal field on the topology of the density.
The intermolecular interactions in question, being of electro-
static nature, are rather expected to polarize the density than
to induce direct changes in the molecular geometry. This can
be best seen in the electrostatic potential. It is evident that
even very week interactions should be considered, when
experimental and theoretical results are compared.


Experimental Section


Diisocyanomethane, the so far only known geminal diisocyanide, was
prepared from bis(formamido)methane by Ugi synthesis (Scheme 2) and
purified by fractional condensation under vacuum. The colorless crystalline
material was collected in a trap kept atÿ30 8C. It melted atÿ15 8C to give a
colorless liquid which rapidly turned brown due to decomposition. This


Scheme 2.


exothermic decomposition reaction became vigorous above ÿ10 8C. To
avoid explosion the compound should be prepared only in small amounts.
By slowly cooling the solution of diisocyanomethane in diethyl ether/
pentane fromÿ20 toÿ90 8C over a period of several days it was possible to
grow single crystals. They were inspected and one was prepared under a
cold N2 gas stream.[18±21] The prepared crystal was transferred to the cold N2


gas stream of the diffractometer[55] and slowly cooled down further to
ÿ155 8C; the crystal did not show indications of phase transition.


Diisocyanomethane crystallizes in the monoclinic space group P21/n, with
lattice constants similar to those found for the isomeric cyanoisocyano-
methane[25] (Pn) and malononitrile (dicyanomethane)[56, 57] (P21/n). The
X-ray reflections had smooth profiles with widths, however, of up to 28 by w


scans. All profiles were recorded. The orientation matrix and lattice
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constants were determined from 34 reflections with 21.58� 2q� 39.18.
Reflections from a bit more than a half sphere in reciprocal space were
measured. After data reduction, 48.5 % of the reflections measured had
F2


obs values above 2s(F2
obs). The check reflections showed a continuous drop


of 6 % during the two-week long measurement. Therefore, the reflection
intensities were scaled according to the change in the check reflections.
This was followed by a correction for Lorentz and polarization effects.
Crystal data and further details of the measurement are given in Table 7.
Crystallographic data (excluding structure factors) for the structure
reported in this paper (with multiple local coordinate systems and the
refined multiple parameters) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
120952. 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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